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Abstract: 5-lipoxygenase is an enzyme responsible for the synthesis of a range of bioactive
lipids signalling molecules known collectively as eicosanoids. 5-lipoxygenase metabolites such
as 5-hydroxyeicosatetraenoic acid (5-HETE) and a number of leukotrienes are mostly derived from
arachidonic acid and have been shown to be lipid mediators of inflammation in different pathological
states including cancer. Upregulated 5-lipoxygenase expression and metabolite production is found
in a number of cancer types and has been shown to be associated with increased tumorigenesis.
5-lipoxygenase activity is present in a number of diverse cell types of the immune system and
connective tissue. In this review, we discuss potential routes through which cancer cells may utilise
the 5-lipoxygenase pathway to interact with the tumour microenvironment during the development
and progression of a tumour. Furthermore, immune-derived 5-lipoxygenase signalling can drive both
pro- and anti-tumour effects depending on the immune cell subtype and an overview of evidence for
these opposing effects is presented.

Keywords: 5-lipoxygenase; leukotrienes; tumour microenvironment; angiogenesis; immune cells;
adipose tissue

1. Introduction

The microenvironment of a developing tumour is composed of a dynamic variety of non-cancerous
immune and stromal cells within a scaffold of extracellular matrix that a tumour depends upon for
sustained growth, invasion and metastasis. Traditionally, anti-cancer drug development has focused
on targeting the tumour cell cycle. However, in recent times, there has been a shift in research
emphasis from efforts to target cancer cells directly to the attractive alternate or synergistic targeting of
components within the tumour microenvironment (TME) [1,2]. In contrast to cancer cells, immune and
stromal cells do not undergo rapid and frequent genetic mutations. Therefore, it is hypothesised
that targeting the TME should lead to reduced risk of drug resistance and tumour recurrence that
is often seen with conventional cancer cell targeted treatments [3]. Targeting the TME is a complex
challenge however because of the somewhat ambiguous capacity to both aid and hinder tumorigenesis.
The identification of molecular pathways involved in tilting the equilibrium towards a pro-tumorigenic
interaction between the TME and tumour cells is key to disrupting immune-stromal cell involvement
in cancer growth and progression.

Eicosanoids are bioactive lipid signalling molecules synthesised mainly from arachidonic acid
(AA) through three principle pathways: cyclooxygenase (COX), lipoxygenase (LO) and cytochrome
P450 [4] (Figure 1) These eicosanoids have been shown to be involved in numerous pathologic states,
including inflammation and cancer [5–8]. Members of the LO family are classified based on the
position of a hydroperoxy group in their metabolite products and include 3-, 5-, 8-, platelet-type 12(S)-,
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epidermal-type 12(R)- and 15-LO. In humans, 15-LO consists of two isoforms 15-LO-1 (gene name:
ALOX15) and 15-LO-2 (ALOX15B) [9]. LOs, which are conceivably the least well studied of the three
families of arachidonic acid metabolising enzymes, have been indicated to have a role in cancer,
both clinically and experimentally in a number of different cancer types. It is a complex relationship
however, with both tumour suppressing and tumour promoting activities having been reported for
various isoenzymes [10]. 15-LO-1 has been implicated as a tumour promoter of prostate cancer [11,12].
In contrast, 15-LO-1 suppressed chronic myeloid leukaemia and colorectal cancer [13–16] suggesting
a protective role. In the case of breast cancer, data have been somewhat conflicting with both pro- and
anti-tumorigenic roles reported [17,18]. The majority of research has reported an anti-cancer role of
15-LO-2 [19,20].
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Figure 1. Arachidonic acid metabolism produces bioactive lipid signalling molecules known as 
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(FFAs), mostly arachidonic acid (AA), from the lipid bilayer of the nucleus. The released AA is 
metabolised by one of three different enzymatic pathways into the bioactive lipid signalling 
molecules, known as eicosanoids. 5-lipoxygenase (LO) metabolises AA to 5-HETE, LTB4 and the 
cysteinyl leukotrienes (LTC4, LTD4 and LTE4), 12-LO metabolises AA to 12-HETE. Both isoforms of 
15-LO metabolise AA to 15-HETE and to a lesser extent 12-HETE. Cytochrome P450 metabolises AA 
to 19-/20-HETE but mostly epoxides. Cyclooxygenase (COX)-1 and 2 metabolises AA to thromboxane 
A2 or a series of prostaglandins (PGD2, PGE2, PGF2, PGH2 and PGI2). 

Platelet-type 12-LO and 5-LO can be induced by pro-inflammatory stimuli and are often 
constituently overexpressed in cancer. Overexpression of 12-LO and an association with disease has 
been reported in prostate cancer [21,22] and breast cancer [23,24]. Similar results were obtained in a 
study examining 12-LO mRNA levels between breast cancer tissue and matched normal tissue, and 
additionally 12-LO levels were found to correlate with tumour staging [24]. Similar to 12-LO, 5-LO is 
reportedly overexpressed in a number of cancer tissues including prostate, renal, breast, colorectal 
and pancreatic tumours compared to normal tissues [25–29]. A number of pharmacological 
inhibitory studies have also indicated a regulatory role of 5-LO in cancer cell proliferation and 
growth [25,30,31]. In addition to studies that focus on the role of LOs in cancer cells, several studies 

Figure 1. Arachidonic acid metabolism produces bioactive lipid signalling molecules known as
eicosanoids: Upon cellular stimulation, phospholipase A2 induces the release of free fatty acids (FFAs),
mostly arachidonic acid (AA), from the lipid bilayer of the nucleus. The released AA is metabolised
by one of three different enzymatic pathways into the bioactive lipid signalling molecules, known as
eicosanoids. 5-lipoxygenase (LO) metabolises AA to 5-HETE, LTB4 and the cysteinyl leukotrienes
(LTC4, LTD4 and LTE4), 12-LO metabolises AA to 12-HETE. Both isoforms of 15-LO metabolise AA
to 15-HETE and to a lesser extent 12-HETE. Cytochrome P450 metabolises AA to 19-/20-HETE but
mostly epoxides. Cyclooxygenase (COX)-1 and 2 metabolises AA to thromboxane A2 or a series of
prostaglandins (PGD2, PGE2, PGF2, PGH2 and PGI2).

Platelet-type 12-LO and 5-LO can be induced by pro-inflammatory stimuli and are often
constituently overexpressed in cancer. Overexpression of 12-LO and an association with disease
has been reported in prostate cancer [21,22] and breast cancer [23,24]. Similar results were obtained
in a study examining 12-LO mRNA levels between breast cancer tissue and matched normal tissue,
and additionally 12-LO levels were found to correlate with tumour staging [24]. Similar to 12-LO,
5-LO is reportedly overexpressed in a number of cancer tissues including prostate, renal, breast,
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colorectal and pancreatic tumours compared to normal tissues [25–29]. A number of pharmacological
inhibitory studies have also indicated a regulatory role of 5-LO in cancer cell proliferation and
growth [25,30,31]. In addition to studies that focus on the role of LOs in cancer cells, several studies
have implicated LOs, as regulators of the TME [32,33]. For example, it has recently been demonstrated
that immune stromal expression of 5-LO and other distal enzymes involved in the synthesis of
5-LO-derived leukotrienes were increased in human oesophageal adenocarcinoma compared to
normal oesophagus, suggesting a role of the 5-LO signalling specifically in the TME during tumour
development and progression [34].

Given that both cancer cells and non-cancer stromal cells are potent producers of eicosanoids,
tumour progression will likely involve an integrated response to eicosanoid signalling pathways.
Apart from malignant cells, the TME consists of cells of the immune system, the tumour vasculature
and lymphatics, and the extracellular matrix (for a concise description and summary of these cell
types, please refer to [35]). This review will focus on the role of 5-LO and its metabolites not only in
cancer cells but also cellular components of the TME including macrophages/monocytes, neutrophils,
mast cells, B- and T-lymphocytes, and connective tissue cells such as endothelial cells, adipocytes
and fibroblasts. Examples from the literature will be provided where 5-LO signalling is involved
in the cross-talk between these different cell types. The potential to therapeutically exploit cellular
components of the TME through the targeting of this enzymatic pathway will also be discussed.
We propose that manipulating LO-dependent AA metabolism in the TME could offer new strategies to
block cancer-related inflammation and immune escape.

2. 5-Lipoxygenase Pathway in Cancer

The pronounced pro-inflammatory role of metabolites of the 5-LO pathway has been identified
in a number of different pathological states including atherosclerosis, Alzheimer’s disease, type 2
diabetes and cancer [5,6,36,37]. The potential of blocking this pathway in the treatment of conditions
of chronic inflammation is highlighted by the use of zileuton to improve pulmonary function in
children and adults with mild-to-severe asthma [38,39]. Cysteinyl leukotriene receptor 1 and 2 (i.e.,
CysLT-R1 and CysLT-R2) antagonists such as montelukast and zafirlukast [40,41] are also available
in some countries, however zileuton is the only Food and Drug Administration (FDA) approved
anti-leukotriene inhibitor.

The location of 5-LO in resting cells is cell-type specific, residing in either the cytosol or the
euchromatin region of the nucleus [42,43]. Upon p38-dependent-MAPKAP kinase 2-mediated
phosphorylation (Ser-271) and activation, 5-LO is translocated to the nuclear membrane [44,45]. Here
a vital interaction with FLAP (5-LO activating protein) allows the metabolism of AA, released from the
lipid bilayer by Phospholipase A2 [46,47]. AA is transformed to 5-hydroperoxyeicosatetraenoic acid
(5-HPETE), which is reduced to 5-hydroxyeicosatetraenoic acid (5-HETE) by ubiquitous Glutathione
peroxidase (GPx). 5-HETE can be further converted by 5-LO to LTA4 [48] or oxidised by the microsomal
enzyme 5-HEDH to 5-oxo-ETE, a potent chemoattractant of eosinophils [49,50] (Figure 2). Subsequently,
LTA4 is oxidised by the enzyme LTA4 hydrolase to LTB4, which is a potent chemoattractant for
monocytes, neutrophils and eosinophils, stimulating adhesion and extravasation through vascular
endothelial barriers, migration to sites of inflammation, and then their subsequent activation [8].
Alternatively, LTA4 can be converted to LTC4 via the conjugation of glutathione by LTC4 synthase [51].
Furthermore, LTC4 is converted to LTD4 by gamma-glutamyl transferase and subsequently LTD4 is
converted to LTE4 by membrane-bound dipeptidase [52]. LTC4, LTD4 and LTE4 are known collectively
as the cysteinyl leukotrienes and are reported to have a role in inflammatory cell recruitment, smooth
muscle contraction, vessel dilation and permeability [53] (Figure 2). 5-LO is also involved in the
synthesis of another type of AA-derived metabolite called Lipoxins, such as LXA4 and LXB4 which
have anti-inflammatory and pro-resolving properties [54,55].

The involvement of the 5-LO pathway in the development and progression of tumours has led
to its investigation as a potential biomarker in many cancers including oesophageal cancer [34,56].
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In a small study of pair-matched benign and malignant prostate tissues (n = 22), 5-LO gene and
protein expression and 5-HETE production were significantly higher in malignant compared to benign
tissue [57]. In another study 5-LO metabolite LTD4 receptor expression was shown to be higher in
prostate cancer tissue compared to benign or normal prostate tissue and expression correlated with
tumour grade, indicating a role of 5-LO leukotrienes and receptors in prostate cancer progression [26].
In a study of colon adenomas (n = 111), 5-LO expression was found to correlate with typical high
risk factors for malignant transformation to colorectal adenocarcinoma, suggesting its usefulness as
a biomarker in early detection of this cancer type [58]. Additionally, in a small study of 55 sporadic
colorectal adenocarcinomas, a positive correlation of 5-LO was found with tumour stage and lymph
node metastasis [29].
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through the 5-lipoxygenase pathway.

As mentioned previously, FLAP is a protein necessary for the activity and hence tumorigenicity
of 5-LO by transferring AA to 5-LO. In a cohort of 154 breast samples Jiang et al. showed that FLAP
mRNA was aberrantly expressed in breast cancer compared to normal tissues and that expression
was associated with prognosis [27]. In another study, 5-LO and its metabolite LTB4 were found by
immunohistochemistry to be significantly upregulated in pancreatic tumour compared to normal
pancreatic ducts [28]. 5-LO expression has also been shown to be expressed during early neoplastic
changes in the development of pancreatic cancer, suggesting a role as an early biomarker of disease or
as a drug target [59]. The expression of receptors for 5-LO metabolites, including the LTB4 receptors
BLT1 and BLT2, have also been shown to be upregulated in a variety of cancers indicating the relevance
of the metabolites and accompanying receptors as molecular therapeutic targets [28,34].

There are four identified receptors involved in the 5-LO signalling pathway: The LTB4 receptors 1
and 2 (BLT1 and BLT2) and the LTC4, LTD4 and LTE4 receptors (CysLT-R1 and CysLT-R2) (Figure 2).
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BLT1 is a high affinity receptor for LTB4 expressed primarily by leukocytes whereas BLT2 is a low
affinity receptor for both LTB4 and 12-HETE expressed more ubiquitously [60]. CystLT receptors have
been reported in T-lymphocytes, eosinophils, mononuclear cells, macrophages and in certain cases
neutrophils [61,62]. Recent studies have indicated a role of these leukotriene receptors in a number of
malignancies including urinary bladder, pancreatic, colon and breast cancer [28,63–65]. LTB4 receptors
BLT1 and BLT2 and CysLT-R1 protein were found to be overexpressed in gastric cancer patient tissue
compared to tumour-free normal mucosa while interestingly the 5-LO enzyme protein levels did
not vary between the two cohorts [66]. There is far less known about BLT2 in immunoregulation
compared to BLT1, however there is increasing evidence to suggest a prominent role of these receptors
in a number of different aspects of cancer development, such as proliferation, survival, angiogenesis
and Ras-induced transformation and metastasis, further indicating the relevance of 5-LO metabolites
and accompanying receptors as molecular therapeutic targets [67–70].

3. Blockade of Leukotriene Synthesis in Cancer Models

While research is still limited in this area, there have been efforts to elucidate the role that 5-LO
and the leukotrienes play in cancer and the significance of their upregulation across a number of
tumour types. Prostate cancer cells have been shown to constitutively produce 5-HETE in serum
free/unstimulated conditions in vitro [71]. Treatment with MK886 (a FLAP inhibitor) and subsequent
inhibition of 5-LO signalling led to massive apoptosis of prostate cancer cells as determined by the
formation of nucleosomes using Cell Death Detection ELISAs [71]. Subsequently, addition of 5-HETE
protected the cells from the effects of MK886 showing that 5-LO activity was crucial to the survival
of these cells. In vivo, 5-HETE in metastatic prostate tumours in mice xenografts was significantly
higher than that of in situ tumours while treatment with zileuton resulted in fewer tumour masses [72].
In the same study, Meng et al. also showed that treatment of human prostate cancer cells with
zileuton decreased their migratory ability in trans-well assays. Efforts to characterise the observed
regulatory role of 5-LO in prostate cancer are growing. For example, the induction of apoptosis by
5-LO inhibition in prostate cancer cells was reported to occur via a downregulation of protein kinase C
and this apoptotic effect could be blocked by the addition of exogenous 5-HETE [73]. Most recently,
5-LO inhibition in prostate cancer in vitro has been shown to suppress the protein level and activity of
oncogenic c-Myc, suggesting a novel mode of 5-LO action [74]. New evidence has indicated a reduction
in the stemness factors Nanog and c-Myc in prostate cancer stem cells indicating that 5-LO may play
a role in maintaining stemness in prostate cancer [75]. Thus, effective drug targeting of 5-LO in prostate
cancer may stop tumour development and growth and reduce recurrence. 5-LO inhibitors were shown
to have anti-proliferative effects in renal cell carcinoma cells in a dose and time-dependant manner [76].
Several pancreatic cancer cell lines have also been shown to express 5-LO at both the gene and protein
level, with little or no expression determined in normal pancreatic ductal cells [28]. Inhibition of 5-LO
with REV 5901 or FLAP with MK886 led to reduced pancreatic cell growth which could be reversed by
the addition of 5-HETE, indicating a critical growth stimulatory role of 5-LO and its metabolite [30].
This pro-proliferative effect of 5-HETE, at least in pancreatic cancer cells, has been shown to occur via
activation of the PI3 kinase/Akt pathway [77]. A number LO inhibitors including the specific 5-LO
inhibitor REV5901 altered pancreatic cancer cell proliferation through an induction of apoptosis with
decreased Bcl2 and Mcl2 and increased Bax expression being reported [78]. Furthermore Tong et al.
documented similar results in an in vivo athymic mouse xenograft model of pancreatic cancer where
5-LO inhibition was also shown to decrease proliferation and cause apoptosis in the tumour mass [78].
A report has demonstrated that 5-LO inhibitors can elicit cytotoxic and anti-proliferative effects on
tumour cells, independently of 5-LO enzyme suppression and thus careful consideration must be
taken when interpreting these pharmacological inhibitor data [79].

The 5-LO pathway is not just relevant to solid malignancies as there has been recent evidence
demonstrating the utility of 5-LO inhibition as a clinical approach for cancer-stem-cell driven acute
myeloid leukemia [80]. Genetic or pharmacological inhibition of 5-LO in disease models, rendered
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the enzyme inactive and had the knock-on effect of suppressing Wnt signalling, a process critical for
maintenance of the cancer stem cell population. Furthermore a murine model of BCR/ABL induced
CML failed to manifest in the absence of 5-LO, while pharmacological inhibition of 5-LO function
in combination with BCR-ABL kinase inhibitor imatinib significantly prolonged survival of CML
mice [81]. Aside from this emerging role in haematological malignancies, 5-LO signalling may have
important interactions with non-cancerous white blood cells in the vicinity of a tumour and we explore
this research area in the following section.

