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Abstract

12/15-lipoxygenase (12/15-LOX) is an enzyme, which oxidizes polyunsaturated fatty acids, 

particularly omega-6 and −3 fatty acids, to generate a number of bioactive lipid metabolites. A 

large number of studies have revealed the importance of 12/15-LOX role in oxidative and 

inflammatory responses. The in vitro studies have demonstrated the ability of 12/15-LOX 

metabolites in the expression of various genes and production of cytokine related to inflammation 

and resolution of inflammation. The studies with the use of knockout and transgenic animals for 

12/15-LOX have further shown its involvement in the pathogenesis of a variety of human diseases, 

including cardiovascular, renal, neurological and metabolic disorders. This review summarizes our 

current knowledge on the role of 12/15-LOX in inflammation and various human diseases.

1. INTRODUCTION

Polyunsaturated fatty acids (PUFAs) and their metabolites play an essential role in normal 

cellular growth and development (1). Arachidonic acid (AA), an essential PUFA, serves as a 

major precursor for eicosanoids, which in addition to their role in various physiological 

functions are involved in many diseases, including, atherosclerosis, diabetes and 

neurological disorders (2–4). Phospholipases, particularly phospholipase A2 play a major 

role in the release of AA from the cell membrane in response to various cytokines, growth 

factors and hormones (5,6). AA is metabolized by three families of enzymes, namely 

cyclooxygenases, lipoxygenases and cytochrome P450 monooxygenases or epoxygenases 

producing prostaglandins, hydroperoxyeicosatetraenoic acids and epoxyeicosatrienoic acids, 

respectively (6,7). Lipoxygenases (LOXs) are non heme-iron containing dioxygenases that 

catalyze the stereospecific oxygenation of polyunsaturated fatty acids in lipids containing a 

(1-cis, 4-cis)-pentadiene moiety to the corresponding hydroperoxy derivatives (7,8). As 

shown in Table 1, there are six known functional LOX genes in humans (ALOX5, ALOX12, 

ALOX12B, ALOX15, ALOX15B, ALOXE3), four pseudogenes (ALOX15P1, ALOXE3P1, 
ALOX12P1, ALOX12P2), and an ALOX12 antisense gene (ALOX12AS1) which are 
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termed by convention as “ALOX”, for arachidonic acid lipoxygenase (9). All of the ALOX 

genes are successively arranged within the gene cluster and do not overlap each other. The 

ALOX12P2 pseudogene partly overlaps with the ALOX12-AS1 gene and the protein coding 

by ALOX12 gene is completely surrounded by the ALOX12-AS1 gene. Another ALOX15 
pseudogene (ALOX15P2) has been detected on chromosome 9. All of these genes are 

located on the short arm of chromosome 17, except ALOX5, which is located on 

chromosome 10 (9–13). The mouse has seven functional LOX genes (orthologs of all human 

functional genes plus Alox12e, which is an ortholog of human pseudogene ALOX12P2). In 

mouse, almost all of these genes are located on the orthologous region of chromosome 11, 

except Alox5, which is located on chromosome 6 (9–13). LOXs are lipid-peroxidizing 

enzymes, categorized with respect to the their positional specificity of arachidonic acid 

oxygenation (7). For example, 12-LOXs is an enzyme where the digit indicates the number 

of carbon atom of arachidonic acid at which oxygen is inserted. The classification is simple 

and easy, but with increasing diversity of the LOX family it has become more confusing. In 

most of the mammalian species, there are several types of 12-LOX (platelet-type 12-LOX, 

leukocyte-type 12-LOX or epidermal type 12-LOX) and each of them is encoded by a 

different gene with very low phylogenetic relatedness (7). In addition, orthologues of the 

same gene have different reaction specificities in different species, for example human 15-

LOX type 2 (ALOX15B) inserts oxygen exclusively at carbon atom 15 whereas the murine 

orthologue has 8S-lipoxygenating activity (14,15). The human reticulocyte type 15-LOX1 

(ALOX15) produces predominantly 15(S)-HETE and only little amounts of 12(S)-HETE 

(ratio of 9:1), while its murine orthologue leukocyte-type 12-LOX (encoded by ALOX15 
gene), produces small amounts of 15(S)-HETE and primarily 12(S)-HETE (ratio of 1:3). 

Both these enzymes share 73% amino acid similarity, a similar expression pattern and 

largely overlap in their known biological effects (10,11,14). Recently, it has been suggested 

that various LOX isoforms should be named according to their encoding genes, such as all 

12/15-LOX orthologs from different species should be called as ALOX15. The purpose of 

this review is to refresh our understanding on the role of 12/15-LOX (ALOX15) in the 

pathogenesis of various diseases.

2. BIOCHEMISTRY OF 12/15-LIPOXYGENASE

2.1. Expression of 12/15-lipoxygenase

12/15-LOX is constitutively expressed in reticulocytes, eosinophils, dendritic cells, alveolar 

macrophages, airway epithelial cells, immature dendritic cells, vascular cells, resident 

peritoneal macrophages, pancreatic islets and uterus (12,13,16,17). Human and mouse 

peripheral blood monocytes do not express 12/15-LOX in circulation, but its mRNA and 

protein expression can be induced in vitro by IL-4 and IL-13 in both human monocytes and 

murine macrophages (19–21). In human umbilical vein endothelial cells, IL-4 induces the 

expression of 12/15-LOX mRNA, but not active enzyme (22). Human immature red blood 

cells constitutively express 12/15-LOX, but erythrocytes of various species including human 

fail to do so (16). It has also been shown that experimental anemia in rabbit, rat and mice 

induces the expression of 12/15-LOX in immature red blood cells (23, 24). Human B- and T-

lymphocytes do not express 12/15-LOX enzyme at high levels as indicated by RT-PCR and 

activity assays (25). Recently, it was shown that while human eosinophils express large 

Singh and Rao Page 2

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amounts of ALOX15 but not ALOX15B, neutrophils express ALOX15B but not ALOX15 

(26).

2.4. Metabolites of 12/15-lipoxygenase

The physiological substrates for human and rodent 12/15-LOX enzymes are linoleic acid, 

alpha-linolenic acid, gamma-linolenic acid, arachidonic acid, eicosapentaenoic acid and 

docosahexaenoic acid when presented not only as free acids but also when incorporated as 

esters in phospholipids, glycerides, or cholesteryl esters (27) (Figure 2). 12/15-LOX 

metabolizes arachidonic acid to form 15(S)-hydroperoxyeicosatetraenoic acid (15(S)-

HPETE) and 12(S)-hydroperoxyeicosatetraenoic acid (12(S)-HPETE). Both 15(S)-HPETE 

and 12(S)-HPETE are further reduced by cellular glutathione peroxidase to their 

corresponding hydroxy analogs, 15-hydroxyicosatetraenoic acid (15(S)-HETE) and 12-

hydroxyeicosatetraenoic acid (12(S)-HETE), respectively (28,29). As shown in Table 2, both 

15(S)-HPETE and 15(S)-HETE bind to and activate the Leukotriene B4 receptor 2, 

peroxisome proliferator-activated receptor γ (PPAR©), and at high concentrations cause 

cells to generate toxic reactive oxygen species (30). In these studies the concentration of 

HETEs required to activate were very high (10-raising a question on the physiological 

relevance of these findings. The endogenous levels of HETEs in different tissues or body 

fluids are in nM concentrations (31,32). Therefore, keeping this in mind, the interpretations 

of various studies should be exerted with caution. 12(S)-HPETE and/or 12(S)-HETE, bind 

and activate G protein-coupled receptor 31, (GPR31) and Leukotriene B4 receptor 2 (BLT2) 

(33). 15(S)-HPETE and 15(S)-HETE are further metabolized to various bioactive products 

such as lipoxins, hepoxillins, eoxins, 8(S),15(S)-diHETE, 5(S),15(S)-diHETE and 15-oxo-

eicosatetraenoic acid (15-oxo-ETE). Lipoxin (LX) A4, LXB4, aspirin-triggered (AT)-LXA4, 

and AT-LXB4 are a class of anti-inflammatory agents that contribute to the resolution of 

inflammatory responses and inflammation-based diseases in animal models (27). Hepoxilin 

(HX) isomers such as HXA3 and HXB3 contribute to the regulation of inflammatory 

responses and insulin secretion (34). Eoxins (eoxin C4, eoxin D4, and eoxin E4) are pro-

inflammatory and contribute to severe asthma, aspirin-induced asthma attacks, and other 

allergy reactions (35). 8(S),15(S)-diHETE inhibits human platelet aggregation. 5(S),15(S)-

diHETE and its 5-ketone analog, 5-oxo-15(S)-hydroxy-ETE are responsible for human 

allergic and non- allergic inflammatory responses (36). More importantly 5-oxo-ETE 

inhibits the growth of cultured human umbilical vein endothelial cells as well as various 

human cancer cell lines (37). 12(S)-HPETE and 12(S)-HETE are metabolized to hepoxilin 

A3 and hepoxilin B3, which are further converted to their respective tri-hydroxyl 

metabolites, trioxilin A3 and trioxilin B3, respectively (38). These metabolites cause 

vasodilation, promote pain perception, reverse oxidative stress and induce insulin secretion 

in various animal model systems (38).