4. 5-Lipoxygenase and Immune Regulation

4.1. 5-Lipoxygenase Signalling and Infiltrating Myeloid Derived Cells

It is well established that dysplastic and malignant tissues are infiltrated by numerous types of
leukocytes, but the specific role of these individual leukocytes in the cancer setting remains somewhat
elusive [82]. Although the main function of the immune system is immune surveillance and protection
from pathogens, including the prevention of tumour onset, there is contradictory experimental
and clinical evidence demonstrating that tumours arise and thrive at sites of inflammation [83,84].
The majority of studies in the literature have focused on 5-LO and its metabolites in epithelial cells
alone and they have indicated a role in regulating tumorigenesis [72,76,85,86]. However there
is mounting evidence to suggest that 5-LO plays a key role in the recruitment and expansion of
hematopoietic immune cells and that stromal cells are the main source of 5-LO metabolite products
that can potentially drive tumorigenesis [87]. 5-LO is expressed in a number of leukocytes including
neutrophils, monocytes, macrophages, mast cells, basophils, eosinophils and B-cells and under certain
stimuli they can synthesise leukotrienes that can induce inflammation by attracting and activating
more leukocytes [88]. In recent times, there have been efforts to identify the mechanisms through
which LTB4 acts as a chemoattractant. It has been reported that LTB4 and LTB4 synthesising enzymes
are packaged into neutrophil-released exosomes [89]. These LTB4 containing exosomes can form
a gradient and elicit autocrine and paracrine stimulation of a neutrophil and other following cells
towards a primary chemoattractant. Neutrophils and macrophages are the main producers of LTB4
while macrophages, eosinophils, basophils and mast cells are all shown to secrete varying levels of the
CysLTs [90].

Associated inflammation in the TME induces tumour development by providing fuels to
nurture epithelial cell growth and pro-angiogenic factors for vascularisation and angiogenesis.
For instance, increased levels of LTB4 were associated with the chronically inflamed pleura in the
lung of tuberculosis or cancer patients [91]. Pleural macrophages resident in the lung were found to
release significant amounts of LTB4 earlier and stronger than resident mesothelial cells during the
initiation of pleural inflammation and neutrophil recruitment, which are activated to release more
LTB4 [91]. In concordance with this finding, blockage of 5-LO expression was shown to deplete
neutrophil numbers infiltrating dysplastic lesions of the colon in a mouse model of polyposis [92].
The exact role of macrophages in tumorigenesis is controversial with conflicting evidence suggesting
that macrophage tumour infiltration improves patient prognosis in some cancers yet decreases it in
others [93]. Interestingly, a 5-LO knockout murine model of colon polyposis demonstrated a reduced
polyp burden and increased tumour infiltrating macrophages and suggesting a pro-tumorigenic
role of 5-LO in polyp formation but a seemingly protective effect of infiltrating macrophages in this
process [92]. It was hypothesised that suppression of 5-LO may result in a previously observed increase
in IL-12, a potent cytokine known to stimulate macrophages with an anti-tumour phenotype [94].

Tumour-associated macrophages (TAMs) are found in most cancers and are usually
pro-tumorigenic [95]. They have been shown to have M2-type phenotype, secreting a vast array
of cytokines, chemokines, growth factors and proteolytic enzymes. They have been described as
obligate partners of tumour cell migration, invasion and metastasis, immune suppression and tumour
angiogenesis [96]. While they can be found in well vascularised areas, hypoxic tumour regions where
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the TAMs can interact closely with the tumour cells tend to be an abundant site of TAMs due to a release
of chemoattractants such as VEGF and MCP-1 [97]. A recent study found that 5-LO expression in
ovarian tumour tissue was strongly associated with the density of TAMs in hypoxic areas, suggesting
a role in TAM homing [31]. In vitro, hypoxia was shown to induce higher 5-LO expression and
metabolite production in ovarian cancer cell line models. Increased 5-LO metabolite production was
shown to induce migration and invasion of macrophages in vitro, through an upregulation of MMP7.
Developing their hypothesis further, Wen et al. demonstrated that blocking 5-LO activity by zileuton
in mouse ovarian tumour xenografts decreased 5-LO metabolite-induced TAM recruitment to hypoxic
areas and TAM MMP-7 expression. Tumour growth was suppressed and considering 5-LO activity has
been shown to be involved in other processes including tumour proliferation and tumour angiogenesis,
it likely that multiple pathways are being affected by 5-LO inhibition in this xenograft model and not
just immune cell infiltration [31].

Inflammation is crucial to the resolution of infection and injury, however there must be a tight
balance between pro- and anti-inflammatory signals to prevent untoward and excessive damage
to host cells and tissues [98,99]. Aberrant levels of 5-LO inflammatory leukotrienes have been
extensively implicated in the pathogenesis of a variety of respiratory diseases including lung
malignancies [100–102]. Alveolar macrophages which constitute over 90 per cent of the cellular
component of bronchial alveolar lavages (BALs) are a major source of LTB4 [103]. This LTB4 drives
recruitment of leukocytes and subsequent adhesion to vasculature, stimulating the production of
pro-inflammatory cytokines from other macrophages and lymphocytes. 5-LO metabolite levels have
been shown to be significantly higher in BALs of smokers than ex-smokers [103]. Evidence suggests
that tobacco negatively impacts regulatory mechanisms in place to maintain balanced 5-LO activity and
LTB4 production in the lung, by abrogating its inactivation and oxidation to LTB4OH, both constituently
and in response to inflammatory stimuli [104]. It is now hypothesised that these sustained high levels
of LTB4 in the lung microenvironment may contribute to tobacco exacerbated respiratory diseases
including lung cancer.

As previously discussed, cysteinyl LT receptors are upregulated in colon cancer patients [64,105].
Macrophage and leukocyte derived LTD4 present in the TME has been shown to contribute to chronic
inflammation and to increase proliferation and migration of colon cancer cells [106]. It is known
that established colon cancer cell lines express 5-LO and produce LTB4 in vitro [86]. A murine study
focusing on hematopoietic derived 5-LO, observed that specific deletion of this enzyme from bone
marrow decreases polyp formation despite the presence of 5-LO proficient epithelial cells in these
mice, indicating for the first time the importance of immune cell contribution to 5-LO activity [87].
Mast cells not only produce pro-inflammatory eicosanoid metabolites but are also regulated by these
signalling molecules in both a paracrine and autocrine fashion [107]. Mast cells, which have previously
been shown to be critical for the formation of pre-neoplastic colon polyps [108], were the most
significantly reduced infiltrating myeloid cell type. Isolated mast cells from this population were
unable to produce 5-LO metabolites and lost their capacity to stimulate intestinal epithelial proliferation
and recruitment of myeloid derived suppressor cells (MDSCs), a particular subset of immune cells
capable of inhibiting protective anti-tumour cytotoxic T-cells. They also lost their ability to modulate
the immunosuppressive activity of arginase in MDSCs [87,109]. One recent study demonstrated
an increased focal production of 5-LO LTB4 in human colon polyps compared to normal healthy
adjacent tissues [110]. Immune cells of the TME in addition to dysplastic epithelial cells are likely
contributors to these increased metabolite levels. In this same study increased serum levels of LTB4 and
other pro-inflammatory cytokines were observed in a mouse model of polyposis. It is well known that
tumour-associated inflammation is a prerequisite for the tissue changes required for early dysplastic
lesion formation. This process involves infiltrating myeloid cells such as mast cells, macrophages,
MDSCs and their associated pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6 and VEGF.
Zileuton treated polyps were found to have significantly lower levels of infiltrating macrophages,
mast cells, MDSCs (>50%–60% lower) which Gounaris et al. suggest is responsible for the lower
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incidence of polyps in these mice. In another study, pancreatic ductal adenocarcinoma lesions were
significantly less frequent in 5-LO knockout mice and a decrease of infiltrating pancreatic mast cells
was also noted [111]. This was further supported in human pancreatic ductal adenocarcinoma where
increased 5-LO immunostaining was associated with increased mast cell numbers [111]. Therefore
targeting myeloid 5-LO signalling may be an effective therapeutic strategy for polyposis and potentially
colorectal and pancreatic cancer [110,111].

Similar to smoking, excessive alcohol is a risk factor for cancer development, particularly in oral
cancer [112,113]. A study has demonstrated a relationship between ethanol related oral carcinoma
and eicosanoids. 5-LO and COX-2 expression were found to be enhanced in dysplastic areas and
squamous cell carcinoma of the tongue in a mouse model of ethanol promoted 4-Nitroquinoline
1-oxide (4NQO)-induced oral carcinogenesis compared to the chemically-induced tumour formation
alone [114]. Interestingly these promoting effects of ethanol were suppressed in ALOX5−/− mice
with the incidence of lesions being significantly less than in mice with functioning 5-LO, in addition to
reduced cell proliferation, angiogenesis and inflammation in the tongue. Reduced numbers of mast
cells in the TME was demonstrated to be responsible, at least in part for this significantly dampened
tumour-associated inflammation [114]. The observed decrease in cell proliferation may be due to
a reduced stimulatory interaction between the tumour epithelium and the mast cells. They concluded
from this work that ethanol can induce a faster malignant transformation in the model at least in part
through the activation of the 5-LO pathway.

4.2. 5-Lipoxygenase Signalling and Lymphocytes

5-LO has been shown to play a role in the adaptive immune system. 5-LO is expressed in mantle
zone B-cells and plays an important role in regulating follicular B-cell fate and generating follicular
B helper T-cells (Tfh) and memory B-cells required to mount an effective humoural response and
to protect the host [115]. Genetic inhibition of bone marrow stem cell-derived 5-LO exacerbates
a mouse model of enteric colitis demonstrating the critical role of 5-LO in B-cell humoural response
to pathogens [115]. Interestingly, in this same study, the cellular growth of mantle cell lymphoma
(a tumour composed of primary B-cells) also seems to depend, at least in part on 5-LO expression and
activity, although the nature of this relationship in this unique tumour has not yet been studied.

Tumours are able to resist immune attack either by manipulating host-immune system suppressive
pathways or by immune exclusion or ignorance [82]. In the pathological state of cancer, primary B-cell
lymphocytes may act as a modulator of abnormal adaptive immune responses. B-cell infiltration in the
TME is associated with improved prognosis for some cancer types [116,117]; however, more recent
data support the role of a newly described immunosuppressive sub-population of IL-10 producing
regulatory B-cells (tBregs) [118]. B-cells are known to produce LTB4 and to express the receptor BLT1
and BLT2 [119]. CysLT production has not been described for these cells. In breast cancer, these tumour
evoked tBregs were found to induce expansion of pro-tumorigenic regulatory T-cells, increase tumour
burden and also appear to stimulate metastasis to the lung [32]. 5-LO metabolites are known to be
potent inducers of tumour-associated inflammation, however a relatively new role in cancer immune
evasion is now emerging. Production of 5-LO metabolites, namely LTB4 by non-metastatic breast
cancer cells was shown to induce the activation of immunosuppressive tBregs via PPARα, promoting
cancer escape and metastasis in a mouse model [33]. This effect was almost entirely lost when mice
were engrafted with ex vivo MK886-pretreated tBregs, indicating the importance of 5-LO activity not
only in the cancer cells but in the B-cells also. Pharmacological inhibitor studies indicated that the
tBreg 5-LO/LT/PPARα activity was required for the generation of pro-metastatic FOXP3+ Treg cells
and the subsequent suppression of cytotoxic CD8+ T-cells. Notably, Wejksza et al. demonstrated that
induction of tBregs required the activation of 5-LO in the B-cells, not just the cancer cells, as specific
inhibitors of the 5-LO pathway completely abrogated this process. This is the first defined example
reported in the literature on tBreg activity in the cancer setting. Wejksza et al. suggest B-cell 5-LO



Int. J. Mol. Sci. 2017, 18, 236 9 of 27

activity is needed to enhance the stimulatory effect of the cancer cell derived leukotrienes and/or to
promote survival of cancer cells, via upregulation of key factors, such as VEGF [33].

There are numerous T-cell populations within the TME that infiltrate tumour margins and within
draining lymph nodes, the spleen and the thymus. Recently, purified T-cells have been reported to
express 5-LO at both the gene and protein level and to be capable of LTB4 and CysLT synthesis when
supplied with an exogenous source of AA [120]. However there has been conflicting evidence regarding
T-cell expression of 5-LO over the past two decades with supporting and negative data published [120].
Thus, further independent studies are needed to clarify these findings. T-cells have been reported to
express BLT1 and BLT2 receptors [90] and the CystLT receptors CystLT-R1 and CystLT-R2 [62]. It has
been reported that the metabolites LTB4 and CysLTs are potent chemoattractants for T-cells [121,122].
T-cell derived 5-LO signalling has opposing anti- and pro-tumorigenic roles. In a murine model of
cervical cancer BLT1 expression was necessary for the recruitment and anti-tumour response of CD8+
T-cells [123]. In another cancer setting, injected murine lung cancer cells were found to propagate larger
tumours when injected into 5-LO knockout mice compared to wild type mice [124]. Poczobutt et al.
determined that 5-LO activity in the tumour microenvironment has an anti-tumorigenic role. CD4+ and
CD8+ T-cells, and NK cells were decreased in tumour bearing lungs of 5-LO knockout mice compared
to wild-type while myeloid cell frequencies remained unchanged. Neutralisation of CD8+ T-cells in
wild-type mice resulted in similar sized tumours to the 5-LO knockdown mice, suggesting that the
5-LO pathway protects against cancer progression via a mechanism dependent on CD8+ T-cells.

In contrast to these two studies, other evidence exists to suggest an alternate pro-tumorigenic role
of the 5-LO pathway in T-cells, for example in the process of Treg modulation. CD4+FOXP3+ T-cells
are regulatory T-cells involved in suppressing the activities of T helper cells and regulating appropriate
immune responses to infection. In the cancer setting there is evidence supporting both anti-tumour
roles, suppressing or delaying inflammation mediated tumour development and a contradictory
pro-inflammatory and pro-tumour role promoting tumour immune escape [84]. One explanation for
these apparently opposing roles is the ability of Tregs to convert into IL-17 producing TH17 cells under
certain stimuli [125]. This subset of CD4+FOXP3+ cells express RORyt and are known to mediate
pathogenic pro-tumorigenic effects in human tumours such as colorectal cancer [125]. It is interesting
to note that in the mouse model of polyposis these pro-inflammatory CD4+FOXP3+RORyt+ cells
were significantly decreased in the spleen and mesenteric lymph nodes following zileuton treatment,
suggesting an involvement of 5-LO signalling in the regulation of these cells [125].

In summary myeloid and lymphoid derived immune cells such as macrophages, mast cells,
neutrophils, B-cells and various T-cell subtypes, in addition to dysplastic or cancerous cells, are likely
contributors to the increased 5-LO metabolite levels in the TME. Figure 3 summarises the 5-LO
signalling interactions between cancer cells and immune cell types that have been implicated in
enhanced tumorigenicity. Given the complexity of the 5-LO pathway and the opposing roles evidenced
in the literature for certain immune cell subtypes, caution should be used in targeting this pathway
in cancer.
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Figure 3. Pro-tumorigenic interactions between cancer cells and immune cells in the tumour
microenvironment are mediated by the 5-lipoxygenase signalling pathway: Cancer cell produced
LTB4 can stimulate increased proliferation, migration and lipogenesis (i.e., free fatty acid release) in
an autocrine fashion and can also stimulate these processes in other tumour cells in the tumour mass.
Cancer cell LTB4 paracrine signalling can induce and activate a number of immune cell types in the TME
including tumour-associated macrophages (TAMs), neutrophils and mast cells. This results in increased
production of pro-inflammatory signalling molecules (e.g., TNF-α, and IL-1β), increased vasculature
adhesion and homing to the TME with further activation of other leukocytes. Cancer-associated
stimulation of regulatory B-cell (tBreg) LTB4 production leads to activation of regulatory FOXP3+
Tregs which suppress anti-tumorigenic cytotoxic CD8+ T-cells. Mast cell activation through 5-LO
signalling results in an increase in their LTB4 activity which can stimulate myeloid derived suppressor
cell (MDSC) recruitment and an increase in MDSC arginase-1 activity that can subsequently suppress
cytotoxic CD8+ T-cell activity.

5. 5-Lipoxygenase and Tumour Angiogenesis

5.1. Cancer Cell Derived 5-Lipoxygenase in Angiogenesis

There is some evidence for the expression of 5-LO in endothelial cells in the literature under
different pathological conditions. Human cytomegalovirus (HCMV)-infected placental tissue was
shown to have endothelial cell 5-LO overexpression while in vitro HCMV-infection of human umbilical
vein endothelial cells (HUVECs) stimulated 5-LO expression [126]. 5-LO has also been found to be
overexpressed in the associated endothelial cells in pulmonary hypertension [127,128]. In a recent
publication, it was found that 5-LO expression and LTB4 levels were elevated in Kaposi sarcoma (KS)
lesions, latent endothelial cells and de novo endothelial cells [129]. KS is a relatively rare and highly
angiogenic tumour of proliferative endothelial cells caused by the KS-associated herpes virus (KSHV)
that tends to develop in immunocompromised individuals, such as HIV-infected patients. In a series
of experiments, Sharma-Walia et al. provided evidence to suggest the 5-LO signalling pathway is
important in the biology and pathogenesis of KSHV [129]. Pharmacological blocking of 5-LO hindered
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the expression of a number of immunomodulatory genes used by KSHV to remain undetected by
host immune surveillance mechanisms during latency, and also decreased monocyte adhesion and
trans-endothelial migration. 5-LO signalling was also found to be linked to lipogenesis, the process of
fatty acid synthesis, which has been found to be a critical process in the survival of endothelial cells
latently infected with KSHV [130].

In general, endothelial cells do not have the capacity to produce leukotrienes de novo due to low or
negligible enzyme expression, however they do express both LTB4 receptors and CysLT receptors [90],
suggesting the probability of interactions between leukotriene synthesising cancer cells and non-cancer
cells in the TME. BLT1 and BLT2 have been found to be upregulated on the surface of endothelial cells
following exposure to the pro-inflammatory cytokines TNF-α, IL-1β and LTB4 itself and this receptor
upregulation led to a pro-inflammatory phenotype with the release of monocyte chemotactic protein
(MCP)-1 [131]. Further study of the effect of LTB4-induced signalling in endothelial cells has been
somewhat hampered by the finding that a number of common LTB4 receptor blockers or antagonists
used in the literature have been identified as having intrinsic agonist effects, making it difficult to
fully interpret in vitro receptor blockade studies to date [132]. Alternative approaches such as genetic
knockdowns of the receptor may provide clearer insight.

Most in vitro studies of tumour angiogenesis depend on primary endothelial cells or endothelial
cell lines derived from normal human blood vessels, which by their nature are not truly representative
of endothelial cells that have been altered or conditioned by the TME and the aberrant growth
factor and chemokine signalling associated with this environment. Endothelial cells derived directly
from primary tumour tissue are therefore a more desirable model. An involvement of 5-LO in
glioma tumorigenesis has been demonstrated [133]. A recent publication found that glioma derived
microvascular cells formed higher numbers of tubule structures in the presence or absence of VEGF
over the same time period compared to standard lines used such as the HUVECs and ECV304.
Synthetic dl-nordihydroguaiaretic acid (i.e., Nordy), a chiral form of the natural 5-LO inhibitor
nordihydroguaiaretic acid present in plants, has been shown to markedly reduce the tubule formation
by glioma derived endothelial cells, suggesting that the anti-tumour activity of this compound can be
attributed at least in part to its ability to interfere with tumour angiogenesis [134].

The zebrafish developmental model has become a popular tool for pharmacological screening
due to the ease of drug administration and high throughput nature of the model [135]. Generation of
a transgenic zebrafish Tg (fli:EGFP) which expresses green fluorescent protein in the blood vessels
formed along the dorsal side of the embryo has extended the utility of this model to testing novel
small molecule anti-angiogenic compounds. Advances in tumour xenotransplantation in the zebrafish
model now allow for the investigation of tumour endothelial cell cross-talk in processes such as
neovascularisation and metastasis [136]. A recent publication using the specific 5-LO inhibitor Nordy
did not affect normal zebrafish embryogenesis or developmental angiogenesis. This is in contrast
to other anti-angiogenics such as VEGF inhibitor Sunitinib, which completely obliterated vessel
formation in the developing embryo [137]. Only inhibition of neo-angiogenesis induced by xenografted
glioma cancer cells was observed, suggesting 5-LO has no involvement in zebrafish developmental
angiogenesis [138]. Nordy treatment also blocked the invasion of the xenotransplanted cells to distal
regions of the embryo. This study highlights clearly that while developmental in vivo models are
invaluable tools in research we need to devise models that best mimic the human TME so that tumour
specific responses are not overlooked.

5.2. 5-Lipoxygenase Signalling and VEGF-Mediated Angiogenesis

Aberrant lipid signalling is evident in many diseases with vascular pathology including cancer.
Although one publication on oxygen-induced retinopathy has indicated an anti-angiogenic role of
5-LO [139], the majority of evidence in a number of different pathological states, particularly cancer,
indicates a pro-angiogenic role [138,140,141]. For instance, human malignant mesothelioma cells
express catalytically active 5-LO and synthesise 5-HETE and LTA4, but not LTB4. These metabolites
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were found to upregulate a major pro-angiogenic factor, VEGF, in human malignant mesothelioma
in vitro [142]. It can be hypothesised that 5-LO promotes tumour development by a dual mechanism:
a direct proliferative stimulus on cancer cells, potentially through VEGF-suppressed apoptosis, and by
driving a pro-angiogenic response by endothelial cells in the TME. Indeed Ramano et al., observed
that 5-LO products upregulate VEGF transcription in HUVECs [142]. In cigarette smoke-induced
inflammation of the colon in a mouse model, 5-LO was found to be upregulated in adenomas.
An accompanied increase in MMP9 and VEGF, which could be blocked by pharmacologically inhibiting
5-LO, suggested that 5-LO expression in the inflamed colon may be involved in the angiogenic and
inflammatory process of adenoma formation [141]. Furthermore, in a study of 45 colorectal adenomas,
5-LO expression was found to correlate with microvessel density as indicated by CD105, suggesting
tumour 5-LO activity may modulate the formation of blood vessels in this cancer [143]. Phytochemicals
in dietary black and brown rice bran have been shown to reduce tumour burden and tumour blood
vessel formation in a mouse model of colon cancer and recent evidence suggests the mechanism of
these natural chemicals is mediated through eicosanoid signalling pathways [144]. Transcript and
protein expression of COX-2 and 5-LO as well as the production of their metabolites PGE2 and LTB4
were downregulated in addition to the major angiogenic factor VEGF. While definitive evidence was
not provided, they speculate that the repression of VEGF and thus VEGF-induced tumour growth and
neoangiogenesis was mediated through a downregulation of these two eicosanoid enzymes, providing
another example where 5-LO signalling is potentially involved in angiogenesis [144]. DMBA-induced
mammary gland tumours in mouse models were shown to progressively express 5-LO [140]. Treatment
with zileuton not only reduced tumour burden but also significantly reduced tumour-associated
inflammation (indicated by immune infiltrate) and angiogenesis (indicated by microvessel density),
implicating 5-LO as an important player in DMBA-induced mammary tumour development and
angiogenesis. Similar to Ye et al., 5-LO blocking by zileuton was shown to decrease VEGF and MMP2
expression, indicating the crucial role of 5-LO in modulating the angiogenic process [140].

5.3. Endothelial Cell Transcellular Synthesis of Leukotrienes

Human endothelial cells do not normally express 5-LO and therefore do not have the ability to
metabolise AA to the intermediate 5-HETE and LTA4 [90]. Endothelial cells do however possess LTA4
hydrolase activity and therefore can convert the exogenous leukotriene intermediate LTA4, provided
from another cellular source in the TME, to LTB4 and the cysteinyl leukotrienes LTC4, LTD4 and
LTE4, in a process known as transcellular synthesis [145,146] (Figure 2). Co-cultures of S35-cysteine
labelled endothelial cells with polymorphonuclear leukocytes (PMNL) have shown clear evidence of
transcellular metabolism of PMNL-derived LTA4 to cysteinyl leukotrienes. LTB4 levels were also higher
in the co-culture compared to PMNLs alone suggesting the interaction of vascular endothelium with
activated leukocytes modulates the quantity and type of leukotrienes synthesised [147]. With multiple
donors and acceptors possible (i.e., endothelial cells, erythrocytes and platelets), this likely common
event could significantly influence the biosynthetic spectrum of active eicosanoid products synthesised
by the TME during cancer development.

LTB4 is a potent stimulator of neutrophil migration and adhesion [148] and indeed the function
and movement of other immune subtypes [149–151]. In a number studies LTB4 stimulation of
endothelial cells in the presence of neutrophils led to increased vascular permeability both in vitro
and in vivo [152,153]. Released heparin binding proteins from LTB4-activated neutrophils were
subsequently identified as mediators of this observed vascular permeability [154]. LTB4 has also been
shown to induce endothelial cell migration, tubule formation and induce VEGF-mediated angiogenesis
via BLT2 in vivo [68]. Interactions with circulating neutrophils and subsequent synthesis of LTB4
through this transcellular intermediate sharing mechanism could result in autocrine activation of
endothelial cells and increased permeability and the subsequent paracrine stimulation and migration
of more neutrophils to the TME. It also raises the question whether endothelial cells in the vicinity of
a tumour can receive leukotriene intermediates from tumour epithelial cells to produce LTB4.
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The synthesis of CystLTs by endothelial cells through this intermediate sharing with donor
PMNLs is associated with the synthesis of CysLT-R2 [155], the induced expression of endothelial
adhesion molecules [156,157] and the activation of a pro-inflammatory endothelial cell phenotype [158].
CysLTs have also been shown to induce inflammatory signals and proliferation of endothelial cells
through CystLT-R1 and CystLT-R2 [159]. As mentioned previously, there are numerous examples
of tumours that express an active form of 5-LO and receptors to these metabolites. Although the
studies mentioned here are not cancer specific, they do provide some insight into how immune cells or
indeed tumour cells, and endothelial cells may interact through the 5-LO signalling pathways, and how
dysfunctionally activated endothelial cells could play a role in pathological angiogenesis, inflammation
and subsequent metastasis. A number of tumours are known to overexpress LTA4 hydrolase [160],
therefore the transcellular synthesis of leukotrienes using LTA4 produced by leukocytes, particularly
neutrophils could also contribute to the overproduction of leukotrienes and ensuing inflammation
associated with the TME [4].

5.4. 5-Lipoxygenase and Cyclooxygenase-2 Shunting in Tumour Angiogenesis

As previously discussed, 5-LO is increased in colon cancer specimens and colonic dysplastic
lesions/polyps [86]. 5-LO has strong converging roles with another major eicosanoid involved
in cancer, cyclooxygenase-2 (COX-2), which has been strongly linked to tumorigenesis and
angiogenesis [161]. Given that both enzymes utilise the same substrate of AA and have converging
targets of VEGF expression and release, redundancy of these pathways has been suggested [161].
Recent pharmacological inhibition studies have indicated a shunting mechanism between these two
arms of the AA pathway where blocking of one enzymatic pathway leads an upregulation of the
other [141,162,163] (Figure 4). Ye et al. showed that cigarette smoke can induce adenoma formation
in the colon of mice and that inhibition with the 5-LO inhibitor zileuton not only reduced 5-LO
expression but also downregulated VEGF, MMP2 and MMP9 [141]. In a subsequent study by this
group COX-2 inhibition was shown to result in an upregulation of 5-LO LTB4 [163]. This shunting
process was not observed when 5-LO was inhibited, suggesting 5-LO inhibitors are more effective
in this mouse xenograft model of cigarette smoked-induced colon cancer. Park et al. demonstrated
that inhibition of COX-2 activity in vitro led to an increased LTB4 in head and neck squamous cell
carcinoma (HNSCC). Knock-down of COX-2 showed only modest effects to cell proliferation in several
cell lines but combined knock-down of both COX-2 and 5-LO had superior inhibitory effects on tumour
cell proliferation and VEGF production [162].

Additionally, genetic disruption of 5-LO in a mouse model of ethanol-induced oral carcinoma
resulted in activation of COX-2 and an increase in COX-2 metabolites thought to be produced mainly
by inflammatory cells [114,161] This evidence suggests dual inhibition of both these pathways may
have a superior anti-cancer effect in the suppression of angiogenesis. These findings highlight the
question of whether other LO enzymes whose expression are often associated with cancer are also
involved in this integrated system.
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6. 5-Lipoxygenase and Adipose Tissue

In our discussion of the TME, it is important to note the importance of adipose tissue as
a compartment of cells that interact with cancer. There is a growing appreciation for the role played
by adipocytes and adipose tissue in supporting tumorigenesis and metastasis, and in driving the
increased incidence and mortality rates of cancers that grow in the vicinity of adipose tissue such
as breast, prostate, endometrial, gastrointestinal and renal cancer [164–168]. In obesity, expanded
adipose tissue depots are characterised by increased inflammatory cell infiltration (i.e., macrophages
and lymphocytes) and heightened adipokine and cytokine secretions, creating a state of chronic low
grade inflammation [165]. Similarities between the adipose tissue-associated microenvironment of
metabolic disease/type II diabetes and the TME of adipose tissue-dominated tumours have been
highlighted, indicating that the molecular pathways involved may be related [165].

Dietary n-6 polyunsaturated fats, such as AA play an important role in the pathogenesis of
obesity-related complications in peripheral tissues and organs because they provide fatty acids as
raw material for the synthesis of pro-inflammatory eicosanoids [169]. In the past few years 5-LO has
emerged as a potential target for obesity-driven disorders such as insulin resistance and metabolic
dysfunction [35]. Firstly, all molecular components of the 5-LO pathway required for leukotriene
synthesis are reported to be constituently expressed in adipose tissue, in both the adipocyte fraction
and the stromal vascular fraction, as well as the two LTB4 receptors (BLT1 and BLT2) and the two CysLT
receptors (CysLT-R1 and CysLT-R2) [170] (Figure 5). Secondly, LTB4 signalling has been shown to be
critical for the differentiation of preadipocytes to mature adipocytes [171] (Figure 5) and similarly to
leptin, MCP-1 and other major adipokines, 5-LO derived leukotrienes have been shown to be elevated
in obese adipose tissue [172–175]. Increased LTB4 concentration has been associated with increased
leukocyte chemoattractants and activators such as TNF-α, IL-6 and MCP1 [170] and indeed MCP-1
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has been shown to stimulate LTB4 in positive feed forward loop, thus potentiating 5-LO/LTB4/BLT
signalling [176] (Figure 5). Furthermore, a role of 5-LO in the modulation of lipid metabolism,
and increasing lipogenesis by adipocytes and thus the availability of FFAs for pro-inflammatory
eicosanoid synthesis has also been highlighted [172].

Figure 5. Increased 5-lipoxygenase activity in adipose tissue is associated with obesity: 5-LO signalling
has been shown to be involved in preadipocyte differentiation to mature an adipocyte. Adipocytes
derived from obese adipose tissue have increased 5-LO/FLAP expression and increased leukotriene
receptor expression. Upregulated LTB4 production leads to increased MCP-1 production and increased
macrophage (MQ) and T-cell recruitment to the fat. Increased LTB4 signalling also leads to upregulated
lipogenesis and thus increased arachidonic acid (AA) availability for further leukotriene synthesis
by adipocytes and adipose tissue associated MQs (ATM). LTB4 stimulates MQ production of MCP-1,
further LTB4 production, increased pro-inflammatory cytokines such as IL-6 and increased macrophage
homing to the fat. Pharmacological blocking of 5-LO signalling in adipose tissue decreases lipogenesis,
leukocyte infiltration, decreases M1 type MQs and increases M2 type MQs, overall leading to improved
insulin sensitivity and liver function.

Recent studies have shown that obesity results in a shift in the immune profile of the adipose
tissue from M2 macrophages and TH2 and regulatory T-cells towards pro-inflammatory TH1, cytotoxic
CD8+ T-cells and M1 macrophages [177]. This chronic low-grade inflammation of adipose tissue has
been shown to potentiate associated obesity-driven pathologies [167,178]. Pharmacological inhibition
or genetic deletion of 5-LO enzyme, FLAP or the 5-LO metabolite receptors in adipocytes or adipose
tissue has been shown to cause an anti-inflammatory phenotype, with reduced chemotactic potential,
lower adipose tissue macrophage (ATM) infiltration, decreased M1:M2 phenotype in the stromal
vascular fraction and decreased FFA release [170,172,179–181].

Given the similar histology of obese adipose tissue inflammation in both metabolic disease
and cancer [165], the evidenced role of adipose-tissue 5-LO signalling in metabolic disease [170,172]
and the role of 5-LO in components of the TME [37], it is possible, although not yet investigated,
that adipose-tissue derived 5-LO activity plays a role in the TME. Leukotrienes and HETEs produced
by the adipocytes or adipose tissue stromal vascular fraction may act locally within the fat or they have
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the potential be released systemically to stimulate cancer cells and stromal cells bearing leukotriene
receptors. Additionally 5-LO induced lipogenesis and subsequently released FFAs in the TME have
the potential to be utilised by more distal cellular sources with AA metabolising activity, such as cancer
cells and associated stromal cells [182]. Obesity associated adipokines such as leptin, TNF-α and
IL-6 have already been shown to be involved in the development and progression of cancer [183,184].
Similar investigations into the potential role of obesity associated 5-LO signalling specifically in cancer
are also warranted. Figure 5 summarises the evidenced effect of upregulated 5-LO signalling in obese
adipose tissue and the effect of blocking this pathway in adipose tissue.

7. 5-Lipoxygenase and Cancer-Associated Fibroblasts

Interactions of tumour cells with stromal cells of the microenvironment are crucial to cancer
progression, i.e., stimulating blood vessel growth and development and activation of pro-inflammatory
cells and immune suppressor cells. Additionally another subset of stromal cells, fibroblasts, have been
shown to play an important role in the growth and spread of a tumour [182]. Fibroblasts tend to be
increased in tumour-associated stroma compared to normal stroma. Fibroblasts in the vicinity of the
tumour are thought to obtain an activated phenotype and they are termed cancer associated fibroblasts
(CAFs), identified by the expression of alpha smooth muscle actin (α-SMA) [185]. These CAFs are
thought to form the majority of stromal fibroblasts in tumours. CAFs interact with cancer cells and
other stromal components such as endothelial cells and immune cells through the production of
growth factors, including VEGF and chemokines. In addition CAFs regulate extracellular matrix
(ECM) composition and turnover by the deposition of ECM constituents such as collagen types I and
III or secretion of ECM-degrading proteases such as matrix metalloproteinases [185].