Docosahexaenoic acid (DHA) is also a substrate of 12/15-LOX and it is converted into 

14(S)-hydroxy-DHA and 17(S)-hydroxy-DHA (39). These metabolites stimulate 

proliferation of human breast and prostate cell lines in culture (40–43). 17(S)-Hydroxy-

DHA is further metabolized to resolvin Ds (RvDs) and protectin Ds (PDs) (42, 43). These 

products have high potent anti-inflammatory activity. 12/15-LOX metabolizes 

eicosapentaenoic (EPA) acid to 12(S)-hydroxy-EPA and 15(S)-hydroxy-EPA (39). 15(S)-
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HEPA inhibits 12/15-LOX-dependent production of the pro-inflammatory mediator, LTB4 in 

cells. 15(S)-HEPA is further metabolized to resolvin E3, a specialized proresolvin mediator 

with anti-inflammatory activity (44). Linoleic acid is better positioned for reaction (shorter 

d(H-OH) distances) with 12/15-LOX as compared to arachidonic acid, but the two 

physiological substrates of 12/15-LOX seems to have a common binding mode and have 

similar preference for oxygenation (45). In this context, a recent study shows that human 

recombinant 12/15-LOX preferentially forms 15-HETE when incubated with equimolar 

amount of linoleic and arachidonic acid, suggesting that 12/15-LOX prefers arachidonic acid 

over linoleic acid as its primary substrate (39). Murine 12/15-LOX metabolizes linoleic acid 

to 13(S)-hydroperoxyoctadecadienoic acid (13(S)-HpODE) and 9(S)-HpODE, which are 

further reduced to 13(S)-HODE and 9(S)-HODE, respectively (39). 13(S)-HODE acts 

through PPARs, transient receptor potential cation channel subfamily V member 1 (TRPV1), 

and human GPR132 receptors to stimulate a variety of responses related to monocyte 

maturation, lipid metabolism, and neuron activation. 9(S)-HODE is a marker for oxidative 

stress and contributes to the process of pain perception and atherosclerosis (46). The Table 3, 

enlist all the main substrates and products of 12/15-LOX with their biological activities. 

Various studies have shown that activated human and murine platelets and monocytes/ 

macrophages generate 12/15-LOX-derived esterified HETEs (47–49). It is also reported that 

phosphatidylethanolamine (PE) is the predominant phospholipid that is oxidized by 12/15-

LOX to generate esterified HETEs (49). The activated human monocytes generate 4 

esterified HETEs, particularly one acyl and three plasmalogen PE species (18:0a, 18:0p, 

18:1p, 16;0p/15-HETE-PE) (49). Similarly the murine peritoneal macrophages generate 

equivalent 12-HETE-PEs (48). In addition, human and murine platelets generate four PE and 

two phosphatidylcholine (PC)-esterified 12-HETEs including both plasmalogen and acyl 

forms (18:0a, 18:0p, 18:1p, and 16:0p/12-HETE-PE and 16:0a/12-HETE-PC) (47,49). 

Phospholipid-esterified HETEs remain cell associated and a little proportion of them are 

transported outside the plasma membrane.

3. 12/15-LIPOXYGENASE AND INFLAMMATION

3.1. Pro- and anti-inflammatory effects of 12/15-lipoxygenase and its metabolites

The role of 12/15-LOX has been implicated in various inflammation related diseases. 

Increasing evidence highlights the controversial nature of 12/15-LOX in inflammation, as its 

metabolites have been shown both pro- and anti-inflammatory properties. 12/15-LOX 

metabolite 12(S)- HETE is a potent, pro-inflammatory chemoattractant for neutrophils and 

leukocytes (50). The pro-inflammatory role of 12/15-LOX and its metabolites 12(S)-HETE 

and 15(S)-HETE were demonstrated by various studies (12,51,52). It was shown that 

intradermal injection of 15(S)- HPETE induces inflammatory symptoms like plasma 

exudation in rabbits (53). In addition, it was suggested that 12/15-LOX induces the 

production of pro-inflammatory cytokine IL-12 in macrophages (52), although 12/15-LOX-

deficient mice displayed no decrease in IL-12 production (54). It is interesting to note that 

LPS-induced expression of pro-inflammatory cytokines IL-6, IL-12, CXCL9, and CXCL10 

was reduced by inhibition of 12/15-LOX in macrophages (55). It was also shown that 12/15-

LOX metabolite 12(S)-HETE induces the expression of IL-6, TNFα, MCP1 and adhesion 

molecules in macrophages and vascular cells (56–58). 12(S)-HETE also plays a role in LPS-
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induced pulmonary inflammation and acid- induced acute lung injury (59). Disruption of 

12/15-LOX was shown to attenuate airway allergic inflammation by inhibition of 

proinflammatory cytokine expression (60). Furthermore, 12/15- LOX regulates the 

expression of pro-inflammatory eoxins in eosinophils and epithelial airway cells (61). 

Eoxins were shown to cause endothelial cell dysfunction and enhance vascular permeability 

(61). It was further demonstrated that the increased expression of some of these 

inflammatory molecules was dependent on nuclear factor κB activation (60,62). It is also 

interesting to note that overexpression of 12/15-LOX in the heart induces MCP1 expression 

and promotes infiltration of macrophages causing cardiac fibrosis and systolic dysfunction 

(50). Macrophages from asthma patients have shown increased 12/15-LOX expression and 

activity as compared to control macrophages and it was further reported that the levels of 

15(S)-HETE increase with severity of asthma (62,63). Tissue resident macrophages were 

also shown higher expression of 12/15-LOX (64). A recent study has reported an induced 

expression of Alox15 gene in dextran sulfate sodium (DSS)-induced colitis in wild type 

(WT) mice with no changes observed in other Alox genes (Alox5 and Alox15b) (65). 

Furthermore, these authors have shown that genetic deletion of 12/15-LOX resulted in 

reduced expression of pro-inflammatory genes and intact intestinal epithelial barrier with 

less severe colitis (65).

Several reports demonstrate the anti-inflammatory properties of 12/15-LOX and its 

metabolites (66,67). It was shown that IL-4 and IL-13 induce M2 polarization along with an 

increase in 12/15-LOX activity (12, 68). In addition, it was demonstrated that macrophages 

from STAT6-deficient mice do not respond to IL-4 or IL-13 in the induction of 12/15-LOX 

activity, suggesting a role for STAT6 in IL-4 or IL-13-induced 12/15-LOX expression (69–

73). The anti-inflammatory effect of 12/15-LOX metabolites, 12(S)-HETE and 15(S)-HETE, 

has been demonstrated in ischemic brain and it was further shown that these effects were 

dependent on PPAR© (71,74). In addition, deletion of 12/15-LOX in arthritis mice models 

displayed an exacerbated inflammatory joint destruction, which was accompanied with 

reduced levels of lipoxin A4 (75). 12/15-LOX deficiency leads to decreased protectin DX 

synthesis contributing to an increased neutrophil influx in a mouse model of postoperative 

ileus (76). Eosinophils express significant amount of 12/15-LOX and its pro-resolving 

mediators such as protectin D1 that serve as “stop signals” for the inflammatory response 

(77). The resolution of inflammation is impaired in 12/15-LOX-deficient mice and is 

accompanied with impaired wound healing response as well as an increased post-

inflammatory fibrosis (78,79). Mechanisms by which 12/15-LOX exhibit its pro-resolving 

effects are not fully understood, but it may be due to its pro-resolving mediators such as 

lipoxins, resolvins and protectins, which exert potent and direct anti-inflammatory effects in 

various cell types (64,80,81). Lipoxins are generated from 15(S)-HPETE and the pro-

resolving effects of lipoxins outweigh the pro-inflammatory properties of HETEs (81). 