Similar to leukocytes, LTB4 has been shown to induce chemotaxis of normal fibroblasts in
culture [186]. Fibroblasts express LT receptors [187,188] and similar to endothelial cells, fibroblasts
do not express 5-LO but have been shown to express LTA4 hydrolase. Thus, they are capable
of transcellular leukotriene synthesis when provided with an external source of the intermediate
metabolite LTA4, such as infiltrating leukocyte LTA4 [189] (Figure 2). Leukotrienes have been shown
to be involved in fibroblast-associated non-cancerous pathologies such as hepatic and pulmonary
fibrosis [190,191]. There is currently no research in the area of leukotriene synthesis and CAFs, however,
Medina et al. demonstrated that fibroblasts which had been transformed by simian virus 40 (SV-40)
had significantly increased LTA4 hydrolase activity and produced more LTB4 compared to normal
fibroblasts [192]. This raises the possibility that altered fibroblasts in the TME of a tumour with 5-LO
activity could be involved in inducing inflammation and metastasis through an upregulation of LTB4.

Taylor et al. have provided evidence of cross-talk between cancer cells and fibroblasts that
involves, at least partially, 5-LO signalling [192] They demonstrated that breast cancer cells released
a glycoprotein called EMMPRIN that can induce pro-MMP2 release by fibroblasts. Pharmacological
inhibition indicated that MMP2 release occurred through the activation of 5-LO in the breast cancer
cells while addition of 5-HETE was shown to potentiate the effects of the breast cancer cell conditioned
media [192]. Therefore, targeting MMPs and 5-LO may disturb important interactions between
a growing tumour and the ECM and thus provide a potential therapeutic route in the treatment of
metastatic disease. The role of 5-LO-LT signalling pathway in fibroblasts, in the context of cancer is
a relatively under researched area. Considering the rising interest in CAFs and the strong association
of eicosanoid signalling pathways with tumour development and progression, it is an area that
warrants investigation.

8. Conclusions

A strong link between inflammation and cancer has been established for many years and
while our knowledge is constantly improving, many aspects of the mechanistic link between cancer
and inflammation are not well understood. Considering their important role in inflammation,
5-LO metabolites may have a linking role between these two processes. Most 5-LO inhibitory studies
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have focused mainly on targeting the tumour promoting effects of this pathway in cancer cells.
However, as evidenced in this review, there is large potential for cross-talk of cancer cells with stromal
cells including immune cells and connective tissue components such as endothelial cells, adipocytes
and fibroblasts and indeed for the crosstalk of stromal cells with each other through the 5-LO pathway,
as summarised in Figure 2.

Given the increased awareness of the important role of the TME in tumour growth and
development, the 5-LO pathway provides an interesting route of investigation for a TME-focused
therapeutic strategy to prevent or halt tumorigenesis. 5-LO pro-inflammatory signalling through
immune cells has the potential to be both pro- or anti-tumorigenic, therefore the identification of what
cells types and pathways shift this balance in favour of one direction over the other in a particular
cancer is important. Further investigation is also needed to understand at what stage in tumour
initiation 5-LO cross-talk signalling between a cancer cell and the TME stimulates cancer development.
Finally, the role of adipose tissue derived 5-LO metabolites in driving obesity-associated inflammatory
disorders and potentially obesity-driven cancer is an important avenue of research.
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Abbreviations

12-LO 12-Lipoxygenase
15-LO 15-Lipoxygenase
5-LO 5-Lipoxygenase
AA Arachidonic acid
BAL Bronchial alveolar lavages
COX Cyclooxygenase
ECM Extracellular matrix
FFA Free fatty acids
FLAP 5-Lipoxygenase associated protein
HETE Hydroxyeicosatetraenoic acid
LT Leukotriene
MDSC Myeloid-derived suppressor cells
PMNL Polymorphonuclear leukocytes
TAM Tumour associated macrophages
TME Tumour microenvironment

References

1. Albini, A.; Sporn, M.B. The tumour microenvironment as a target for chemoprevention. Nat. Rev. Cancer
2007, 7, 139–147. [CrossRef] [PubMed]

2. Chen, F.; Zhuang, X.; Lin, L.; Yu, P.; Wang, Y.; Shi, Y.; Hu, G.; Sun, Y. New horizons in tumor
microenvironment biology: Challenges and opportunities. BMC Med. 2015, 13, 45. [CrossRef] [PubMed]

3. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013,
19, 1423–1437. [CrossRef] [PubMed]

4. Wang, D.; DuBois, R.N. Eicosanoids and cancer. Nat. Rev. Cancer 2010, 10, 181–193. [CrossRef] [PubMed]
5. Khan, R.; Spagnoli, V.; Tardif, J.C.; L’Allier, P.L. Novel anti-inflammatory therapies for the treatment of

atherosclerosis. Atherosclerosis 2015, 240, 497–509. [CrossRef] [PubMed]
6. Joshi, Y.B.; Pratico, D. The 5-lipoxygenase pathway: Oxidative and inflammatory contributions to the

Alzheimer’s disease phenotype. Front. Cell Neurosci. 2014, 8, 436. [CrossRef] [PubMed]
7. Tersey, S.A.; Bolanis, E.; Holman, T.R.; Maloney, D.J.; Nadler, J.L.; Mirmira, R.G. Minireview: 12-Lipoxygenase

and Islet beta-Cell Dysfunction in Diabetes. Mol. Endocrinol. 2015, 29, 791–800. [CrossRef] [PubMed]
8. Knab, L.M.; Grippo, P.J.; Bentrem, D.J. Involvement of eicosanoids in the pathogenesis of pancreatic cancer:

The roles of cyclooxygenase-2 and 5-lipoxygenase. World J. Gastroenterol. 2014, 20, 10729–10739. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/nrc2067
http://www.ncbi.nlm.nih.gov/pubmed/17218951
http://dx.doi.org/10.1186/s12916-015-0278-7
http://www.ncbi.nlm.nih.gov/pubmed/25857315
http://dx.doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://dx.doi.org/10.1038/nrc2809
http://www.ncbi.nlm.nih.gov/pubmed/20168319
http://dx.doi.org/10.1016/j.atherosclerosis.2015.04.783
http://www.ncbi.nlm.nih.gov/pubmed/25917947
http://dx.doi.org/10.3389/fncel.2014.00436
http://www.ncbi.nlm.nih.gov/pubmed/25642165
http://dx.doi.org/10.1210/me.2015-1041
http://www.ncbi.nlm.nih.gov/pubmed/25803446
http://dx.doi.org/10.3748/wjg.v20.i31.10729
http://www.ncbi.nlm.nih.gov/pubmed/25152576


Int. J. Mol. Sci. 2017, 18, 236 18 of 27

9. Kuhn, H.; Walther, M.; Kuban, R.J. Mammalian arachidonate 15-lipoxygenases structure, function,
and biological implications. Prostaglandins Other Lipid Mediat. 2002, 68–69, 263–290. [CrossRef]

10. Klil-Drori, A.J.; Ariel, A. 15-Lipoxygenases in cancer: A double-edged sword? Prostaglandins Other
Lipid Mediat. 2013, 106, 16–22. [CrossRef] [PubMed]

11. Kelavkar, U.P.; Cohen, C. 15-lipoxygenase-1 expression upregulates and activates insulin-like growth factor-1
receptor in prostate cancer cells. Neoplasia 2004, 6, 41–52. [CrossRef]

12. Kelavkar, U.P.; Nixon, J.B.; Cohen, C.; Dillehay, D.; Eling, T.E.; Badr, K.F. Overexpression of 15-lipoxygenase-1
in PC-3 human prostate cancer cells increases tumorigenesis. Carcinogenesis 2001, 22, 1765–1773. [CrossRef]
[PubMed]

13. Middleton, M.K.; Zukas, A.M.; Rubinstein, T.; Jacob, M.; Zhu, P.; Zhao, L.; Blair, I.; Pure, E. Identification
of 12/15-lipoxygenase as a suppressor of myeloproliferative disease. J. Exp. Med. 2006, 203, 2529–2540.
[CrossRef] [PubMed]

14. Nixon, J.B.; Kim, K.S.; Lamb, P.W.; Bottone, F.G.; Eling, T.E. 15-Lipoxygenase-1 has anti-tumorigenic effects
in colorectal cancer. Prostaglandins Leukot. Essent. Fatty Acids 2004, 70, 7–15. [CrossRef] [PubMed]

15. Shureiqi, I.; Wojno, K.J.; Poore, J.A.; Reddy, R.G.; Moussalli, M.J.; Spindler, S.A.; Greenson, J.K.; Normolle, D.;
Hasan, A.A.; Lawrence, T.S.; et al. Decreased 13-S-hydroxyoctadecadienoic acid levels and 15-lipoxygenase-1
expression in human colon cancers. Carcinogenesis 1999, 20, 1985–1995. [CrossRef] [PubMed]

16. Shureiqi, I.; Wu, Y.; Chen, D.; Yang, X.L.; Guan, B.; Morris, J.S.; Yang, P.; Newman, R.A.; Broaddus, R.;
Hamilton, S.R.; et al. The critical role of 15-lipoxygenase-1 in colorectal epithelial cell terminal differentiation
and tumorigenesis. Cancer Res. 2005, 65, 11486–11492. [CrossRef] [PubMed]

17. Natarajan, R.; Esworthy, R.; Bai, W.; Gu, J.L.; Wilczynski, S.; Nadler, J. Increased 12-lipoxygenase expression
in breast cancer tissues and cells. Regulation by epidermal growth factor. J. Clin. Endocrinol. Metab. 1997, 82,
1790–1798. [CrossRef] [PubMed]

18. Jiang, W.G.; Watkins, G.; Douglas-Jones, A.; Mansel, R.E. Reduction of isoforms of 15-lipoxygenase
(15-LOX)-1 and 15-LOX-2 in human breast cancer. Prostaglandins Leukot. Essent. Fatty Acids 2006, 74,
235–245. [CrossRef] [PubMed]

19. Suraneni, M.V.; Moore, J.R.; Zhang, D.; Badeaux, M.; Macaluso, M.D.; DiGiovanni, J.; Kusewitt, D.; Tang, D.G.
Tumor-suppressive functions of 15-Lipoxygenase-2 and RB1CC1 in prostate cancer. Cell Cycle 2014, 13,
1798–1810. [CrossRef] [PubMed]

20. Guo, Y.; Nie, D. Tumor-suppressing 15-lipoxygenase-2: Time for prime time? Cell Cycle 2014, 13, 1836–1837.
[CrossRef] [PubMed]

21. Gao, X.; Grignon, D.J.; Chbihi, T.; Zacharek, A.; Chen, Y.Q.; Sakr, W.; Porter, A.T.; Crissman, J.D.; Pontes, J.E.;
Powell, I.J.; et al. Elevated 12-lipoxygenase mRNA expression correlates with advanced stage and poor
differentiation of human prostate cancer. Urology 1995, 46, 227–237. [CrossRef]

22. Nithipatikom, K.; Isbell, M.A.; See, W.A.; Campbell, W.B. Elevated 12- and 20-hydroxyeicosatetraenoic acid
in urine of patients with prostatic diseases. Cancer Lett. 2006, 233, 219–225. [CrossRef] [PubMed]

23. Jiang, W.G.; Douglas-Jones, A.; Mansel, R.E. Levels of expression of lipoxygenases and cyclooxygenase-2 in
human breast cancer. Prostaglandins Leukot. Essent. Fatty Acids 2003, 69, 275–281. [CrossRef]

24. Mohammad, A.M.; Abdel, H.A.; Abdel, W.; Ahmed, A.M.; Wael, T.; Eiman, G. Expression of cyclooxygenase-2
and 12-lipoxygenase in human breast cancer and their relationship with HER-2/neu and hormonal receptors:
Impact on prognosis and therapy. Indian J. Cancer 2006, 43, 163–168. [CrossRef] [PubMed]

25. Matsuyama, M.; Yoshimura, R.; Mitsuhashi, M.; Hase, T.; Tsuchida, K.; Takemoto, Y.; Kawahito, Y.; Sano, H.;
Nakatani, T. Expression of lipoxygenase in human prostate cancer and growth reduction by its inhibitors.
Int. J. Oncol. 2004, 24, 821–827. [CrossRef] [PubMed]

26. Matsuyama, M.; Hayama, T.; Funao, K.; Kawahito, Y.; Sano, H.; Takemoto, Y.; Nakatani, T.; Yoshimura, R.
Overexpression of cysteinyl LT1 receptor in prostate cancer and CysLT1R antagonist inhibits prostate cancer
cell growth through apoptosis. Oncol. Rep. 2007, 18, 99–104. [CrossRef] [PubMed]

27. Jiang, W.G.; Douglas-Jones, A.G.; Mansel, R.E. Aberrant expression of 5-lipoxygenase-activating protein
(5-LOXAP) has prognostic and survival significance in patients with breast cancer. Prostaglandins Leukot.
Essent. Fatty Acids 2006, 74, 125–134. [CrossRef] [PubMed]

28. Hennig, R.; Ding, X.Z.; Tong, W.G.; Schneider, M.B.; Standop, J.; Friess, H.; Buchler, M.W.; Pour, P.M.;
Adrian, T.E. 5-Lipoxygenase and leukotriene B(4) receptor are expressed in human pancreatic cancers but
not in pancreatic ducts in normal tissue. Am. J. Pathol. 2002, 161, 421–428. [CrossRef]

http://dx.doi.org/10.1016/S0090-6980(02)00035-7
http://dx.doi.org/10.1016/j.prostaglandins.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23933488
http://dx.doi.org/10.1016/S1476-5586(04)80052-6
http://dx.doi.org/10.1093/carcin/22.11.1765
http://www.ncbi.nlm.nih.gov/pubmed/11698337
http://dx.doi.org/10.1084/jem.20061444
http://www.ncbi.nlm.nih.gov/pubmed/17043146
http://dx.doi.org/10.1016/j.plefa.2003.06.001
http://www.ncbi.nlm.nih.gov/pubmed/14643174
http://dx.doi.org/10.1093/carcin/20.10.1985
http://www.ncbi.nlm.nih.gov/pubmed/10506115
http://dx.doi.org/10.1158/0008-5472.CAN-05-2180
http://www.ncbi.nlm.nih.gov/pubmed/16357157
http://dx.doi.org/10.1210/jc.82.6.1790
http://www.ncbi.nlm.nih.gov/pubmed/9177384
http://dx.doi.org/10.1016/j.plefa.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16556493
http://dx.doi.org/10.4161/cc.28757
http://www.ncbi.nlm.nih.gov/pubmed/24732589
http://dx.doi.org/10.4161/cc.29328
http://www.ncbi.nlm.nih.gov/pubmed/24865420
http://dx.doi.org/10.1016/S0090-4295(99)80198-8
http://dx.doi.org/10.1016/j.canlet.2005.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15882928
http://dx.doi.org/10.1016/S0952-3278(03)00110-8
http://dx.doi.org/10.4103/0019-509X.29421
http://www.ncbi.nlm.nih.gov/pubmed/17192687
http://dx.doi.org/10.3892/ijo.24.4.821
http://www.ncbi.nlm.nih.gov/pubmed/15010818
http://dx.doi.org/10.3892/or.18.1.99
http://www.ncbi.nlm.nih.gov/pubmed/17549353
http://dx.doi.org/10.1016/j.plefa.2005.10.005
http://www.ncbi.nlm.nih.gov/pubmed/16364620
http://dx.doi.org/10.1016/S0002-9440(10)64198-3


Int. J. Mol. Sci. 2017, 18, 236 19 of 27

29. Barresi, V.; Grosso, M.; Vitarelli, E.; Tuccari, G.; Barresi, G. 5-Lipoxygenase is coexpressed with Cox-2 in
sporadic colorectal cancer: A correlation with advanced stage. Dis. Colon Rectum 2007, 50, 1576–1584.
[CrossRef] [PubMed]

30. Ding, X.Z.; Iversen, P.; Cluck, M.W.; Knezetic, J.A.; Adrian, T.E. Lipoxygenase inhibitors abolish proliferation
of human pancreatic cancer cells. Biochem. Biophys. Res. Commun. 1999, 261, 218–223. [CrossRef] [PubMed]

31. Wen, Z.; Liu, H.; Li, M.; Li, B.; Gao, W.; Shao, Q.; Fan, B.; Zhao, F.; Wang, Q.; Xie, Q.; et al. Increased
metabolites of 5-lipoxygenase from hypoxic ovarian cancer cells promote tumor-associated macrophage
infiltration. Oncogene 2014, 34, 1241–1252. [CrossRef] [PubMed]

32. Olkhanud, P.B.; Damdinsuren, B.; Bodogai, M.; Gress, R.E.; Sen, R.; Wejksza, K.; Malchinkhuu, E.; Wersto, R.P.;
Biragyn, A. Tumor-evoked regulatory B-cells promote breast cancer metastasis by converting resting CD4+
T-cells to T-regulatory cells. Cancer Res. 2011, 71, 3505–3515. [CrossRef] [PubMed]

33. Wejksza, K.; Lee-Chang, C.; Bodogai, M.; Bonzo, J.; Gonzalez, F.J.; Lehrmann, E.; Becker, K.; Biragyn, A.
Cancer-produced metabolites of 5-lipoxygenase induce tumor-evoked regulatory B-cells via peroxisome
proliferator-activated receptor alpha. J. Immunol. 2013, 190, 2575–2584. [CrossRef] [PubMed]

34. Boger, P.C.; Shutt, J.D.; Neale, J.R.; Wilson, S.J.; Bateman, A.C.; Holloway, J.W.; Patel, P.; Sampson, A.P.
Increased expression of the 5-lipoxygenase pathway and its cellular localization in Barrett’s adenocarcinoma.
Histopathology 2012, 61, 509–517. [CrossRef] [PubMed]