Lipoxin A4 exerts its anti-inflammatory effects in several inflammatory diseases, such as 

nephritis, periodontitis, arthritis and inflammatory bowel disease (82). Lipoxins are also 

shown to attenuate adipose tissue inflammation in mice (83). Lipoxin A4 not only reduces 

the recruitment of neutrophils, but also promotes the infiltration of monocytes and removal 

of apoptotic neutrophils by macrophages (84–86). Studies employing transgenic rabbits and 

virus-mediated in vivo gene transfer in rats have shown that overexpression of 12/15-LOX 

Singh and Rao Page 5

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leads to reduced inflammation and tissue damage with increased lipoxin A4 levels (87,88). It 

was also shown that Lipoxin A4 exerts its anti-inflammatory functions via G protein-

coupled receptor ALX (84, 89), and ALX deficient mice displayed an aggravated form of 

arthritis (90). In chronic airway inflammation, Lipoxin A4 promotes apoptosis of 

eosinophils through activation of natural killer (NK) cells and production of anti-

inflammatory cytokine IL-13 (91). Protectins and resolvins are important anti- inflammatory 

products of 12/15-LOX. Protectin D1 blocks T cell migration and reduces TNFα and 

interferon γ secretion to promote T cell apoptosis (86, 92, 93). Furthermore, protectin D1 

promotes ocular epithelial wound healing in concert with lipoxin A4 (78). Administration of 

resolvins particularly resolvin E1 (RvE1) in murine models of acute inflammation caused a 

reduction in neutrophil infiltration (94). It was also shown that RvE1 directly inhibits LTB4-

stimulated neutrophil transmigration in vitro (95). 12/15-LOX-derived oxidized 

phospholipids (OxPL) were also involved in the resolution of inflammation as they 

disappear during the acute phase of inflammation and reappear during the resolution phase 

in bacterial-mediated peritonitis (95–97). In summary, it is becoming clear that 12/15-LOX 

and its metabolites have both pro- and anti-inflammatory effects, and some of these 

differential effects of the same metabolites could be due to their differential doses.

3.2. 12/15-lipoxygenase and apoptotic cell clearance

Phagocytosis of apoptotic cells (ACs) contributes to the non-immunogenic removal of 

autoantigens, a process that is particularly important in clearing of damaged cells and 

apoptotic neutrophils during the resolution of inflammation (98, 99). Impaired clearance of 

ACs by macrophages results in non-infectious inflammatory response and consecutive 

autoimmune disease (96,98,99). During inflammation, ACs are primarily cleared by tissue 

resident macrophages that express 12/15-LOX, whereas monocyte-derived macrophages and 

other immune-competent phagocytes that do not express abundant 12/15-LOX rarely 

participate in this phenomenon (64, 100). This selective phagocytosis is responsible for 

ensuring a non-immunogenic disposal of self-antigens. In addition, 12/15-LOX expression 

by resident macrophages actively blocks the capacity of neighboring monocyte-derived 

macrophages to uptake ACs (64,100). Furthermore, deletion of 12/15-LOX enables 

monocyte-derived macrophages to uptake ACs, which results in impaired clearance of ACs 

and activation of antigen-presenting cells resulting in autoimmune diseases (64,100). Along 

with apoptosis, a role for 15-LOX1 in SAT1 (spermidine/spermine N1‐acetyltransferase 1)-

induced ferroptosis has also been demonstrated in a human lung carcinoma cell line H1299 

(101,102). Ferroptosis is a form of cell death that results due to an accumulation of iron-

dependent lipid peroxides (102). 12/15-LOX-derived metabolites such as lipoxins promote 

non-inflammatory phagocytosis of ACs by macrophages. The data presented by Miller et al. 

and Godson et al. also indicate an AC- induced feedback loop that involves induction of 

12/15-LOX in promoting the non-immunogenic clearance of dying cells by resident 

macrophages (68,103).

The pro- and anti-inflammatory actions of 12/15-LOX can be attributed to the complex array 

of metabolites formed as a result of its catalytic activity, which is tissue and species-specific. 

The pro- and anti-inflammatory effects of 12/15-LOX are summarized in Table 4. The 

various types of lipid metabolites generated in a tissue by 12/15-LOX are dependent on 
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substrate availability, and local metabolite concentration. The increased availability of ω−3 

vs ω−6 fatty acids lead to the formation of metabolites with anti-inflammatory properties. A 

study showed that 17-HDHA, a metaboliote generated due to 12/15-LOX action on DHA, is 

more potent PPAR© agonist than DHA itself. The activation and inhibition of anti-

inflammatory PPARγ is dependent on positional isomerism of 12/15-LOX products and its 

concentration. The complex nature of 12/15-LOX interaction with PPAR© resulting in its 

activation or inhibition explains the contradictory role of this enzyme as a pro- or anti-

inflammatory signaling in various diseases. The apparent contradiction about the role of 

12/15-LOX has also been observed in in vivo studies, where deletion or overexpression of 

12/15-LOX results in either pro- or anti-inflammatory phenotype. The formation of lipoxin 

A4 generation via consecutive action of 12/15-LOX and 5-LOX may explain why some 

12/15-LOX deficient models show anti-inflammatory effects. A study by Poeckel et al. is in 

line with these observations, as knockdown of 12/15- and 5-LOX in female ApoE−/− mice, 

protected it from atherosclerosis (104). As compared to female mice, male ApoE−/− mice 

developed only a few atherosclerotic lesions and deletion of both 12/15-LOX and 5-LOX 

has no additional effect on lesion formation in these mice. In addition to the substrate 

availability, nutritional overload also regulate the balance between the formation of pro- vs 

anti- inflammatory 12/15-LOX metabolites. Therefore, future efforts are required to 

understand the mechanisms that control the formation and regulation of 12/15-LOX 

metabolites.

3.3. 12/15-lipoxygenase and dendritic cell maturation

12/15-LOX is expressed in immature dendritic cells (DCs) and deletion or enzymatic 

blockade of 12/15-LOX results in enhanced maturation of human and mouse DCs (105,106). 

12/15-LOX-derived metabolites not only interfere with DC maturation but also decrease the 

levels of CD40 and TLR2-mediated cytokine production (106, 107). Furthermore, it was 

shown that 12/15-LOX-mediated blockade of DC maturation depends on anti-oxidant stress 

response transcription factor Nrf2 activation (108, 109). These findings suggest that 12/15-

LOX activity in immature DCs regulates uncontrolled immune activation. Pathogen-

associated or LPS-induced activation of DCs downregulate 12/15-LOX expression and this 

appears to be a prerequisite for regular and efficient DC maturation. In the absence of 12/15-

LOX, the enhanced DC maturation and expression of IL-23 results in an increased 

differentiation of IL-23-dependent Th17 T cells. Therefore, 12/15-LOX-deficient mice 

models are prone to the development of Th17-driven autoimmune diseases such as 

experimental autoimmune encephalomyelitis (EAE), a murine model for human multiple 

sclerosis (106,110). It was also shown that the proresolving role of 12/15-LOX in EAE 

might be through the modulation of Nrf2 activity (106). Genetic deletion of Nrf2 displayed 

an enhanced DC maturation resulting into exacerbated EAE (108,109,111). In addition, 

pharmacological activation of Nrf2 decreases DC maturation and ameliorates EAE 

(112,113).

4. 12/15-LIPOXYGENASE AND VASCULAR DISEASES

In this section, we focus on the role of 12/15-LOX and its metabolites in hypertension, 

vascular wall remodeling, atherosclerosis, thrombosis and angiogenesis.
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4.1. Hypertension

Various studies have reported a role for 12/15-LOX in the modulation of vascular tone and 

vessel wall remodeling via actions on vascular endothelium, smooth muscle cells, or both 

(114). Expression of 12/15-LOX was reported not only in aortic endothelial cells but also in 

aortic smooth muscle cells (115). In addition, Stern and colleagues have reported that 

angiotensin II stimulates the production of 12/15-LOX-derived HETEs in the artery and 

kidney (116). Since various studies employing animal models have demonstrated a role for 

angiotensin II in hypertension, its capacity to produce 12/15-LOX-derived HETEs can be 

attributed to the involvement of 12/15-LOX in the regulation of vascular tone (117). In fact, 

the 12/15-LOX metabolites 15(S)-HPETE and 15(S)-HETE were reported to cause both 

vasoconstriction and vasodilation, although the effects were dose and species dependent 

(114). For example, at lower concentrations 15(S)-HPETE and 15(S)-HETE exhibit 

vasorelaxation effects, while at higher concentrations they cause vasoconstriction (114). 

Furthermore, in neonatal rabbit pulmonary arteries, hypoxia induces 15(S)-HETE-dependent 

vasoconstriction (118). Supporting these observations, 12/15-LOX-derived metabolites 

12(S)-HPETE and 15(S)-HPETE were reported to inhibit prostacyclin synthase activity, 

thereby decreasing the levels of vasodilator prostacyclin (116). In addition, it was suggested 

that 12/15-LOX reduces the bioavailability of nitric oxide, thus promoting vasoconstriction 

(119, 120). The vasoconstrictive responses of 12(S)-HETE were further demonstrated in dog 

renal arcuate arteries (121). In contrast to these observations, some reports showed that 

12(S)-HETE acts as an endothelium-derived hyperpolarizing factor in rat mesenteric arteries 

(122), rat basilar arteries (123), porcine coronary arteries and human coronary arteries (124, 

125). In human coronary arteries, 12(S)-HETE induced vascular smooth muscle cell 

hyperpolarization through activation of large conductance KCa (BKCa) channels resulting in 

relaxation (114). Although all these studies suggested a physiological role for 15(S)- HETE/

12(S)-HETE and 13(S)-HODE in vasoconstriction and vasorelaxation, the concentrations 

used to observe these effects were quite high. In addition, the isomer specificity and 

enantioselectivity were also not tested in these studies. It was also shown that treatment of 

pre-constricted rabbit arterioles with AA led to vasorelaxation and the effect was 

endothelium dependent and the major mediators were found to be 12/15-LOX metabolites, 

namely, hydroxyepoxyeicosatrienoic acids (HEETA) and trioxilin A3 (126). In addition, 

another metabolite of 12/15-LOX which was identified as 13-hydroxy-14,15-

epoxyeicosatrienoic acid (EETA) was found to mediate vasodilatory effects of AA in rabbit 

aorta and mesenteric arteries via acting on K(+) channels and causing smooth muscle cell 

hyperpolarization (127). It was also demonstrated that rat aorta treated with 12/15-LOX 

product of AA, trioxilin C3, undergoes vasodilation (128). In addition, 12/15-LOX 

metabolite hepoxilin A3 while having no direct effect on vascular tone in rat aorta and portal 

vein potentiated norepinephrine-induced vascular contractions in a calcium-dependent 

manner (129). 12/15-LOX metabolites lipoxins were also reported to promote vasorelaxation 

in aorta and pulmonary artery (130). In summary, the published reports indicate that 12/15-

LOX pathways have multiple effects on both endothelial cells and smooth muscle cells 

regulating vasomotric properties of large and small arteries.
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4.2. Vascular wall remodeling

The 12/15-LOX and its metabolites were involved in the remodeling of both large and small 

arteries. Vascular wall remodeling is an active process that occurs in response to elevated 

shear stress, pressure or injury (131). In vascular wall remodeling, vascular smooth muscle 

cells migrate from media to intima and proliferate in the intimal region leading to increased 

thickening of the vessel wall. Among the many cell types, the migration and proliferation of 

vascular smooth muscle cell is an important factor in physiologic or pathologic vessel wall 

remodeling (131). It was reported that 12/15-LOX plays a role in vascular smooth muscle 

cell migration, proliferation and apoptosis (131). Furthermore, various studies have 

demonstrated the involvement of 12/15-LOX metabolites in the migration and proliferation 

of smooth muscle cells and the mitogenic effects of 12/15-LOX were dependent on 

activation of MAP kinases (132, 133). Similar observations were made with 12/15-LOX 

metabolite of LA, namely 13(S)-HPODE in porcine vascular smooth muscle cells and the 

role of MAP kinases, NFκB and VCAM-1 in these responses (134, 135). Another study 

suggested that 13(S)-HPODE induces NFκB- dependent expression of MCP1, a potent 

vascular chemoattractant and mitogen (134, 135). A report also suggested that 13(S)-HODE 

induces intracellular calcium and cGMP production in porcine aortic smooth muscle cells 

(136). Furthermore, depletion of 12/15-LOX inhibited PDGFB-induced migration of porcine 

aortic smooth muscle cells, suggesting the role of 12/15- LOX in smooth muscle cell 

migration (137). It was further reported that 15(S)-HETE-dependent activation of Rho-

kinases regulates hypoxia-induced rat pulmonary vascular wall remodeling (138). Studies 

from our laboratory have shown that 15(S)-HETE stimulates the migration of smooth 

muscle cells and neointimal development via cAMP-response element binding protein- 

mediated IL-6 expression and Src-STAT3-mediated MCP1 expression (139, 140). 

Furthermore, 12/15-LOX appears to be involved in cell proliferation as vascular smooth 

muscle cells from 12/15LOX knockout mice displayed a decreased S-phase entry (141). 

Finally, it was also indicated that 15(S)-HETE protects rat pulmonary arterial smooth muscle 

cells from apoptosis via the PI3K/Akt pathway (142). Collectively, all these studies support 

a role for 12/15-LOX in the regulation of smooth muscle cell migration and proliferation, 

and suggest its importance in active remodeling of the large and small vessels.

4.3. Atherosclerosis

Atherosclerosis, a multifactorial disease, is the foremost cause of ischemic heart disease and 

ischemic stroke, and is the leading cause of death and disability in the industrialized 

countries accounting for 25% of all cases of death (http://www.who.int/mediacentre/

factsheets/fs310/en/; 143). The endothelial dysfunction, which represents the earliest 

changes during atherosclerotic lesion formation, increases the lipid permeability of the 

endothelium, macrophage recruitment, foam-cell formation and homing of T lymphocytes 

and platelets (144). The intimal lipid accumulation and local inflammation are closely linked 

to the pathogenesis of atherosclerosis and macrophages appear to play a central role in the 

deregulation of vessel-wall lipid homeostasis and orchestrating inflammatory responses 

(145). In this specific section, we will overview the role of 12/15-LOX in atherogenesis.

4.3.1. 12/15-lipoxygenase and endothelial cell dysfunction—The endothelium 

forms a continuous inner lining of the blood vessels and provides non-platelet adherence and 

Singh and Rao Page 9

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.who.int/mediacentre/factsheets/fs310/en/%3B
http://www.who.int/mediacentre/factsheets/fs310/en/%3B


non-thrombogenic surface with selective barrier permeability between the vascular wall and 

blood (146, 147). In inflammatory conditions, the endothelial cells undergo phenotypic 

changes as characterized by the loss of their barrier function and increased leukocyte 

adhesion (147). Endothelial dysfunction is generally regarded as the initial step in 

atherosclerotic plaque formation (147). In the initial stages of endothelial dysfunction, tight 

junctions (TJs) between the endothelial cells are disrupted leading to increased paracelluar 

permeability, also known as type I endothelial cell activation (147). During the subsequent 

type II endothelial activation, expression of inflammatory and adhesion molecules is 

triggered, leading to the recruitment of monocytes/macrophages to the endothelium and their 

subsequent transendothelialization (147). Various studies have demonstrated the role of 

12/15-LOX in high fat diet (HFD)-induced endothelial cell (EC) barrier dysfunction (148, 

149). Specifically, Kundumani-Sridharan et al. observed that 15(S)-HETE, the 12/15-LOX 

metabolite of AA, induces EC TJ disruption and its barrier dysfunction by Src and Pyk2-

dependent tyrosine phosphorylation of zonula occluden (ZO)-2 and its dissociation from 

Claudins 1/5, which in turn enhances transendothelialization of monocytes/macrophages 

(148). In addition, feeding mice with HFD induces the expression of 12/15-LOX in the 

aorta, disassembles ZO-2 from the endothelial TJs and increases the adhesion of circulating 

monocytes to the TJ-disrupted endothelium (148). Furthermore, it was reported that XO via 

ROS production and Src and Pyk2 activation mediates junction adhesion molecule A (JamA) 

tyrosine phosphorylation leading to its dissociation from occludin causing EC TJ disruption 

and barrier dysfunction in response to 15(S)-HETE and HFD (149). It was also shown that 

HFD-fed C57BL/6 mice but not 12/15-LOX knockout mice have enhanced XO expression 

and activity in the artery, which was correlated with increased aortic TJ disruption, barrier 

permeability with enhanced leukocyte adhesion, and these responses were attenuated by XO 

inhibitor allopurinol (149). In addition to these observations, Chattopadhyay et al. has 

demonstrated that 15(S)-HETE via PKCε-mediated serine/threonine phosphorylation of 

ZO1 induces its dissociation from occludin, disrupting EC TJ and barrier function (150). 

These observations provide novel insights on the role of 12/15-LOX in TJ disruption leading 

to increased vascular permeability and leukocyte adhesion.