35. Balkwill, F.R.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 2012,
125 Pt 23, 5591–5596. [CrossRef] [PubMed]

36. Neels, J.G. A role for 5-lipoxygenase products in obesity-associated inflammation and insulin resistance.
Adipocyte 2013, 2, 262–265. [CrossRef] [PubMed]

37. Steinhilber, D.; Fischer, A.S.; Metzner, J.; Steinbrink, S.D.; Roos, J.; Ruthardt, M.; Maier, T.J. 5-Lipoxygenase:
Underappreciated role of a pro-inflammatory enzyme in tumorigenesis. Front. Pharmacol. 2010, 1, 143.
[CrossRef] [PubMed]

38. Kubavat, A.H.; Khippal, N.; Tak, S.; Rijhwani, P.; Bhargava, S.; Patel, T.; Shah, N.; Kshatriya, R.R.;
Mittal, R. A randomized, comparative, multicentric clinical trial to assess the efficacy and safety of zileuton
extended-release tablets with montelukast sodium tablets in patients suffering from chronic persistent
asthma. Am. J. Ther. 2013, 20, 154–162. [CrossRef] [PubMed]

39. Harris, R.R.; Carter, G.W.; Bell, R.L.; Moore, J.L.; Brooks, D.W. Clinical activity of leukotriene inhibitors.
Int. J. Immunopharmacol. 1995, 17, 147–156. [CrossRef]

40. Knorr, B.; Matz, J.; Bernstein, J.A.; Nguyen, H.; Seidenberg, B.C.; Reiss, T.F.; Becker, A. Montelukast for
chronic asthma in 6- to 14-year-old children: A randomized, double-blind trial. Pediatric Montelukast Study
Group. JAMA 1998, 279, 1181–1186. [CrossRef] [PubMed]

41. Suissa, S.; Dennis, R.; Ernst, P.; Sheehy, O.; Wood-Dauphinee, S. Effectiveness of the leukotriene receptor
antagonist zafirlukast for mild-to-moderate asthma. A randomized, double-blind, placebo-controlled trial.
Ann. Intern. Med. 1997, 126, 177–183. [CrossRef] [PubMed]

42. Woods, J.W.; Coffey, M.J.; Brock, T.G.; Singer, I.I.; Peters-Golden, M. 5-Lipoxygenase is located in the
euchromatin of the nucleus in resting human alveolar macrophages and translocates to the nuclear envelope
upon cell activation. J. Clin. Investig. 1995, 95, 2035–2046. [CrossRef] [PubMed]

43. Radmark, O.; Samuelsson, B. Regulation of the activity of 5-lipoxygenase, a key enzyme in leukotriene
biosynthesis. Biochem. Biophys. Res. Commun. 2010, 396, 105–110. [CrossRef] [PubMed]

44. Werz, O.; Klemm, J.; Samuelsson, B.; Radmark, O. 5-lipoxygenase is phosphorylated by p38 kinase-dependent
MAPKAP kinases. Proc. Natl. Acad. Sci. USA 2000, 97, 5261–5266. [CrossRef] [PubMed]

45. Flamand, N.; Ming, L.; Peters-Golden, M.; Brock, T.G. Phsophorylation of serine 271 on 5-lipoxygenase and
its role in nuclear export. J. Biol. Chem. 2009, 284, 306–313. [CrossRef] [PubMed]

46. Mancini, J.A.; Abramovitz, M.; Cox, M.E.; Wong, E.; Charleson, S.; Perrier, H.; Wang, Z.; Prasit, P.; Vickers, P.J.
5-lipoxygenase-activating protein is an arachidonate binding protein. FEBS Lett. 1993, 318, 277–281.
[CrossRef]

47. Abramovitz, M.; Wong, E.; Cox, M.E.; Richardson, C.D.; Li, C.; Vickers, P.J. 5-lipoxygenase-activating
protein stimulates the utilization of arachidonic acid by 5-lipoxygenase. Eur. J. Biochem. 1993, 215, 105–111.
[CrossRef] [PubMed]

48. Samuelsson, B.; Funk, C.D. Enzymes involved in the biosynthesis of leukotriene B4. J. Biol. Chem. 1989, 264,
19469–19472. [PubMed]

http://dx.doi.org/10.1007/s10350-007-0311-9
http://www.ncbi.nlm.nih.gov/pubmed/17762961
http://dx.doi.org/10.1006/bbrc.1999.1012
http://www.ncbi.nlm.nih.gov/pubmed/10405349
http://dx.doi.org/10.1038/onc.2014.85
http://www.ncbi.nlm.nih.gov/pubmed/24662827
http://dx.doi.org/10.1158/0008-5472.CAN-10-4316
http://www.ncbi.nlm.nih.gov/pubmed/21444674
http://dx.doi.org/10.4049/jimmunol.1201920
http://www.ncbi.nlm.nih.gov/pubmed/23408836
http://dx.doi.org/10.1111/j.1365-2559.2012.04258.x
http://www.ncbi.nlm.nih.gov/pubmed/22690932
http://dx.doi.org/10.1242/jcs.116392
http://www.ncbi.nlm.nih.gov/pubmed/23420197
http://dx.doi.org/10.4161/adip.24835
http://www.ncbi.nlm.nih.gov/pubmed/24052903
http://dx.doi.org/10.3389/fphar.2010.00143
http://www.ncbi.nlm.nih.gov/pubmed/21833182
http://dx.doi.org/10.1097/MJT.0b013e318254259b
http://www.ncbi.nlm.nih.gov/pubmed/22926233
http://dx.doi.org/10.1016/0192-0561(94)00093-4
http://dx.doi.org/10.1001/jama.279.15.1181
http://www.ncbi.nlm.nih.gov/pubmed/9555757
http://dx.doi.org/10.7326/0003-4819-126-3-199702010-00001
http://www.ncbi.nlm.nih.gov/pubmed/9027267
http://dx.doi.org/10.1172/JCI117889
http://www.ncbi.nlm.nih.gov/pubmed/7738170
http://dx.doi.org/10.1016/j.bbrc.2010.02.173
http://www.ncbi.nlm.nih.gov/pubmed/20494120
http://dx.doi.org/10.1073/pnas.050588997
http://www.ncbi.nlm.nih.gov/pubmed/10779545
http://dx.doi.org/10.1074/jbc.M805593200
http://www.ncbi.nlm.nih.gov/pubmed/18978352
http://dx.doi.org/10.1016/0014-5793(93)80528-3
http://dx.doi.org/10.1111/j.1432-1033.1993.tb18012.x
http://www.ncbi.nlm.nih.gov/pubmed/8344271
http://www.ncbi.nlm.nih.gov/pubmed/2555321


Int. J. Mol. Sci. 2017, 18, 236 20 of 27

49. Schwenk, U.; Schroder, J.M. 5-Oxo-eicosanoids are potent eosinophil chemotactic factors. Functional
characterization and structural requirements. J. Biol. Chem. 1995, 270, 15029–15036. [CrossRef] [PubMed]

50. Rokach, J.; Powell, W.S. Biochemistry, biology and chemistry of the 5-lipoxygenase product 5-oxo-ETE.
Prog. Lipid Res. 2005, 44, 154–183.

51. Penrose, J.F.; Gagnon, L.; Goppelt-Struebe, M.; Myers, P.; Lam, B.K.; Jack, R.M.; Austen, K.F.; Soberman, R.J.
Purification of human leukotriene C4 synthase. Proc. Natl. Acad. Sci. USA 1992, 89, 11603–11606. [CrossRef]
[PubMed]

52. Dennis, E.A.; Norris, P.C. Eicosanoid storm in infection and inflammation. Nat. Rev. Immunol. 2015, 15,
511–523. [CrossRef] [PubMed]

53. Peters-Golden, M.; Gleason, M.M.; Togias, A. Cysteinyl leukotrienes: Multi-functional mediators in allergic
rhinitis. Clin. Exp. Allergy 2006, 36, 689–703. [CrossRef] [PubMed]

54. Chandrasekharan, J.A.; Sharma-Walia, N. Lipoxins: Nature’s way to resolve inflammation. J. Inflamm. Res.
2015, 8, 181–192. [PubMed]

55. Lehmann, C.; Homann, J.; Ball, A.K.; Blöcher, R.; Kleinschmidt, T.K.; Basavarajappa, D.; Angioni, C.;
Ferreirós, N.; Häfner, A.K.; Rådmark, O.; et al. Lipoxin and resolvin biosynthesis is dependent on
5-lipoxygenase activating protein. FASEB J. 2015, 29, 5029–5043. [CrossRef] [PubMed]

56. Shutt, J.D.; Boger, P.; Neale, J.R.; Patel, P.; Sampson, A.P. Activity of the leukotriene pathway in Barrett’s
metaplasia and oesophageal adenocarcinoma. Inflamm. Res. 2012, 61, 1379–1384. [CrossRef] [PubMed]

57. Gupta, S.; Srivastava, M.; Ahmad, N.; Sakamoto, K.; Bostwick, D.G.; Mukhtar, H. Lipoxygenase-5 is
overexpressed in prostate adenocarcinoma. Cancer 2001, 91, 737–743. [CrossRef]

58. Wasilewicz, M.P.; Kolodziej, B.; Bojulko, T.; Kaczmarczyk, M.; Sulzyc-Bielicka, V.; Bielicki, D.; Ciepiela, K.
Overexpression of 5-lipoxygenase in sporadic colonic adenomas and a possible new aspect of colon
carcinogenesis. Int. J. Colorectal. Dis. 2010, 25, 1079–1085. [CrossRef] [PubMed]

59. Hennig, R.; Grippo, P.; Ding, X.Z.; Rao, S.M.; Buchler, M.W.; Friess, H.; Talamonti, M.S.; Bell, R.H.; Adrian, T.E.
5-Lipoxygenase, a marker for early pancreatic intraepithelial neoplastic lesions. Cancer Res. 2005, 65,
6011–6016. [CrossRef] [PubMed]

60. Tager, A.M.; Luster, A.D. BLT1 and BLT2: The leukotriene B(4) receptors. Prostaglandins Leukot. Essent.
Fatty Acids 2003, 69, 123–134. [CrossRef]

61. Kanaoka, Y.; Boyce, J.A. Cysteinyl leukotrienes and their receptors: Cellular distribution and function in
immune and inflammatory responses. J. Immunol. 2004, 173, 1503–1510. [CrossRef] [PubMed]

62. Spinozzi, F.; Russano, A.M.; Piattoni, S.; Agea, E.; Bistoni, O.; de Benedictis, D.; de Benedictis, F.M. Biological
effects of montelukast, a cysteinyl-leukotriene receptor-antagonist, on T lymphocytes. Clin. Exp. Allergy
2004, 34, 1876–1882. [CrossRef] [PubMed]

63. Seo, J.M.; Cho, K.J.; Kim, E.Y.; Choi, M.H.; Chung, B.C.; Kim, J.H. Up-regulation of BLT2 is critical for the
survival of bladder cancer cells. Exp. Mol. Med. 2011, 43, 129–137. [CrossRef] [PubMed]

64. Magnusson, C.; Mezhybovska, M.; Lorinc, E.; Fernebro, E.; Nilbert, M.; Sjolander, A. Low expression of
CysLT1R and high expression of CysLT2R mediate good prognosis in colorectal cancer. Eur. J. Cancer 2010,
46, 826–835. [CrossRef] [PubMed]

65. Magnusson, C.; Liu, J.; Ehrnstrom, R.; Manjer, J.; Jirstrom, K.; Andersson, T.; Sjolander, A. Cysteinyl
leukotriene receptor expression pattern affects migration of breast cancer cells and survival of breast cancer
patients. Int. J. Cancer 2011, 129, 9–22. [CrossRef] [PubMed]

66. Venerito, M.; Kuester, D.; Harms, C.; Schubert, D.; Wex, T.; Malfertheiner, P. Upregulation of Leukotriene
Receptors in Gastric Cancer. Cancers 2011, 3, 3156–3168. [CrossRef] [PubMed]

67. Hennig, R.; Osman, T.; Esposito, I.; Giese, N.; Rao, S.M.; Ding, X.Z.; Tong, W.G.; Buchler, M.W.; Yokomizo, T.;
Friess, H.; et al. BLT2 is expressed in PanINs, IPMNs, pancreatic cancer and stimulates tumour cell
proliferation. Br. J. Cancer 2008, 99, 1064–1073. [CrossRef] [PubMed]

68. Kim, G.Y.; Lee, J.W.; Cho, S.H.; Seo, J.M.; Kim, J.H. Role of the low-affinity leukotriene B4 receptor BLT2 in
VEGF-induced angiogenesis. Arterioscler Thromb. Vasc. Biol. 2009, 29, 915–920. [CrossRef] [PubMed]

69. Yoo, M.H.; Song, H.; Woo, C.H.; Kim, H.; Kim, J.H. Role of the BLT2, a leukotriene B4 receptor, in Ras
transformation. Oncogene 2004, 23, 9259–9268. [CrossRef] [PubMed]

70. Kim, E.Y.; Seo, J.M.; Cho, K.J.; Kim, J.H. Ras-induced invasion and metastasis are regulated by a leukotriene
B4 receptor BLT2-linked pathway. Oncogene 2010, 29, 1167–1178. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.270.25.15029
http://www.ncbi.nlm.nih.gov/pubmed/7797484
http://dx.doi.org/10.1073/pnas.89.23.11603
http://www.ncbi.nlm.nih.gov/pubmed/1454853
http://dx.doi.org/10.1038/nri3859
http://www.ncbi.nlm.nih.gov/pubmed/26139350
http://dx.doi.org/10.1111/j.1365-2222.2006.02498.x
http://www.ncbi.nlm.nih.gov/pubmed/16776669
http://www.ncbi.nlm.nih.gov/pubmed/26457057
http://dx.doi.org/10.1096/fj.15-275487
http://www.ncbi.nlm.nih.gov/pubmed/26289316
http://dx.doi.org/10.1007/s00011-012-0539-2
http://www.ncbi.nlm.nih.gov/pubmed/22851204
http://dx.doi.org/10.1002/1097-0142(20010215)91:4&lt;737::AID-CNCR1059&gt;3.0.CO;2-F
http://dx.doi.org/10.1007/s00384-010-0980-z
http://www.ncbi.nlm.nih.gov/pubmed/20549218
http://dx.doi.org/10.1158/0008-5472.CAN-04-4090
http://www.ncbi.nlm.nih.gov/pubmed/16024599
http://dx.doi.org/10.1016/S0952-3278(03)00073-5
http://dx.doi.org/10.4049/jimmunol.173.3.1503
http://www.ncbi.nlm.nih.gov/pubmed/15265876
http://dx.doi.org/10.1111/j.1365-2222.2004.02119.x
http://www.ncbi.nlm.nih.gov/pubmed/15663562
http://dx.doi.org/10.3858/emm.2011.43.3.014
http://www.ncbi.nlm.nih.gov/pubmed/21252614
http://dx.doi.org/10.1016/j.ejca.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20064706
http://dx.doi.org/10.1002/ijc.25648
http://www.ncbi.nlm.nih.gov/pubmed/20824707
http://dx.doi.org/10.3390/cancers3033156
http://www.ncbi.nlm.nih.gov/pubmed/24212950
http://dx.doi.org/10.1038/sj.bjc.6604655
http://www.ncbi.nlm.nih.gov/pubmed/18781173
http://dx.doi.org/10.1161/ATVBAHA.109.185793
http://www.ncbi.nlm.nih.gov/pubmed/19286633
http://dx.doi.org/10.1038/sj.onc.1208151
http://www.ncbi.nlm.nih.gov/pubmed/15489890
http://dx.doi.org/10.1038/onc.2009.412
http://www.ncbi.nlm.nih.gov/pubmed/19935719


Int. J. Mol. Sci. 2017, 18, 236 21 of 27

71. Ghosh, J.; Myers, C.E. Inhibition of arachidonate 5-lipoxygenase triggers massive apoptosis in human
prostate cancer cells. Proc. Natl. Acad. Sci. USA 1998, 95, 13182–13187. [CrossRef] [PubMed]

72. Meng, Z.; Cao, R.; Yang, Z.; Liu, T.; Wang, Y.; Wang, X. Inhibitor of 5-lipoxygenase, zileuton, suppresses
prostate cancer metastasis by upregulating E-cadherin and paxillin. Urology 2013, 82, 1452.e7–1452.e14.
[CrossRef] [PubMed]

73. Sarveswaran, S.; Thamilselvan, V.; Brodie, C.; Ghosh, J. Inhibition of 5-lipoxygenase triggers apoptosis in
prostate cancer cells via down-regulation of protein kinase C-epsilon. Biochim. Biophys. Acta 2011, 1813,
2108–2117. [CrossRef] [PubMed]

74. Sarveswaran, S.; Chakraborty, D.; Chitale, D.; Sears, R.; Ghosh, J. Inhibition of 5-lipoxygenase selectively
triggers disruption of c-myc signaling in prostate cancer cells. J. Biol. Chem. 2015, 290, 4994–5006. [CrossRef]
[PubMed]

75. Saraveswaran, S.; Varma, N.; Morisetty, S.; Ghosh, J. Inhibition of 5-lipoxygenase downregulates stemness
and kills prostate cancer stem cells by triggering apoptosis via activation of c-Jun N-terminal kinase.
Oncotarget 2016. [CrossRef] [PubMed]