4.3.2. 12/15-lipoxygenase and oxidation of lipoproteins—Oxidative modification 

of low-density lipoprotein (LDL) particles leads to the formation of atherogenic oxidized 

(ox) LDL particles. The increased presence of oxLDL particles in the arterial wall induces 

the expression of scavenger receptors such as SR-A and CD36 in macrophages and smooth 

muscle cells, which in turn facilitate the uptake of oxLDL by these cells becoming foam 

cells (151). Although various factors can influence the oxidative modification of LDL, many 

reports have shown that rabbit, mouse, porcine and human 12/15- LOX directly oxidizes 

LDL particles and contributes to foam cell formation (152–155). It is also interesting to note 

that rat ALOX15 oxygenates neither LDL nor HDL (156). Interestingly, fibroblasts 

transfected with 12/15-LOX cDNA have an enhanced capacity to oxidize LDL compared to 

control cells (157, 158). In addition, it was reported that deletion of 12/15-LOX in 

macrophages reduces their ability to oxidize LDL (159) and transgenic expression of 12/15-

LOX resulted in enhanced IL-4 or IL-13 production and LDL oxidation (160). Retrovirus-

mediated overexpression of human 12/15-LOX in rabbits has resulted in increased 

accumulation of oxLDL in the arteries as compared to mock-transfected animals upon 
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feeding with cholesterol-rich diet (161). Initially it was thought that 12/15-LOX influences 

LDL oxidation either by direct oxidation of esterified lipids on the LDL particles or the 

oxidation of free fatty acids, which are then incorporated into the LDL particles (162). In 

this aspect, Zhu et al. showed that after treatment of peritoneal macrophages with LDL 

particles, 12/15-LOX translocate from the cytoplasm to the plasma membrane and oxidizes 

the LDL particles (163). Furthermore, they have shown that inhibition of 12/15-LOX 

translocation attenuates LDL oxidation (163). Oxidation of LDL particles not only depends 

on 12/15-LOX translocation but also on its binding to the low density lipoprotein receptor-

related protein (LRP) (163, 164) without affecting the receptor endocytosis or degradation 

(165). LRP stimulates both the transfer of cholesterol esters from the LDL particles to the 

plasma membrane and the translocation of the 12/15-LOX from the cytoplasm to the plasma 

membrane (164). Supporting these observations, blocking LRP function with a specific 

antibody inhibited 12/15-LOX translocation from the cytoplasm to the plasma membrane 

and cholesterol esters uptake into the membrane resulting in reduced LDL oxidation (164). 

However, the molecular mechanisms of LRP-mediated membrane translocation of 12/15-

LOX and its involvement in LDL oxidation are not clear.

Besides LDL, 12/15-LOX oxidizes high-density lipoprotein (HDL) leading to impairment of 

reverse cholesterol transport. HDL is one of the smallest lipoprotein particles and transports 

cholesterol out of the arterial wall, reducing the burden of its accumulation in macrophages 

and smooth muscle cells and preventing atherosclerosis (166). Oxidation of HDL changes its 

lipoprotein structure and impairs its anti-atherogenic function (167,168). The 12/15-LOX 

oxidized HDL has a lower cholesterol accepting potential and impaired cholesterol efflux, 

probably due to impaired binding to the SR-B1 or ABCA1 receptors (169,170). Oxidation of 

HDL also leads to accumulation of unesterified cholesterol in macrophages, which is 

cytotoxic for cells (171). The decreased efflux of cholesterol and increased presence of 

unesterified cholesterol in macrophages contribute to enhanced foam cell formation and 

atherogenesis. It has also been reported that HDL3 modification by 12/15-LOX impairs 

eNOS activation and TNFα-induced inflammatory responses in endothelial cells (172, 173).

4.3.3. 12/15-lipoxygenase and CD36 expression—12/15-LOX and its metabolites 

can also contribute to foam cell formation via its capacity to increase the scavenger receptor 

CD36 expression in macrophages (174). Various reports have shown that 12/15-LOX and its 

metabolites 15(S)-HETE and 13(S)-HODE increase the expression of CD36 in macrophages 

and this effect is mediated by PPARγ (174,175). It has also been reported that 12/15-LOX 

increases the degradation of ATP-binding cassette transporter G1 (ABCG1) via p38 MAPK 

and JNK2-dependent pathways, thereby increasing the retention of cholesterol in cells (176). 

In addition, a recent study has shown that 12/15-LOX and its metabolite 15(S)-HETE induce 

the expression of CD36 in macrophages via ROS-dependent Syk and Pyk2-mediated STAT1 

activation leading to enhanced CD36 expression and foam cell formation (177). In contrast 

to these findings, a few studies have reported that activation of PPARα by 13(S)-HODE 

results in increased ABCA1 expression and enhanced cholesterol efflux from macrophages, 

suggesting an atheroprotective role of 12/15-LOX (178, 179). Future studies are required to 

understand how arachidonic acid and linoleic acid metabolites of 12/15-LOX exhibit quite 

opposite effects on atherogenesis.
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4.3.4. 12/15-lipoxygenase and monocyte recruitment—Monocyte recruitment to 

the intima plays an invariable role in atherogenesis (180,181). Towards this end, it was 

reported that mice lacking 12/15-LOX exhibits decreased monocyte accumulation in the 

intima reducing atherogenesis (182,183). On the other hand, transgenic mice overexpressing 

murine 12/15-LOX showed a two-fold increase in its metabolites and resulted in increased 

monocyte accumulation and fatty streak formation and these effects were blocked by 12/15-

LOX inhibitors (183). In addition, treatment of endothelial cells from transgenic mice 

overexpressing murine 12/15-LOX with 12-HETE and 13-HODE further enhanced 

monocyte adhesion (183). Similar observations were reported in diabetic db/db mice, which 

express higher 12/15-LOX levels than wild type mice (184). Recently, we have also reported 

a role for 12/15-LOX metabolite 15(S)-HETE on migration and adhesion of monocytes to 

endothelial cells (185). They have further suggested that the 12/15-LOX metabolite, 15(S)-

HETE, exacerbates atherogenesis by enhancing CREB-dependent IL-17A production (185). 

Various reports have shown a role for MCP1 and the adhesion molecules ICAM-1 and 

VCAM1 in 12/15-LOX- mediated chemotaxis and binding of monocytes to endothelial cells 

(183,184, 186). Interestingly, it was also shown that 12/15-LOX metabolite 12(S)-HETE 

increases ICAM-1 expression via activation of protein kinase Cα and NFκB (186). Recently, 

we have also shown that monocytes from 12/15-LOX−/− mice exhibited diminished 

migratory response, which was rescued by administration of 12(S)-HETE, in a peritonitis 

model (187).

4.3.5. 12/15-lipoxygenase and animal models of atherosclerosis—Various 

studies have reported both the pro- and anti-atherogenic role of 12/15-LOX in animal 

models. Mice overexpressing human 15-LOX in the endothelium were found to be more 

susceptible to developing atherosclerotic lesions as compared to littermate controls (188). 

Disruption of 12/15-LOX in ApoE−/− mice showed reduced atherosclerotic lesions fed with 

chow diet for 15 weeks to 1 year (189). Similarly, using 12/15-LOX and LDL receptor 

double deficient mouse, George et al. have reported a significant decrease in atherosclerotic 

lesion development at several time points of feeding with high fat diet (190). Consistent with 

these observations, Kotla et al. reported that deletion of 12/15-LOX in ApoE-deficient mice 

attenuates high fat diet-induced atherosclerotic lesions (185). To further identify the cell 

type(s) that are mediating pro-atherogenic effects of 12/15-LOX, Huo et al. have 

demonstrated that ApoE−/− mice engrafted with bone marrow from 12/15-LOX−/−/ApoE−/− 

mice exhibited a significant reduction in atherosclerotic lesion development upon feeding 

with high fat diet (HFD) (191). Based on these observations, the authors have suggested that 

macrophages constitute the primary source of 12/15-LOX in atherogenesis (191). Presence 

of 12/15-LOX mRNA and protein were observed in the atherosclerotic lesions of 

hypercholesterolemic rabbits and were seen to be colocalized with the epitopes of oxidized 

LDL in the macrophage-rich lesion area (192). These observations support the hypothesis 

that 12/15-LOX plays an important role in LDL oxidation and atherosclerotic lesion 

progression. In contrast, there are several studies which indicate a rather atheroprotective 

role of 12/15-LOX. In a transgenic rabbit model overexpressing human 12/15- LOX in 

macrophages decreased atherosclerotic lesions were observed when fed with HFD (193). As 

these rabbits produced increased amounts of 13(S)-HODE, the authors have envisioned that 

the atheroprotective effects of 12/15-LOX could be due to an increased production of this 
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eicosanoid. Furthermore, rabbits with transient anemia showed increased expression of 

12/15- LOX in reticulocytes and exhibited decreased lipid deposition in the thoracic aorta 

compared to controls (194). A study by Merched et al. has also demonstrated that ApoE−/− 

mice overexpressing 12/15-LOX were less prone to develop atherosclerosis and the ApoE−/− 

mice lacking 12/15-LOX show accelerated atherosclerotic lesion formation (195). In 

addition, transplantation of bone marrow from ApoE−/−:12/15-LOX−/− but not ApoE−/− 

mice into ApoE−/−:12/15-LOX−/− resulted in increased atherosclerotic lesion formation. The 

studies by these authors also show that 12/15-LOX protects mice from atherosclerosis via 

increased biosynthesis of proresolving mediators like lipoxin A4, resolvin D1 and protectin 

D1 (195).