76. Matsuyama, M.; Yoshimura, R.; Mitsuhashi, M.; Tsuchida, K.; Takemoto, Y.; Kawahito, Y.; Sano, H.;
Nakatani, T. 5-Lipoxygenase inhibitors attenuate growth of human renal cell carcinoma and induce apoptosis
through arachidonic acid pathway. Oncol. Rep. 2005, 14, 73–79. [PubMed]

77. Ding, X.Z.; Tong, W.G.; Adrian, T.E. Multiple signal pathways are involved in the mitogenic effect of
5(S)-HETE in human pancreatic cancer. Oncology 2003, 65, 285–294. [CrossRef] [PubMed]

78. Tong, W.G.; Ding, X.Z.; Witt, R.C.; Adrian, T.E. Lipoxygenase inhibitors attenuate growth of human pancreatic
cancer xenografts and induce apoptosis through the mitochondrial pathway. Mol. Cancer Ther. 2002, 1,
929–935. [PubMed]

79. Fischer, A.S.; Metzner, J.; Steinbrink, S.D.; Ulrich, S.; Angioni, C.; Geisslinger, G.; Steinhilber, D.; Maier, T.J.
5-Lipoxygenase inhibitors induce potent anti-proliferative and cytotoxic effects in human tumour cells
independently of suppression of 5-lipoxygenase activity. Br. J. Pharmacol. 2010, 161, 936–949. [CrossRef]
[PubMed]

80. Roos, J.; Oancea, C.; Heinssmann, M.; Khan, D.; Held, H.; Kahnt, A.S.; Capelo, R.; la Buscato, E.; Proschak, E.;
Puccetti, E.; et al. 5-Lipoxygenase is a candidate target for therapeutic management of stem cell-like cells in
acute myeloid leukemia. Cancer Res. 2014, 74, 5244–5255. [CrossRef]

81. Chen, Y.; Hu, Y.; Zhang, H.; Peng, C.; Li, S. Loss of the Alox5 gene impairs leukemia stem cells and prevents
chronic myeloid leukemia. Nat. Genet. 2009, 41, 783–792. [CrossRef] [PubMed]

82. Gajewski, T.F.; Schreiber, H.; Fu, Y.X. Innate and adaptive immune cells in the tumor microenvironment.
Nat. Immunol. 2013, 14, 1014–1022. [CrossRef] [PubMed]

83. De Visser, K.E.; Eichten, A.; Coussens, L.M. Paradoxical roles of the immune system during cancer
development. Nat. Rev. Cancer 2006, 6, 24–37. [CrossRef] [PubMed]

84. Zamarron, B.F.; Chen, W. Dual roles of immune cells and their factors in cancer development and progression.
Int. J. Biol. Sci. 2011, 7, 651–658. [CrossRef] [PubMed]

85. Hoque, A.; Lippman, S.M.; Wu, T.T.; Xu, Y.; Liang, Z.D.; Swisher, S.; Zhang, H.; Cao, L.; Ajani, J.A.; Xu, X.C.
Increased 5-lipoxygenase expression and induction of apoptosis by its inhibitors in esophageal cancer:
A potential target for prevention. Carcinogenesis 2005, 26, 785–791. [CrossRef] [PubMed]

86. Melstrom, L.G.; Bentrem, D.J.; Salabat, M.R.; Kennedy, T.J.; Ding, X.Z.; Strouch, M.; Rao, S.M.; Witt, R.C.;
Ternent, C.A.; Talamonti, M.S.; et al. Overexpression of 5-lipoxygenase in colon polyps and cancer and the
effect of 5-LOX inhibitors in vitro and in a murine model. Clin. Cancer Res. 2008, 14, 6525–6530. [CrossRef]
[PubMed]

87. Cheon, E.C.; Khazaie, K.; Khan, M.W.; Strouch, M.J.; Krantz, S.B.; Phillips, J.; Blatner, N.R.; Hix, L.M.;
Zhang, M.; Dennis, K.L.; et al. Mast cell 5-lipoxygenase activity promotes intestinal polyposis in APCDelta468
mice. Cancer Res. 2011, 71, 1627–1636. [CrossRef] [PubMed]

88. Brock, T.G. Regulating leukotriene synthesis: The role of nuclear 5-lipoxygenase. J. Cell. Biochem. 2005, 96,
1203–1211. [CrossRef] [PubMed]

89. Majumdar, R.; Tavakoli Tameh, A.; Parent, C.A. Exosomes Mediate LTB4 Release during Neutrophil
Chemotaxis. PLoS Biol. 2016, 14, e1002336. [CrossRef] [PubMed]

90. Peters-Golden, M.; Henderson, W.R., Jr. Leukotrienes. N. Engl. J. Med. 2007, 357, 1841–1854. [CrossRef]
[PubMed]

http://dx.doi.org/10.1073/pnas.95.22.13182
http://www.ncbi.nlm.nih.gov/pubmed/9789062
http://dx.doi.org/10.1016/j.urology.2013.08.060
http://www.ncbi.nlm.nih.gov/pubmed/24295266
http://dx.doi.org/10.1016/j.bbamcr.2011.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21824498
http://dx.doi.org/10.1074/jbc.M114.599035
http://www.ncbi.nlm.nih.gov/pubmed/25540201
http://dx.doi.org/10.18632/oncotarget.13422
http://www.ncbi.nlm.nih.gov/pubmed/27880719
http://www.ncbi.nlm.nih.gov/pubmed/15944770
http://dx.doi.org/10.1159/000074640
http://www.ncbi.nlm.nih.gov/pubmed/14707447
http://www.ncbi.nlm.nih.gov/pubmed/12481414
http://dx.doi.org/10.1111/j.1476-5381.2010.00915.x
http://www.ncbi.nlm.nih.gov/pubmed/20860670
http://dx.doi.org/10.1158/0008-5472.CAN-13-3012
http://dx.doi.org/10.1038/ng.389
http://www.ncbi.nlm.nih.gov/pubmed/19503090
http://dx.doi.org/10.1038/ni.2703
http://www.ncbi.nlm.nih.gov/pubmed/24048123
http://dx.doi.org/10.1038/nrc1782
http://www.ncbi.nlm.nih.gov/pubmed/16397525
http://dx.doi.org/10.7150/ijbs.7.651
http://www.ncbi.nlm.nih.gov/pubmed/21647333
http://dx.doi.org/10.1093/carcin/bgi026
http://www.ncbi.nlm.nih.gov/pubmed/15661803
http://dx.doi.org/10.1158/1078-0432.CCR-07-4631
http://www.ncbi.nlm.nih.gov/pubmed/18927292
http://dx.doi.org/10.1158/0008-5472.CAN-10-1923
http://www.ncbi.nlm.nih.gov/pubmed/21216893
http://dx.doi.org/10.1002/jcb.20662
http://www.ncbi.nlm.nih.gov/pubmed/16215982
http://dx.doi.org/10.1371/journal.pbio.1002336
http://www.ncbi.nlm.nih.gov/pubmed/26741884
http://dx.doi.org/10.1056/NEJMra071371
http://www.ncbi.nlm.nih.gov/pubmed/17978293


Int. J. Mol. Sci. 2017, 18, 236 22 of 27

91. Pace, E.; Profita, M.; Melis, M.; Bonanno, A.; Paterno, A.; Mody, C.H.; Spatafora, M.; Ferraro, M.; Siena, L.;
Vignola, A.M.; et al. LTB4 is present in exudative pleural effusions and contributes actively to neutrophil
recruitment in the inflamed pleural space. Clin. Exp. Immunol. 2004, 135, 519–527. [CrossRef] [PubMed]

92. Cheon, E.C.; Strouch, M.J.; Krantz, S.B.; Heiferman, M.J.; Bentrem, D.J. Genetic deletion of 5-lipoxygenase
increases tumor-infiltrating macrophages in Apc(Delta468) mice. J. Gastrointest. Surg. 2012, 16, 389–393.
[CrossRef] [PubMed]

93. Qualls, J.E.; Murray, P.J. Tumor macrophages protective and pathogenic roles in cancer development.
Curr. Top. Dev. Biol. 2011, 94, 309–328. [PubMed]

94. Xing, Z.; Zganiacz, A.; Santosuosso, M. Role of IL-12 in macrophage activation during intracellular infection:
IL-12 and mycobacteria synergistically release TNF-alpha and nitric oxide from macrophages via IFN-gamma
induction. J. Leukoc. Biol. 2000, 68, 897–902. [PubMed]

95. Chanmee, T.; Ontong, P.; Konno, K.; Itano, N. Tumor-Associated Macrophages as Major Players in the Tumor
Microenvironment. Cancers 2014, 6, 1670–1690. [CrossRef] [PubMed]

96. Condeelis, J.; Pollard, J.W. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis.
Cell 2006, 124, 263–266. [CrossRef] [PubMed]

97. Ohta, M.; Kitadai, Y.; Tanaka, S.; Yoshihara, M.; Yasui, W.; Mukaida, N.; Haruma, K.; Chayama, K. Monocyte
chemoattractant protein-1 expression correlates with macrophage infiltration and tumor vascularity in
human gastric carcinomas. Int. J. Oncol. 2003, 22, 773–778. [CrossRef] [PubMed]

98. Kobayashi, K.S.; Flavell, R.A. Shielding the double-edged sword: Negative regulation of the innate immune
system. J. Leukoc. Biol. 2004, 75, 428–433. [CrossRef] [PubMed]

99. Musa, M. Immune Mechanism: A ‘Double-Edged Sword’. Malays J. Med. Sci. 2013, 20, 61–67. [PubMed]
100. Kilfeather, S. 5-lipoxygenase inhibitors for the treatment of COPD. Chest 2002, 121 (Suppl. S5), 197S–200S.

[CrossRef] [PubMed]
101. Kowal-Bielecka, O.; Distler, O.; Kowal, K.; Siergiejko, Z.; Chwiecko, J.; Sulik, A.; Gay, R.E.; Lukaszyk, A.B.;

Gay, S.; Sierakowski, S. Elevated levels of leukotriene B4 and leukotriene E4 in bronchoalveolar lavage fluid
from patients with scleroderma lung disease. Arthritis Rheumatol. 2003, 48, 1639–1646. [CrossRef] [PubMed]

102. Amat, M.; Barcons, M.; Mancebo, J.; Mateo, J.; Oliver, A.; Mayoral, J.F.; Fontcuberta, J.; Vila, L. Evolution of
leukotriene B4, peptide leukotrienes, and interleukin-8 plasma concentrations in patients at risk of acute
respiratory distress syndrome and with acute respiratory distress syndrome: Mortality prognostic study.
Crit. Care Med. 2000, 28, 57–62. [CrossRef] [PubMed]

103. Mao, J.T.; Tsu, I.H.; Dubinett, S.M.; Adams, B.; Sarafian, T.; Baratelli, F.; Roth, M.D.; Serio, K.J.
Modulation of pulmonary leukotriene B4 production by cyclooxygenase-2 inhibitors and lipopolysaccharide.
Clin. Cancer Res. 2004, 10, 6872–6878. [CrossRef] [PubMed]

104. Mao, J.T.; Tashkin, D.P.; Tsu, I.H.; Serio, K.J. Differential modulation of leukotriene B4 synthesis
and degradation in human bronchoalveolar lavage cells by lipopolysaccharide and tobacco smoke.
Cancer Prev. Res. 2008, 1, 266–274. [CrossRef] [PubMed]

105. Ohd, J.F.; Nielsen, C.K.; Campbell, J.; Landberg, G.; Lofberg, H.; Sjolander, A. Expression of the leukotriene
D4 receptor CysLT1, COX-2, and other cell survival factors in colorectal adenocarcinomas. Gastroenterology
2003, 124, 57–70. [CrossRef] [PubMed]

106. Salim, T.; Sand-Dejmek, J.; Sjolander, A. The inflammatory mediator leukotriene D(4) induces subcellular
beta-catenin translocation and migration of colon cancer cells. Exp. Cell Res. 2014, 321, 255–266. [CrossRef]
[PubMed]

107. Boyce, J.A. Mast cells and eicosanoid mediators: A system of reciprocal paracrine and autocrine regulation.
Immunol. Rev. 2007, 217, 168–185. [CrossRef] [PubMed]

108. Gounaris, E.; Erdman, S.E.; Restaino, C.; Gurish, M.F.; Friend, D.S.; Gounari, F.; Lee, D.M.; Zhang, G.;
Glickman, J.N.; Shin, K.; et al. Mast cells are an essential hematopoietic component for polyp development.
Proc. Natl. Acad. Sci. USA 2007, 104, 19977–19982. [CrossRef] [PubMed]

109. Rodriguez, P.C.; Quiceno, D.G.; Zabaleta, J.; Ortiz, B.; Zea, A.H.; Piazuelo, M.B.; Delgado, A.; Correa, P.;
Brayer, J.; Sotomayor, E.M.; et al. Arginase I production in the tumor microenvironment by mature myeloid
cells inhibits T-cell receptor expression and antigen-specific T-cell responses. Cancer Res. 2004, 64, 5839–5849.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2249.2003.02387.x
http://www.ncbi.nlm.nih.gov/pubmed/15008988
http://dx.doi.org/10.1007/s11605-011-1761-x
http://www.ncbi.nlm.nih.gov/pubmed/22072302
http://www.ncbi.nlm.nih.gov/pubmed/21295691
http://www.ncbi.nlm.nih.gov/pubmed/11129658
http://dx.doi.org/10.3390/cancers6031670
http://www.ncbi.nlm.nih.gov/pubmed/25125485
http://dx.doi.org/10.1016/j.cell.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16439202
http://dx.doi.org/10.3892/ijo.22.4.773
http://www.ncbi.nlm.nih.gov/pubmed/12632067
http://dx.doi.org/10.1189/jlb.0703321
http://www.ncbi.nlm.nih.gov/pubmed/14597727
http://www.ncbi.nlm.nih.gov/pubmed/23966827
http://dx.doi.org/10.1378/chest.121.5_suppl.197S
http://www.ncbi.nlm.nih.gov/pubmed/12010851
http://dx.doi.org/10.1002/art.11042
http://www.ncbi.nlm.nih.gov/pubmed/12794832
http://dx.doi.org/10.1097/00003246-200001000-00009
http://www.ncbi.nlm.nih.gov/pubmed/10667499
http://dx.doi.org/10.1158/1078-0432.CCR-04-0945
http://www.ncbi.nlm.nih.gov/pubmed/15501964
http://dx.doi.org/10.1158/1940-6207.CAPR-08-0001
http://www.ncbi.nlm.nih.gov/pubmed/19138970
http://dx.doi.org/10.1053/gast.2003.50011
http://www.ncbi.nlm.nih.gov/pubmed/12512030
http://dx.doi.org/10.1016/j.yexcr.2013.10.021
http://www.ncbi.nlm.nih.gov/pubmed/24211746
http://dx.doi.org/10.1111/j.1600-065X.2007.00512.x
http://www.ncbi.nlm.nih.gov/pubmed/17498059
http://dx.doi.org/10.1073/pnas.0704620104
http://www.ncbi.nlm.nih.gov/pubmed/18077429
http://dx.doi.org/10.1158/0008-5472.CAN-04-0465
http://www.ncbi.nlm.nih.gov/pubmed/15313928


Int. J. Mol. Sci. 2017, 18, 236 23 of 27

110. Gounaris, E.; Heiferman, M.J.; Heiferman, J.R.; Shrivastav, M.; Vitello, D.; Blatner, N.R.; Knab, L.M.;
Phillips, J.D.; Cheon, E.C.; Grippo, P.J.; et al. Zileuton, 5-lipoxygenase inhibitor, acts as a chemopreventive
agent in intestinal polyposis, by modulating polyp and systemic inflammation. PLoS ONE 2015, 10, e0121402.
[CrossRef] [PubMed]

111. Knab, L.M.; Schultz, M.; Principe, D.R.; Mascarinas, W.E.; Gounaris, E.; Munshi, H.G.; Grippo, P.J.;
Bentrem, D.J. Ablation of 5-lipoxygenase mitigates pancreatic lesion development. J. Surg. Res. 2015,
194, 481–487. [CrossRef] [PubMed]

112. Mangalath, U.; Aslam, S.A.; Abdul Khadar, A.H.; Francis, P.G.; Mikacha, M.S.; Kalathingal, J.H. Recent trends
in prevention of oral cancer. J. Int. Soc. Prev. Community Dent. 2014, 4 (Suppl. S3), S131–S138. [CrossRef]
[PubMed]

113. Rosenquist, K. Risk factors in oral and oropharyngeal squamous cell carcinoma: A population-based
case-control study in southern Sweden. Swed. Dent. J. Suppl. 2005, 179, 1–66.

114. Guo, Y.; Wang, X.; Zhang, X.; Sun, Z.; Chen, X. Ethanol promotes chemically induced oral cancer in mice
through activation of the 5-lipoxygenase pathway of arachidonic acid metabolism. Cancer Prev. Res. 2011, 4,
1863–1872. [CrossRef] [PubMed]

115. Nagashima, T.; Ichimiya, S.; Kikuchi, T.; Saito, Y.; Matsumiya, H.; Ara, S.; Koshiba, S.; Zhang, J.; Hatate, C.;
Tonooka, A.; et al. Arachidonate 5-lipoxygenase establishes adaptive humoral immunity by controlling
primary B-cells and their cognate T-cell help. Am. J. Pathol. 2011, 178, 222–232. [CrossRef] [PubMed]

116. Nielsen, J.S.; Sahota, R.A.; Milne, K.; Kost, S.E.; Nesslinger, N.J.; Watson, P.H.; Nelson, B.H. CD20+
tumor-infiltrating lymphocytes have an atypical CD27- memory phenotype and together with CD8+ T-cells
promote favorable prognosis in ovarian cancer. Clin. Cancer Res. 2012, 18, 3281–3292. [CrossRef] [PubMed]

117. Erdag, G.; Schaefer, J.T.; Smolkin, M.E.; Deacon, D.H.; Shea, S.M.; Dengel, L.T.; Patterson, J.W.;
Slingluff, C.L., Jr. Immunotype and immunohistologic characteristics of tumor-infiltrating immune cells
are associated with clinical outcome in metastatic melanoma. Cancer Res. 2012, 72, 1070–1080. [CrossRef]
[PubMed]

118. He, Y.; Qian, H.; Liu, Y.; Duan, L.; Li, Y.; Shi, G. The roles of regulatory B-cells in cancer. J. Immunol. Res.
2014, 2014, 215471. [CrossRef] [PubMed]

119. Guriec, N.; Le Jossic-Corcos, C.; Simon, B.; Ianotto, J.C.; Tempescul, A.; Dreano, Y.; Salaun, J.P.;
Berthou, C.; Corcos, L. The arachidonic acid-LTB4-BLT2 pathway enhances human B-CLL aggressiveness.
Biochim. Biophys. Acta 2014, 1842, 2096–2105. [CrossRef] [PubMed]

120. Cook-Moreau, J.M.; El-Makhour Hojeij, Y.; Barrière, G.; Rabinovitch-Chable Héè, C.; Faucher, K.S.;
Sturtz, F.G.; Rigaud, M.A. Expression of 5-lipoxygenase (5-LOX) in T lymphocytes. Immunology 2007,
122, 157–166. [CrossRef] [PubMed]

121. Prinz, I.; Gregoire, C.; Mollenkopf, H.; Aguado, E.; Wang, Y.; Malissen, M.; Kaufmann, S.H.; Malissen, B.
The type 1 cysteinyl leukotriene receptor triggers calcium influx and chemotaxis in mouse alpha beta- and
gamma delta effector T-cells. J. Immunol. 2005, 175, 713–719. [CrossRef] [PubMed]

122. Miyahara, N.; Takeda, K.; Miyahara, S.; Taube, C.; Joetham, A.; Koya, T.; Matsubara, S.; Dakhama, A.;
Tager, A.M.; Luster, A.D.; et al. Leukotriene B4 receptor-1 is essential for allergen-mediated recruitment of
CD8+ T-cells and airway hyperresponsiveness. J. Immunol. 2005, 174, 4979–4984. [CrossRef] [PubMed]

123. Sharma, R.K.; Chheda, Z.; Jala, V.R.; Haribabu, B. Expression of Leukotriene B(4) receptor-1 on CD8(+)
T-cells is required for their migration into tumors to elicit effective antitumor immunity. J. Immunol. 2013.
[CrossRef] [PubMed]

124. Poczobutt, J.M.; Nguyen, T.T.; Hanson, D.; Li, H.; Sippel, T.R.; Weiser-Evans, M.C.; Gijon, M.; Murphy, R.C.;
Nemenoff, R.A. Deletion of 5-Lipoxygenase in the Tumor Microenvironment Promotes Lung Cancer
Progression and Metastasis through Regulating T Cell Recruitment. J. Immunol. 2016, 196, 891–901.
[CrossRef] [PubMed]

125. Blatner, N.R.; Mulcahy, M.F.; Dennis, K.L.; Scholtens, D.; Bentrem, D.J.; Phillips, J.D.; Ham, S.; Sandall, B.P.;
Khan, M.W.; Mahvi, D.M.; et al. Expression of RORgammat marks a pathogenic regulatory T-cell subset in
human colon cancer. Sci. Transl. Med. 2012, 4, 164ra159. [CrossRef] [PubMed]

126. Benard, M.; Straat, K.; Omarsdottir, S.; Leghmari, K.; Bertrand, J.; Davrinche, C.; Duga-Neulat, I.;
Soderberg-Naucler, C.; Rahbar, A.; Casper, C. Human cytomegalovirus infection induces leukotriene B4
and 5-lipoxygenase expression in human placentae and umbilical vein endothelial cells. Placenta 2014, 35,
345–350. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0121402
http://www.ncbi.nlm.nih.gov/pubmed/25747113
http://dx.doi.org/10.1016/j.jss.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25454978
http://dx.doi.org/10.4103/2231-0762.149018
http://www.ncbi.nlm.nih.gov/pubmed/25625069
http://dx.doi.org/10.1158/1940-6207.CAPR-11-0206
http://www.ncbi.nlm.nih.gov/pubmed/21881027
http://dx.doi.org/10.1016/j.ajpath.2010.11.033
http://www.ncbi.nlm.nih.gov/pubmed/21224059
http://dx.doi.org/10.1158/1078-0432.CCR-12-0234
http://www.ncbi.nlm.nih.gov/pubmed/22553348
http://dx.doi.org/10.1158/0008-5472.CAN-11-3218
http://www.ncbi.nlm.nih.gov/pubmed/22266112
http://dx.doi.org/10.1155/2014/215471
http://www.ncbi.nlm.nih.gov/pubmed/24991577
http://dx.doi.org/10.1016/j.bbadis.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25072959
http://dx.doi.org/10.1111/j.1365-2567.2007.02621.x
http://www.ncbi.nlm.nih.gov/pubmed/17484769
http://dx.doi.org/10.4049/jimmunol.175.2.713
http://www.ncbi.nlm.nih.gov/pubmed/16002666
http://dx.doi.org/10.4049/jimmunol.174.8.4979
http://www.ncbi.nlm.nih.gov/pubmed/15814727
http://dx.doi.org/10.4049/jimmunol.1300967
http://www.ncbi.nlm.nih.gov/pubmed/23960231
http://dx.doi.org/10.4049/jimmunol.1501648
http://www.ncbi.nlm.nih.gov/pubmed/26663781
http://dx.doi.org/10.1126/scitranslmed.3004566
http://www.ncbi.nlm.nih.gov/pubmed/23241743
http://dx.doi.org/10.1016/j.placenta.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24746852


Int. J. Mol. Sci. 2017, 18, 236 24 of 27

127. Walker, J.L.; Loscalzo, J.; Zhang, Y.Y. 5-Lipoxygenase and human pulmonary artery endothelial cell
proliferation. Am. J. Physiol. Heart Circ. Physiol. 2002, 282, H585–H593. [CrossRef] [PubMed]

128. Wright, L.; Tuder, R.M.; Wang, J.; Cool, C.D.; Lepley, R.A.; Voelkel, N.F. 5-Lipoxygenase and 5-lipoxygenase
activating protein (FLAP) immunoreactivity in lungs from patients with primary pulmonary hypertension.
Am. J. Respir. Crit. Care Med. 1998, 157, 219–229. [CrossRef] [PubMed]

129. Sharma-Walia, N.; Chandran, K.; Patel, K.; Veettil, M.V.; Marginean, A. The Kaposi’s sarcoma-associated
herpesvirus (KSHV)-induced 5-lipoxygenase-leukotriene B4 cascade plays key roles in KSHV latency,
monocyte recruitment, and lipogenesis. J. Virol. 2014, 88, 2131–2156. [CrossRef] [PubMed]

130. Delgado, T.; Sanchez, E.L.; Camarda, R.; Lagunoff, M. Global metabolic profiling of infection by an oncogenic
virus: KSHV induces and requires lipogenesis for survival of latent infection. PLoS Pathog. 2012, 8, e1002866.
[CrossRef] [PubMed]

131. Qiu, H.; Johansson, A.S.; Sjostrom, M.; Wan, M.; Schroder, O.; Palmblad, J.; Haeggstrom, J.Z. Differential
induction of BLT receptor expression on human endothelial cells by lipopolysaccharide, cytokines, and
leukotriene B4. Proc. Natl. Acad. Sci. USA 2006, 103, 6913–6918. [CrossRef] [PubMed]

132. Johansson, A.S.; Haeggstrom, J.Z.; Palmblad, J. Commonly used leukotriene B4 receptor antagonists possess
intrinsic activity as agonists in human endothelial cells: Effects on calcium transients, adhesive events and
mediator release. Prostaglandins Leukot. Essent. Fatty Acids 2011, 84, 109–112. [CrossRef] [PubMed]

133. Boado, R.J.; Pardridge, W.M.; Vinters, H.V.; Black, K.L. Differential expression of arachidonate 5-lipoxygenase
transcripts in human brain tumors: Evidence for the expression of a multitranscript family. Proc. Natl. Acad.
Sci. USA 1992, 89, 9044–9048. [CrossRef] [PubMed]

134. Bian, X.W.; Jiang, X.F.; Chen, J.H.; Bai, J.S.; Dai, C.; Wang, Q.L.; Lu, J.Y.; Zhao, W.; Xin, R.; Liu, M.Y.; et al.
Increased angiogenic capabilities of endothelial cells from microvessels of malignant human gliomas.
Int. Immunopharmacol. 2006, 6, 90–99. [CrossRef] [PubMed]

135. Taylor, K.L.; Grant, N.J.; Temperley, N.D.; Patton, E.E. Small molecule screening in zebrafish: An in vivo
approach to identifying new chemical tools and drug leads. Cell Commun. Signal. 2010, 8, 11. [CrossRef]
[PubMed]

136. Tobia, C.; Gariano, G.; De Sena, G.; Presta, M. Zebrafish embryo as a tool to study tumor/endothelial cell
cross-talk. Biochim. Biophys. Acta 2013, 1832, 1371–1377. [CrossRef] [PubMed]

137. Zhang, S.; Cao, Z.; Tian, H.; Shen, G.; Ma, Y.; Xie, H.; Liu, Y.; Zhao, C.; Deng, S.; Yang, Y.; et al. SKLB1002,
a novel potent inhibitor of VEGF receptor 2 signaling, inhibits angiogenesis and tumor growth in vivo.
Clin. Cancer Res. 2011, 17, 4439–4450. [CrossRef] [PubMed]

138. Yang, X.; Cui, W.; Yu, S.; Xu, C.; Chen, G.; Gu, A.; Li, T.; Cui, Y.; Zhang, X.; Bian, X. A synthetic
dl-nordihydroguaiaretic acid (Nordy), inhibits angiogenesis, invasion and proliferation of glioma stem
cells within a zebrafish xenotransplantation model. PLoS ONE 2014, 9, e85759. [CrossRef] [PubMed]

139. Sapieha, P.; Stahl, A.; Chen, J.; Seaward, M.R.; Willett, K.L.; Krah, N.M.; Dennison, R.J.; Connor, K.M.;
Aderman, C.M.; Liclican, E.; et al. 5-Lipoxygenase metabolite 4-HDHA is a mediator of the antiangiogenic
effect of omega-3 polyunsaturated fatty acids. Sci. Transl. Med. 2011, 3, 69ra12. [CrossRef] [PubMed]

140. Chatterjee, M.; Das, S.; Roy, K.; Chatterjee, M. Overexpression of 5-lipoxygenase and its relation with cell
proliferation and angiogenesis in 7,12-dimethylbenz(alpha)anthracene-induced rat mammary carcinogenesis.
Mol. Carcinog. 2013, 52, 359–369. [CrossRef] [PubMed]

141. Ye, Y.N.; Liu, E.S.; Shin, V.Y.; Wu, W.K.; Cho, C.H. Contributory role of 5-lipoxygenase and its association
with angiogenesis in the promotion of inflammation-associated colonic tumorigenesis by cigarette smoking.
Toxicology 2004, 203, 179–188. [CrossRef] [PubMed]

142. Romano, M.; Catalano, A.; Nutini, M.; D’Urbano, E.; Crescenzi, C.; Claria, J.; Libner, R.; Davi, G.; Procopio, A.
5-lipoxygenase regulates malignant mesothelial cell survival: Involvement of vascular endothelial growth
factor. FASEB J. 2001, 15, 2326–2336. [CrossRef] [PubMed]

143. Barresi, V.; Vitarelli, E.; Tuccari, G.; Barresi, G. Correlative study of microvessel density and 5-lipoxygenase
expression in human sporadic colorectal cancer. Arch. Pathol. Lab. Med. 2008, 132, 1807–1812. [PubMed]

144. Choi, S.P.; Kim, S.P.; Nam, S.H.; Friedman, M. Antitumor effects of dietary black and brown rice brans
in tumor-bearing mice: Relationship to composition. Mol. Nutr. Food Res. 2013, 57, 390–400. [CrossRef]
[PubMed]

http://dx.doi.org/10.1152/ajpheart.00003.2001
http://www.ncbi.nlm.nih.gov/pubmed/11788406
http://dx.doi.org/10.1164/ajrccm.157.1.9704003
http://www.ncbi.nlm.nih.gov/pubmed/9445303
http://dx.doi.org/10.1128/JVI.02786-13
http://www.ncbi.nlm.nih.gov/pubmed/24335295
http://dx.doi.org/10.1371/journal.ppat.1002866
http://www.ncbi.nlm.nih.gov/pubmed/22916018
http://dx.doi.org/10.1073/pnas.0602208103
http://www.ncbi.nlm.nih.gov/pubmed/16624877
http://dx.doi.org/10.1016/j.plefa.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21183325
http://dx.doi.org/10.1073/pnas.89.19.9044
http://www.ncbi.nlm.nih.gov/pubmed/1357659
http://dx.doi.org/10.1016/j.intimp.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16332517
http://dx.doi.org/10.1186/1478-811X-8-11
http://www.ncbi.nlm.nih.gov/pubmed/20540792
http://dx.doi.org/10.1016/j.bbadis.2013.01.016
http://www.ncbi.nlm.nih.gov/pubmed/23357577
http://dx.doi.org/10.1158/1078-0432.CCR-10-3109
http://www.ncbi.nlm.nih.gov/pubmed/21622720
http://dx.doi.org/10.1371/journal.pone.0085759
http://www.ncbi.nlm.nih.gov/pubmed/24454929
http://dx.doi.org/10.1126/scitranslmed.3001571
http://www.ncbi.nlm.nih.gov/pubmed/21307302
http://dx.doi.org/10.1002/mc.21858
http://www.ncbi.nlm.nih.gov/pubmed/22213124
http://dx.doi.org/10.1016/j.tox.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15363593
http://dx.doi.org/10.1096/fj.01-0150com
http://www.ncbi.nlm.nih.gov/pubmed/11689458
http://www.ncbi.nlm.nih.gov/pubmed/18976020
http://dx.doi.org/10.1002/mnfr.201200515
http://www.ncbi.nlm.nih.gov/pubmed/23281142


Int. J. Mol. Sci. 2017, 18, 236 25 of 27

145. Feinmark, S.J.; Cannon, P.J. Endothelial cell leukotriene C4 synthesis results from intercellular transfer
of leukotriene A4 synthesized by polymorphonuclear leukocytes. J. Biol. Chem. 1986, 261, 16466–16472.
[PubMed]

146. Folco, G.; Murphy, R.C. Eicosanoid transcellular biosynthesis: From cell-cell interactions to in vivo tissue
responses. Pharmacol. Rev. 2006, 58, 375–388. [CrossRef] [PubMed]

147. Claesson, H.E.; Haeggstrom, J. Human endothelial cells stimulate leukotriene synthesis and convert
granulocyte released leukotriene A4 into leukotrienes B4, C4, D4 and E4. Eur. J. Biochem. 1988, 173,
93–100. [CrossRef] [PubMed]

148. Palmblad, J.; Malmsten, C.L.; Uden, A.M.; Radmark, O.; Engstedt, L.; Samuelsson, B. Leukotriene B4 is
a potent and stereospecific stimulator of neutrophil chemotaxis and adherence. Blood 1981, 58, 658–661.
[PubMed]

149. Tager, A.M.; Bromley, S.K.; Medoff, B.D.; Islam, S.A.; Bercury, S.D.; Friedrich, E.B.; Carafone, A.D.;
Gerszten, R.E.; Luster, A.D. Leukotriene B4 receptor BLT1 mediates early effector T-cell recruitment.
Nat. Immunol. 2003, 4, 982–990. [CrossRef] [PubMed]

150. Ott, V.L.; Cambier, J.C.; Kappler, J.; Marrack, P.; Swanson, B.J. Mast cell-dependent migration of effector
CD8+ T-cells through production of leukotriene B4. Nat. Immunol. 2003, 4, 974–981. [CrossRef] [PubMed]

151. Lee, E.; Robertson, T.; Smith, J.; Kilfeather, S. Leukotriene receptor antagonists and synthesis inhibitors
reverse survival in eosinophils of asthmatic individuals. Am. J. Respir. Crit. Care Med. 2000, 161, 1881–1886.
[CrossRef] [PubMed]

152. Bjork, J.; Hedqvist, P.; Arfors, K.E. Increase in vascular permeability induced by leukotriene B4 and the role
of polymorphonuclear leukocytes. Inflammation 1982, 6, 189–200. [CrossRef] [PubMed]

153. Rosengren, S.; Olofsson, A.M.; von Andrian, U.H.; Lundgren-Akerlund, E.; Arfors, K.E. Leukotriene
B4-induced neutrophil-mediated endothelial leakage in vitro and in vivo. J. Appl. Physiol. (1985) 1991,
71, 1322–1330.