4.3.6. 12/15-lipoxygenase and human atherosclerosis—The role of 12/15-LOX 

in human atherosclerotic lesion development is still not clear. Analyzing human 

atherosclerotic plaques revealed a significant increase in 12/15-LOX expression (177). 

Analysis of human atherosclerotic plaques showed increased levels of 13(S)-HODE 

compared to 13(R)-HODE, suggesting increased expression of 12/15-LOX in the lesions 

(196,197). However, there are a few studies, which showed an increased 12/15-LOX 

expression with decreased lesion severity in human clinical samples (198,199). Specifically, 

a polymorphism in 12/15-LOX promoter (a C to T substitution at position −292), which 

promotes its increased expression and activity, was found to be associated with a reduction 

of risk for atherosclerosis (198,199). In summary, various cell culture and animal model 

studies have supported a dual role for 12/15-LOX in atherosclerosis (Figure 3). In this 

aspect, macrophage, smooth muscle or endothelial-specific generation of 12/15-LOX 

knockout mice models may provide more insights into the role of 12/15-LOX and its 

metabolites in atherosclerosis. In addition, extending these studies to species other than 

rodents may clarify its differential roles in atherosclerosis. Larger genetic studies may also 

be needed to establish the pro- or anti-atherogenic effects of 12/15-LOX in human 

atherogenesis.

4.4. 12/15-lipoxygenase and thrombosis

Hemostasis and thrombosis is a highly complex and tightly regulated process that involve 

the formation of unstable platelet aggregate at the site of vascular injury (200). 12(S)-HETE 

is shown to play a role in platelet activation, granule secretion, and clot retraction suggesting 

its importance in platelet activation (201). It was also reported that 12/15-LOX regulates 

protease-activated receptor 4 (PAR4) and glycoprotein VI (GPVI)-mediated signaling in the 

platelets (202,203). Recently, it was also shown that selective inhibition of 12/15-LOX 

impairs thrombus formation and vein occlusion (204). The initiation of coagulation cascade 

predominantly depends on the presence of procoagulant lipid surface and tissue factor (205). 

In this context, it has been demonstrated that 12-HETE-PC and 12-HETE-PE enhance 

coagulation factor interaction with phopsholipids and tissue factor dependent coagulation 

(47). 12/15-LOX regulates production of procoagulant phospholipids in eosinophils and 

thereby mediate hemostasis and thrombosis in response to vascular injury (206). In addition, 

it has been reported that 12/15-LOX generated HETE-PLs were significantly higher in 

humans with thrombotic disorder antiphopholipid syndrome (APS) than healthy individuals 

(207). Furthermore, it was also demonstrated that HETE-PLs enhanced coagulation in WT 
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mice and restored hemostasis in 12/15-LOX−/− mice (207). The current efforts in this area 

are focused on delineating the mechanisms underlying the role of 12/15-LOX-mediated lipid 

oxidation in coagulation and hemostasis.

4.5. 12/15-lipoxygenase and angiogenesis

12/15-LOX and its metabolites are involved in pathological and tumor angiogenesis. 

Towards this end, work from various laboratories including ours has revealed that 

eicosanoids influence angiogenesis (Figure 4) (208–213). It was also shown that PUFAs, 

particularly AA, the precursor for eicosanoids, promote angiogenesis (214,215). It was 

shown that cytosolic phospholipase A2 (cPLA2) that liberates AA from the sn-2 position of 

glycerophospholipids exerts a positive effect on the regulation of angiogenesis (216). Our 

studies have shown that 15(S)-HETE, possesses the capacity to stimulate various signaling 

molecules, including Src, phosphatidylinositol 3-kinase (PI3K), Akt, MAP kinase/ERK 

kinase 1 (MEK1), and c-Jun N-terminal kinase 1 (JNK1) leading to activation of 

transcriptional factors such as activating transcriptional factor 2 (ATF2), activator protein 1 

(AP1), early growth response gene 1 (Egr1) and signal transducers and activators of 

transcription (STATs) in influencing the expression of angiogenic molecules such as 

fibroblast growth factor 2 (FGF2), vascular endothelial growth factor (VEGF) and 

interleukin-8 in enhancing angiogenesis (209–211, 213,217–219). Our studies have 

indicated that Src, a non- receptor tyrosine kinase (206) and Rac1, a Rho GTPase, are the 

most responsive signaling molecules activated by and involved in 15(S)-HETE-induced 

angiogenesis (217,219). Furthermore, our findings have provided the first direct evidence on 

the role of 12/15-LOX in ischemia-induced HMG-CoA reductase expression and Rac1 

farnesylation (220). In addition, it was shown that overexpression of 12/15-LOX in human 

prostate cancer cell line increases VEGF secretion and enhances angiogenesis (221). It was 

also demonstrated that 12/15-LOX via HIF1α induction enhances angiogenesis in prostate 

tumor cells in response to hypoxia (222). The absence of glutathione peroxidase 4 induces 

12/15-LOX activity and angiogenesis in subcutaneously implanted mouse tumors and 

pharmacological inhibition of 12/15-LOX reverses theses effects (223). These findings are 

ambiguous, as no attempts were made either to test the inhibitory effects of NDGA, 

Baicalein and PD146176 on 12/15-LOX expression/activity or their effects on other LOX 

isoforms. On the other hand, NDGA and Baicalein are effective anti-oxidants, and their off-

target effects might have impacted the results. Recently, it has also been demonstrated that 

most of the 12/15-LOX inhibitors (ML351, PD146176, BLX-2481 and BLX-2477) failed to 

decrease 12/15-LOX activity at lower concentrations (224). Therefore, these data need to be 

confirmed using 12/15-LOX−/− mice before drawing further conclusions. Despite these 

observations, a few reports have shown that 12/15-LOX limits angiogenesis in some animal 

models. Administration of 12/15-LOX in rabbit skeletal muscle prevents the angiogenic 

effects of VEGF (225). The possible mechanism underlying this effect appears to be linked 

to its effect on reduction in NO production and VEGFR2 expression (225). In addition, Viita 

et al. have shown that adenoviral-mediated intravitreal delivery of 12/15-LOX gene prevents 

VEGF- induced corneal neovascularization in rabbits (226). Harats et al. has reported a 

similar finding where overexpression of 12/15-LOX prevented tumor angiogenesis (227). In 

addition, the metabolites of 12/15-LOX such as lipoxin A4 and its receptor were 

demonstrated to exert anti-angiogenic effects in a corneal neovascularization model (228). 
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Collectively, the role of 12/15-LOX in angiogenesis appears inconclusive and requires 

further investigations.

5. 12/15-LIPOXYGENASE AND DIABETES

5.1. 12/15-lipoxygenase and β-cells of the pancreatic islets

12/15-LOX and its metabolites have been implicated in diabetes (Figure 5). Blood glucose 

homeostasis is maintained by insulin secretion. Insulin produced by the β-cells of the 

pancreatic islets maintains blood glucose levels via promoting glucose uptake by muscle and 

adipose tissue and suppressing gluconeogenesis and promoting glycogenesis in the liver 

(229). In a low-dose streptozotocin-induced diabetes model, mouse deficient in leukocyte 

12/15-LOX showed increased resistance to diabetes (230). Similar results were reported by a 

congenic 12/15-LOX knockout in non-obese diabetic (NOD) mice (231). The depletion of 

12/15-LOX significantly ameliorates the development of autoimmune type 1 diabetes in 

NOD mice (231). Recent evidence indicates that both forms of diabetes (types 1 and 2) are 

associated with a significant loss of β cells (232). Gene-based knockout studies and targeted 

protein knockdown approaches have provided clarity on the role of 12/15-LOX in islet 

functions (233, 234). Studies by Nunemaker et al. and Sears et al. have shown that HFD-

induced insulin resistance and impairment in islet function can be prevented by disruption of 

12/15-LOX (233, 234). In addition, a study by Tokuyama et al. has reported increased 

expression of 12/15-LOX in diabetic Zucker rats (235). The β-cells of the pancreatic islets 

secretes insulin and out of the four predominant endocrine cell types (α, β, δ and F cells) 

present in the islets, the insulin-producing β-cells is the preferential site of 12/15-LOX 

expression (236–238). However, Kawajiri et al. reported that 12/15-LOX expression was 

colocalized with glucagon-expressing α-cells in the rat islets and overexpression of 12/15-

LOX in α-cells doubles glucagon secretion (239). A few studies showed that addition of 

12/15-LOX metabolites, 12(S)-HPETE or 12(S)-HETE, to human islets results in decreased 

islet viability and insulin secretion (240). In addition, it was shown that 12(S)-HETE induces 

mitochondrial oxidative stress in β-cells causing their apoptosis (241). In these studies, the 

authors have used physiological concentrations of 12(S)-HETE, but not tested the role of 

other isomers (15(S)-HETE, 5(S)-HETE, 9(S)-HETE) or its enantiomer (12(R)-HETE) on 

β-cell apoptosis. Due to the absence of proper control, it is hard to assess the significance of 

12(S)-HETE on β-cell apoptosis and mitochondrial oxidative stress (241). It is known that 

mitochondrial dysfunction decreases the ATP/ADP ratio, thereby affecting insulin secretion 

from the pancreatic islets. However, it is important to note that while AA stimulates insulin 

secretion from pancreatic β-cells, 12/15-LOX inhibits it, perhaps due to a reduction in the 

availability of free AA (242). Recently, it was also reported that cell specific deletion of 

12/15-LOX in islets results in improved insulin secretion and protection from any 

abnormalities in blood glucose levels due to HFD feeding (243). In addition, a substantial 

increase in 12/15-LOX levels were reported in pancreatic islets of 10-week old db/db 

prediabetic mice and the increase in 12/15-LOX levels goes in tandem with a decrease in 

islet number (244).
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5.2. 12/15-lipoxygenase and diabetic retinopathy

Diabetic retinopathy is a serious complication of diabetes that can cause blindness (245). 

The role of 12/15-lipoxygenase in diabetic retinopathy is still ambiguous. In 1990s, 

Augustin et al. has reported elevated levels of 12/15-LOX metabolite, 15(S)-HETE, in the 

epiretinal membranes of patients with diabetic retinopathy (246). Later, Schwartzman et al. 

has found that 5-LOX product 5(S)-HETE was substantially higher in diabetic ocular 

vitreous with no significant changes in 15(S)-HETE levels (247). Recently, it has been 

reported that 12/15-LOX metabolites 12(S)-HETE and 15(S)-HETE induce microvascular 

dysfunction during diabetic retinopathy through NADPH oxidase-dependent mechanisms 

and genetic deletion of 12/15-LOX attenuated diabetes-induced endoplasmic reticulum (ER) 

stress in mouse retina (248–250). Furthermore, it was also reported that 5(S)-HETE, 12(S)-

HETE and 15(S)-HETE are required for different stages of diabetic retinopathy (249).

5.3. 12/15-lipoxygenase and diabetic peripheral neuropathy

Diabetic peripheral neuropathy is a disease, which affects at least 50% of the patients with 

diabetes and is the major cause of foot amputation (251). The role of 12/15-LOX in 

peripheral nervous system is actively investigated and it was shown that mice fed with high 

fat diet have increased expression of 12/15-LOX in peripheral nerves and dorsal root ganglia 

(252). It was also reported that PM5011, an extract from the herb Artemisia dranunculus 

reduces 12/15-LOX expression and improves peripheral neuropathy in streptozotocin-

induced diabetic mice (253).

5.4. 12/15-lipoxygenase and diabetic nephropathy

Diabetic nephropathy is the major cause of death in diabetic patients and there are various 

reports, which highlight the importance of 12/15-LOX in diabetic nephropathy (254). 12/15-

LOX is present in glomeruli mesangial cells, podocytes and renal microvessels and its 

expression at both mRNA and protein levels increases along with established markers of 

diabetic nephropathy (255, 256). It was also shown that glucose increases the expression of 

12/15-LOX in cultured mesangial cells (256, 257). In addition, TGF-β and angiotensin II 

induce the expression of 12/15-LOX in mesangial cells and pharmacological inhibition of 

12/15-LOX blocks TGFβ and angiotensin II-induced mesangial cell hypertrophy and matrix 

accumulation (258–260). The importance of 12/15-LOX in diabetic nephropathy can also be 

assessed by the observations that siRNA-mediated down regulation of 12/15-LOX reduces 

renal dysfunction in a mouse model of type 1 diabetes (258,261).

6. 12/15-LIPOXYGENASE AND NEUROLOGICAL DISEASES

6.1. Alzheimer’s disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disease characterized by 

progressive memory loss (262). A study by Li et al. showed that metabolic products of 

12/15-LOX were significantly higher in experimental model of brain ischemia-reperfusion 

injury, and suggested that this enzyme may be involved in neurodegeneration (263). Later 

on, a study by Pratico et al. reported elevated levels of 12/15-LOX and its metabolites 12(S)-

HETE and 15(S)-HETE in frontal and temporal brain regions of Alzheimer’s patients (4). In 
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a series of in vitro studies using neuronal cells having Swedish familial AD mutation, a 

widely used cellular AD model, it was found that 12/15-LOX not only regulates Ab plaque 

production and tau phosphorylation but also regulates AD-associated synaptic pathology and 

behavioral impairments (264,265). Strikingly, disruption of 12/15-LOX in transgenic AD 

mice model showed a significant reduction in amyloid formation with improved memory 

(266). In summary, 12/15-LOX appears to play a critical role in AD and could be a possible 

target for its therapy.

6.2. Cerebrovascular disease

Various studies have demonstrated a role for 12/15-LOX in cerebrovascular diseases (267, 

268). Van Leyen et al. reported that in murine model of transient middle cerebral artery 

occlusion, the levels of 12/15-LOX were increased in neurons surrounding an infarct and 

intraperitoneal injection of baicalein, a potent inhibitor of 12/15-LOX (Table 5 enlist the 

known inhibitors of 12/15-LOX), reduced the infarct size (268). Decreased infarct size was 

also seen in 12/15-LOX knockout mice (268). Studies by Zhang et al. have shown that 

12/15-LOX-mediated peroxynitrite toxicity plays an important role in neuron damage after 

ischemia (269). In addition, these authors have shown that inhibition of 12/15-LOX reduced 

zinc-induced reactive oxygen species generation and neuronal cell death (269). Furthermore, 

12/15-LOX expression was observed in pre-ischemic areas of mouse brain, particularly in 

neurons and vascular endothelial cells after ninety minutes of cerebral artery occlusion 

(270). In line with these findings, inhibition of 12/15-LOX prevented ischemia-induced 

blood brain barrier disruption (270). They have also shown that baicalein-treated mice and 

12/15-LOX knockout mice had less water content in ischemic brains (270). It was also 

reported that inhibition of 12/15-LOX in a rabbit model of embolic stroke reduced post-

stroke deficits in behavior (271).

6.3. Parkinson’s disease

Parkinson’s disease (PD) is a degenerative neuromotor disorder of the central nervous 

system and 12/15-LOX appears to play an important role in this disorder (272). A study by 

Li et al. has demonstrated that 12/15-LOX activation is associated with a decrease in 

neuronal concentrations of anti-oxidant glutathione levels, an early biomarker of PD (273). 

It was also suggested that under glutathione depletion, nitric oxide (NO) becomes 

neurotoxic, particularly to the dopaminergic neurons of the midbrain in PD (274). In a 

subsequent study, these authors have demonstrated that inhibition of 12/15-LOX with 

baicalein and nordihydrogualaretic acid prevents the neurotoxic effects of NO (275). In 

addition, they found that addition of AA or 12(S)-HETE to cells causes neuronal toxicity in 

the absence of glutathione. Therefore, it can be concluded that the neurotoxity seen in PD 

appears to be mediated by NO/12/15-LOX, particularly under glutathione depletion.