154. Di Gennaro, A.; Kenne, E.; Wan, M.; Soehnlein, O.; Lindbom, L.; Haeggstrom, J.Z. Leukotriene
B4-induced changes in vascular permeability are mediated by neutrophil release of heparin-binding protein
(HBP/CAP37/azurocidin). FASEB J. 2009, 23, 1750–1757. [CrossRef] [PubMed]

155. Carnini, C.; Accomazzo, M.R.; Borroni, E.; Vitellaro-Zuccarello, L.; Durand, T.; Folco, G.; Rovati, G.E.;
Capra, V.; Sala, A. Synthesis of cysteinyl leukotrienes in human endothelial cells: Subcellular localization
and autocrine signaling through the CysLT2 receptor. FASEB J. 2011, 25, 3519–3528. [CrossRef] [PubMed]

156. Pedersen, K.E.; Bochner, B.S.; Undem, B.J. Cysteinyl leukotrienes induce P-selectin expression in human
endothelial cells via a non-CysLT1 receptor-mediated mechanism. J. Pharmacol. Exp. Ther. 1997, 281, 655–662.
[PubMed]

157. Zhao, L.; Moos, M.P.; Grabner, R.; Pedrono, F.; Fan, J.; Kaiser, B.; John, N.; Schmidt, S.; Spanbroek, R.;
Lotzer, K.; et al. The 5-lipoxygenase pathway promotes pathogenesis of hyperlipidemia-dependent aortic
aneurysm. Nat. Med. 2004, 10, 966–973. [CrossRef]

158. Uzonyi, B.; Lotzer, K.; Jahn, S.; Kramer, C.; Hildner, M.; Bretschneider, E.; Radke, D.; Beer, M.; Vollandt, R.;
Evans, J.F.; et al. Cysteinyl leukotriene 2 receptor and protease-activated receptor 1 activate strongly
correlated early genes in human endothelial cells. Proc. Natl. Acad. Sci. USA 2006, 103, 6326–6331. [CrossRef]
[PubMed]

159. Duah, E.; Adapala, R.K.; Al-Azzam, N.; Kondeti, V.; Gombedza, F.; Thodeti, C.K.; Paruchuri, S. Cysteinyl
leukotrienes regulate endothelial cell inflammatory and proliferative signals through CysLT(2) and CysLT(1)
receptors. Sci. Rep. 2013, 3, 3274. [CrossRef] [PubMed]

160. Chen, X.; Wang, S.; Wu, N.; Yang, C.S. Leukotriene A4 hydrolase as a target for cancer prevention and
therapy. Curr. Cancer Drug Targets 2004, 4, 267–283. [CrossRef] [PubMed]

161. Romano, M.; Claria, J. Cyclooxygenase-2 and 5-lipoxygenase converging functions on cell proliferation and
tumor angiogenesis: Implications for cancer therapy. FASEB J. 2003, 17, 1986–1995. [CrossRef] [PubMed]

162. Park, S.W.; Heo, D.S.; Sung, M.W. The shunting of arachidonic acid metabolism to 5-lipoxygenase and
cytochrome p450 epoxygenase antagonizes the anti-cancer effect of cyclooxygenase-2 inhibition in head and
neck cancer cells. Cell Oncol. 2012, 35, 1–8. [CrossRef] [PubMed]

163. Ye, Y.N.; Wu, W.K.; Shin, V.Y.; Bruce, I.C.; Wong, B.C.; Cho, C.H. Dual inhibition of 5-LOX and COX-2
suppresses colon cancer formation promoted by cigarette smoke. Carcinogenesis 2005, 26, 827–834. [CrossRef]
[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/3023351
http://dx.doi.org/10.1124/pr.58.3.8
http://www.ncbi.nlm.nih.gov/pubmed/16968946
http://dx.doi.org/10.1111/j.1432-1033.1988.tb13971.x
http://www.ncbi.nlm.nih.gov/pubmed/2833396
http://www.ncbi.nlm.nih.gov/pubmed/6266432
http://dx.doi.org/10.1038/ni970
http://www.ncbi.nlm.nih.gov/pubmed/12949531
http://dx.doi.org/10.1038/ni971
http://www.ncbi.nlm.nih.gov/pubmed/12949532
http://dx.doi.org/10.1164/ajrccm.161.6.9907054
http://www.ncbi.nlm.nih.gov/pubmed/10852761
http://dx.doi.org/10.1007/BF00916243
http://www.ncbi.nlm.nih.gov/pubmed/6179872
http://dx.doi.org/10.1096/fj.08-121277
http://www.ncbi.nlm.nih.gov/pubmed/19151333
http://dx.doi.org/10.1096/fj.10-177030
http://www.ncbi.nlm.nih.gov/pubmed/21753081
http://www.ncbi.nlm.nih.gov/pubmed/9152370
http://dx.doi.org/10.1038/nm1099
http://dx.doi.org/10.1073/pnas.0601223103
http://www.ncbi.nlm.nih.gov/pubmed/16606835
http://dx.doi.org/10.1038/srep03274
http://www.ncbi.nlm.nih.gov/pubmed/24253666
http://dx.doi.org/10.2174/1568009043333041
http://www.ncbi.nlm.nih.gov/pubmed/15134534
http://dx.doi.org/10.1096/fj.03-0053rev
http://www.ncbi.nlm.nih.gov/pubmed/14597668
http://dx.doi.org/10.1007/s13402-011-0051-7
http://www.ncbi.nlm.nih.gov/pubmed/21656078
http://dx.doi.org/10.1093/carcin/bgi012
http://www.ncbi.nlm.nih.gov/pubmed/15637091


Int. J. Mol. Sci. 2017, 18, 236 26 of 27

164. De Pergola, G.; Silvestris, F. Obesity as a major risk factor for cancer. J. Obes. 2013, 2013, 291546. [CrossRef]
[PubMed]

165. Nieman, K.M.; Romero, I.L.; van Houten, B.; Lengyel, E. Adipose tissue and adipocytes supports
tumorigenesis and metastasis. Biochim. Biophys. Acta 2013, 1831, 1533–1541. [CrossRef] [PubMed]

166. Long, E.; Beales, I.L.P. The role of obesity in oesophageal cancer development. Ther. Adv. Gastroenterol. 2014,
7, 247–268. [CrossRef] [PubMed]

167. Garofalo, C.; Surmacz, E. Leptin and cancer. J. Cell. Physiol. 2006, 207, 12–22. [CrossRef] [PubMed]
168. Khandekar, M.J.; Cohen, P.; Spiegelman, B.M. Molecular mechanisms of cancer development in obesity.

Nat. Rev. Cancer 2011, 11, 886–895. [CrossRef] [PubMed]
169. Patterson, E.; Wall, R.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. Health implications of high dietary omega-6

polyunsaturated Fatty acids. J. Nutr. Metab. 2012, 2012, 539426. [CrossRef] [PubMed]
170. Horrillo, R.; Gonzalez-Periz, A.; Martinez-Clemente, M.; Lopez-Parra, M.; Ferre, N.; Titos, E.; Moran-Salvador, E.;

Deulofeu, R.; Arroyo, V.; Claria, J. 5-lipoxygenase activating protein signals adipose tissue inflammation and
lipid dysfunction in experimental obesity. J. Immunol. 2010, 184, 3978–3987. [CrossRef] [PubMed]

171. Hirata, K.; Wada, K.; Murata, Y.; Nakajima, A.; Yamashiro, T.; Kamisaki, Y. Critical role of leukotriene B4
receptor signaling in mouse 3T3-L1 preadipocyte differentiation. Lipids Health Dis. 2013, 12, 122. [CrossRef]
[PubMed]

172. Li, P.; Oh Da, Y.; Bandyopadhyay, G.; Lagakos, W.S.; Talukdar, S.; Osborn, O.; Johnson, A.; Chung, H.;
Mayoral, R.; Maris, M.; et al. LTB4 promotes insulin resistance in obese mice by acting on macrophages,
hepatocytes and myocytes. Nat. Med. 2015, 21, 239–247. [CrossRef] [PubMed]

173. Curat, C.A.; Miranville, A.; Sengenes, C.; Diehl, M.; Tonus, C.; Busse, R.; Bouloumie, A. From blood
monocytes to adipose tissue-resident macrophages: Induction of diapedesis by human mature adipocytes.
Diabetes 2004, 53, 1285–1292. [CrossRef] [PubMed]

174. Sartipy, P.; Loskutoff, D.J. Monocyte chemoattractant protein 1 in obesity and insulin resistance. Proc. Natl.
Acad. Sci. USA 2003, 100, 7265–7270. [CrossRef] [PubMed]

175. Kaaman, M.; Ryden, M.; Axelsson, T.; Nordstrom, E.; Sicard, A.; Bouloumie, A.; Langin, D.; Arner, P.;
Dahlman, I. ALOX5AP expression, but not gene haplotypes, is associated with obesity and insulin resistance.
Int. J. Obes. 2006, 30, 447–452. [CrossRef] [PubMed]

176. Matsukawa, A.; Hogaboam, C.M.; Luckacs, N.W.; Lincoln, P.M.; Strieter, R.M.; Kunkel, S.L. Endogenous
monocyte chemoattractant protein-1 (MCP-1) protects mice in a model of acute septic peritonitis: Cross-talk
between MCP-1 and leukotriene B4. J. Immunol. 1999, 163, 6148–6154. [PubMed]

177. Lumeng, C.N.; Maillard, I.; Saltiel, A.R. T-ing up inflammation in fat. Nat. Med. 2009, 15, 846–847. [CrossRef]
[PubMed]

178. Monteiro, R.; Azevedo, I. Chronic inflammation in obesity and the metabolic syndrome. Mediat. Inflamm.
2010, 2010, 289645. [CrossRef] [PubMed]

179. Mothe-Satney, I.; Filloux, C.; Amghar, H.; Pons, C.; Bourlier, V.; Galitzky, J.; Grimaldi, P.A.; Feral, C.C.;
Bouloumie, A.; van Obberghen, E.; et al. Adipocytes secrete leukotrienes: Contribution to obesity-associated
inflammation and insulin resistance in mice. Diabetes 2012, 61, 2311–2319. [CrossRef] [PubMed]

180. Spite, M.; Hellmann, J.; Tang, Y.; Mathis, S.P.; Kosuri, M.; Bhatnagar, A.; Jala, V.R.; Haribabu, B. Deficiency
of the leukotriene B4 receptor, BLT-1, protects against systemic insulin resistance in diet-induced obesity.
J. Immunol. 2011, 187, 1942–1949. [CrossRef] [PubMed]

181. Chakrabarti, S.K.; Wen, Y.; Dobrian, A.D.; Cole, B.K.; Ma, Q.; Pei, H.; Williams, M.D.; Bevard, M.H.;
Vandenhoff, G.E.; Keller, S.R.; et al. Evidence for activation of inflammatory lipoxygenase pathways in
visceral adipose tissue of obese Zucker rats. Am. J. Physiol. Endocrinol. Metab. 2011, 300, E175–E187.
[CrossRef] [PubMed]

182. Wood, P.A. Connecting the dots: Obesity, fatty acids and cancer. Lab. Investig. 2009, 89, 1192–1194. [CrossRef]
[PubMed]

183. Somasundar, P.; Riggs, D.; Jackson, B.; Vona-Davis, L.; McFadden, D.W. Leptin stimulates esophageal
adenocarcinoma growth by nonapoptotic mechanisms. Am. J. Surg. 2003, 186, 575–578. [CrossRef] [PubMed]

184. Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.;
Le Gonidec, S.; et al. Cancer associated adipocytes exhibit an activated phenotype and contribute to breast
cancer invasion. Cancer Res. 2011, 71, 2455–2465. [CrossRef] [PubMed]

185. Kalluri, R.; Zeisberg, M. Fibroblasts in cancer. Nat. Rev. Cancer 2006, 6, 392–401. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2013/291546
http://www.ncbi.nlm.nih.gov/pubmed/24073332
http://dx.doi.org/10.1016/j.bbalip.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23500888
http://dx.doi.org/10.1177/1756283X14538689
http://www.ncbi.nlm.nih.gov/pubmed/25364384
http://dx.doi.org/10.1002/jcp.20472
http://www.ncbi.nlm.nih.gov/pubmed/16110483
http://dx.doi.org/10.1038/nrc3174
http://www.ncbi.nlm.nih.gov/pubmed/22113164
http://dx.doi.org/10.1155/2012/539426
http://www.ncbi.nlm.nih.gov/pubmed/22570770
http://dx.doi.org/10.4049/jimmunol.0901355
http://www.ncbi.nlm.nih.gov/pubmed/20207999
http://dx.doi.org/10.1186/1476-511X-12-122
http://www.ncbi.nlm.nih.gov/pubmed/23937951
http://dx.doi.org/10.1038/nm.3800
http://www.ncbi.nlm.nih.gov/pubmed/25706874
http://dx.doi.org/10.2337/diabetes.53.5.1285
http://www.ncbi.nlm.nih.gov/pubmed/15111498
http://dx.doi.org/10.1073/pnas.1133870100
http://www.ncbi.nlm.nih.gov/pubmed/12756299
http://dx.doi.org/10.1038/sj.ijo.0803147
http://www.ncbi.nlm.nih.gov/pubmed/16261187
http://www.ncbi.nlm.nih.gov/pubmed/10570305
http://dx.doi.org/10.1038/nm0809-846
http://www.ncbi.nlm.nih.gov/pubmed/19661987
http://dx.doi.org/10.1155/2010/289645
http://www.ncbi.nlm.nih.gov/pubmed/20706689
http://dx.doi.org/10.2337/db11-1455
http://www.ncbi.nlm.nih.gov/pubmed/22688342
http://dx.doi.org/10.4049/jimmunol.1100196
http://www.ncbi.nlm.nih.gov/pubmed/21742977
http://dx.doi.org/10.1152/ajpendo.00203.2010
http://www.ncbi.nlm.nih.gov/pubmed/20978234
http://dx.doi.org/10.1038/labinvest.2009.99
http://www.ncbi.nlm.nih.gov/pubmed/19861967
http://dx.doi.org/10.1016/j.amjsurg.2003.07.017
http://www.ncbi.nlm.nih.gov/pubmed/14599628
http://dx.doi.org/10.1158/0008-5472.CAN-10-3323
http://www.ncbi.nlm.nih.gov/pubmed/21459803
http://dx.doi.org/10.1038/nrc1877
http://www.ncbi.nlm.nih.gov/pubmed/16572188


Int. J. Mol. Sci. 2017, 18, 236 27 of 27

186. Mensing, H.; Czarnetzki, B.M. Leukotriene B4 induces in vitro fibroblast chemotaxis. J. Investig. Dermatol.
1984, 82, 9–12. [CrossRef] [PubMed]

187. Chibana, K.; Ishii, Y.; Asakura, T.; Fukuda, T. Up-regulation of cysteinyl leukotriene 1 receptor by IL-13
enables human lung fibroblasts to respond to leukotriene C4 and produce eotaxin. J. Immunol. 2003, 170,
4290–4295. [CrossRef] [PubMed]

188. Eap, R.; Jacques, E.; Semlali, A.; Plante, S.; Chakir, J. Cysteinyl leukotrienes regulate TGF-beta(1) and
collagen production by bronchial fibroblasts obtained from asthmatic subjects. Prostaglandins Leukot. Essent.
Fatty Acids 2012, 86, 127–133. [CrossRef] [PubMed]

189. Medina, J.F.; Barrios, C.; Funk, C.D.; Larsson, O.; Haeggstrom, J.; Radmark, O. Human fibroblasts show
expression of the leukotriene-A4-hydrolase gene, which is increased after simian-virus-40 transformation.
Eur. J. Biochem. 1990, 191, 27–31. [CrossRef] [PubMed]

190. Izumo, T.; Kondo, M.; Nagai, A. Effects of a leukotriene B4 receptor antagonist on bleomycin-induced
pulmonary fibrosis. Eur. Respir. J. 2009, 34, 1444–1451. [CrossRef] [PubMed]

191. El-Swefy, S.; Hassanen, S.I. Improvement of hepatic fibrosis by leukotriene inhibition in cholestatic rats.
Ann. Hepatol. 2009, 8, 41–49. [PubMed]

192. Taylor, P.M.; Woodfield, R.J.; Hodgkin, M.N.; Pettitt, T.R.; Martin, A.; Kerr, D.J.; Wakelam, M.J.
Breast cancer cell-derived EMMPRIN stimulates fibroblast MMP2 release through a phospholipase A(2) and
5-lipoxygenase catalyzed pathway. Oncogene 2002, 21, 5765–5772. [CrossRef] [PubMed]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/1523-1747.ep12258678
http://www.ncbi.nlm.nih.gov/pubmed/6317764
http://dx.doi.org/10.4049/jimmunol.170.8.4290
http://www.ncbi.nlm.nih.gov/pubmed/12682264
http://dx.doi.org/10.1016/j.plefa.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22316690
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19089.x
http://www.ncbi.nlm.nih.gov/pubmed/2165908
http://dx.doi.org/10.1183/09031936.00143708
http://www.ncbi.nlm.nih.gov/pubmed/19460787
http://www.ncbi.nlm.nih.gov/pubmed/19221533
http://dx.doi.org/10.1038/sj.onc.1205702
http://www.ncbi.nlm.nih.gov/pubmed/12173047
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	5-Lipoxygenase Pathway in Cancer 
	Blockade of Leukotriene Synthesis in Cancer Models 
	5-Lipoxygenase and Immune Regulation 
	5-Lipoxygenase Signalling and Infiltrating Myeloid Derived Cells 
	5-Lipoxygenase Signalling and Lymphocytes 

	5-Lipoxygenase and Tumour Angiogenesis 
	Cancer Cell Derived 5-Lipoxygenase in Angiogenesis 
	5-Lipoxygenase Signalling and VEGF-Mediated Angiogenesis 
	Endothelial Cell Transcellular Synthesis of Leukotrienes 
	5-Lipoxygenase and Cyclooxygenase-2 Shunting in Tumour Angiogenesis 

	5-Lipoxygenase and Adipose Tissue 
	5-Lipoxygenase and Cancer-Associated Fibroblasts 
	Conclusions 