7. 12/15-LIPOXYGENASE AND OBESITY

Obesity is a fast growing medical condition in which the excess deposition of adipose tissue 

can lead to reduced life expectancy and/or increased health problems (276). Approximately 

34.9% (78.6 million) of adults and 17% (12.7 million) of children and adolescents aged 2–

19 years in U.S. are obese, with an estimated annual medical cost of $147 billion (277, 278). 
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It has been shown that mice fed on high fat diet have increased 12/15-LOX activity in white 

adipocytes and this increase in 12/15-LOX activation promotes local and systemic 

inflammation. Dobrian et al. have shown increased expression of 12/15-LOX in visceral fat 

of obese human patients, which correlated, with increased mRNA levels of IL-6, IL-12, 

IFN© and CXCL10 (279). Furthermore, it was demonstrated that 12/15-LOX deficiency 

protects mice from high fat diet-induced obesity and adipose tissue inflammation (233,234). 

12/15-LOX products, 12(S)-HETE and 12(S)-HPETE, induce inflammation, insulin 

resistance, and endoplasmic reticulum stress when added to 3T3-L1 adipocytes (280). In 

addition, expression of various LOX isoforms were reported in human visceral adipose 

tissue (281). All these observations can lead to the assumption that 12/15-LOX plays an 

important role in obesity and obesity-induced consequences, although the underlying 

mechanisms remain to be explored.

8. CONCLUSIONS AND FUTURE PERSPECTIVES

12/15-LOX is expressed in various cell types and organs of the body and is implicated in a 

variety of diseases, including atherosclerosis, hypertension, diabetes, obesity and 

neurodegenerative disorders. The expression pattern of 12/15-LOX and production of its 

metabolites exhibit cell and tissue-specific effects and play differential roles in their 

pathologies. Several questions are still unanswered with respect to its differential roles in 

different tissue types, and more precisely about the effects of its metabolites in these tissues. 

Therefore, studies using cell or tissue-specific or conditional knockout mice models may 

allow us to identify its differential roles in various diseases. Presently, there are no specific 

LOX inhibitors that do not have non-specific antioxidant properties available. Therefore, 

further investigations are needed to develop and test specific pharmacological inhibitors for 

each LOX so that they can be used in the therapeutic interventions for human diseases.

ACKNOWLEDGEMENTS

The work in the authors’ laboratories was supported by grants HL064165, HL074860 and EY04856 from NIH to 
GNR. The authors also express their sincere apology to investigators for missing to cite their work due to space 
limitation.

REFERENCES

1. Ander BP, Dupasquier CM, Prociuk MA, and Pierce GN. Polyunsaturated fatty acids and their 
effects on cardiovascular disease. Exp Clin Cardiol 8: 164–172, 2003. [PubMed: 19649216] 

2. Williams M, and Nadler J. Lipoxygenase products. Hypertension primer: the essentials of high 
blood pressure: basic science, population science, and clinical management Philadelphia: Lippincott 
Williams & Wilkins 4th ed, 2007.

3. Canals S, Casarejos MJ, de Bernardo S, Rodriguez-Martin E, and Mena MA. Nitric oxide triggers 
the toxicity due to glutathione depletion in midbrain cultures through 12-lipoxygenase. J Biol Chem 
278: 21542–21549, 2003. [PubMed: 12679339] 

4. Pratico D, Zhukareva V, Yao Y, Uryu K, Funk CD, Lawson JA, Trojanowski JQ, and Lee VM. 
12/15-lipoxygenase is increased in Alzheimer’s disease: possible involvement in brain oxidative 
stress. Am J Pathol 164: 1655–6262, 2004. [PubMed: 15111312] 

5. Lambeau G, and Gelb MH. Biochemistry and physiology of mammalian secreted phospholipases 
A2. Ann Rev Biochem 77: 495–520, 2008. [PubMed: 18405237] 

6. Natarajan R, and Nadler JL. Lipid inflammatory mediators in diabetic vascular disease. Arterioscler 
Thromb Vasc Biol 24: 1542–1548, 2004. [PubMed: 15166011] 

Singh and Rao Page 18

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Kuhn H, Banthiya S, van Leyen K. Mammalian lipoxygenases and their biological relevance. 
Biochim Biophys Acta 1851: 308–330, 2015. [PubMed: 25316652] 

8. Adel S, Karst F, González-Lafont À, Pekárová M, Saura P, Masgrau L, Lluch JM, Stehling S, Horn 
T, Kuhn H, Heydeck D. Evolutionary alteration of ALOX15 specificity optimizes the biosynthesis 
of antiinflammatory and proresolving lipoxins. Proc Natl Acad Sci U S A 113: E4266–E4275, 2016. 
[PubMed: 27412860] 

9. Kuhn H, Humeniuk L, Kozlov N, Roigas S, Adel S, Heydeck D. The evolutionary hypothesis of 
reaction specificity of mammalian ALOX15 orthologs. Prog Lipid Res 72: 55–74, 2018. [PubMed: 
30237084] 

10. Funk CD, Chen XS, Johnson EN, and Zhao L. Lipoxygenase genes and their targeted disruption. 
Prostaglandins Other Lipid Mediat 68–69: 303–312, 2002.

11. Ivanov I, Kuhn H, and Heydeck D. Structural and functional biology of arachidonic acid 15-
lipoxygenase-1 (ALOX15). Gene 573: 1–32, 2015. [PubMed: 26216303] 

12. Kühn H, O’Donnell VB. Inflammation and immune regulation by 12/15-lipoxygenases. Prog Lipid 
Res 45: 334–356, 2006. [PubMed: 16678271] 

13. Dobrian AD, Lieb DC, Cole BK, Taylor-Fishwick DA, Chakrabarti SK, and Nadler JL. Functional 
and pathological roles of the 12- and 15-lipoxygenases. Prog Lipid Res 50: 115–131, 1991.

14. Brash AR, Boeglin WE, and Chang MS. Discovery of a second 15S-lipoxygenase in humans. Proc 
Natl Acad Sci USA 194: 6148–61452, 1997.

15. Jisaka M, Kim RB, Boeglin WE, and Brash AR. Identification of amino acid determinants of the 
positional specificity of mouse 8S-lipoxygenase and human15S- lipoxygenase-2. J Biol Chem 275: 
1287–1293, 2000. [PubMed: 10625675] 

16. Kroschwald P, Kroschwald A, Kühn H, Ludwig P, Thiele BJ, Höhne M, Schewe T, Rapoport SM. 
Occurrence of the erythroid cell specific arachidonate 15-lipoxygenase in human reticulocytes. 
Biochem Biophys Res Commun 160: 954–960, 1989. [PubMed: 2719708] 

17. Rothe T, Gruber F, Uderhardt S, Ipseiz N, Rössner S, Oskolkova O, Blüml S, Leitinger N, Bicker 
W, Bochkov VN, Yamamoto M, Steinkasserer A, Schett G, Zinser E, and Krönke G. 12/15-
Lipoxygenase-mediated enzymatic lipid oxidation regulates DC maturation and function. J Clin 
Invest 125: 1944–1954, 2015. [PubMed: 25844901] 

18. Kim JA, Gu JL, Natarajan R, Berliner JA, Nadler JL. A leukocyte type of 12-lipoxygenase is 
expressed in human vascular and mononuclear cells. Evidence for upregulation by angiotensin II. 
Arterioscler Thromb Vasc Biol 15: 942–948, 1995. [PubMed: 7600127] 

19. Conrad DJ, Kuhn H, Mulkins M, Highland E, and Sigal E. Specific inflammatory cytokines 
regulate the expression of human monocyte 15-lipoxygenase. Proc Natl Acad Sci USA 89: 217–
221, 1992. [PubMed: 1729692] 

20. Heydeck D, Thomas L, Schnurr K, Trebus F, Thierfelder WE, Ihle JN, and Kühn H. Interleukin-4 
and −13 induce upregulation of the murine macrophage 12/15-lipoxygenase activity: evidence for 
the involvement of transcription factor STAT6. Blood 92: 2503–2510, 1998. [PubMed: 9746791] 

21. Brinckmann R, Topp MS, Zalán I, Heydeck D, Ludwig P, Kühn H, Berdel WE, and Habenicht JR. 
Regulation of 15-lipoxygenase expression in lung epithelial cells by interleukin-4. Biochem J 318: 
305–312, 1996. [PubMed: 8761486] 

22. Lee YW, Kühn H, Kaiser S, Hennig B, Daugherty A, and Toborek M. Interleukin 4 induces 
transcription of the 15-lipoxygenase I gene in human endothelial cells. J Lipid Res 42: 783–791, 
2001. [PubMed: 11352986] 

23. Ludwig P, Höhne M, Kühn H, Schewe T, and Rapoport SM. The biological dynamics of 
lipoxygenase in rabbit red cells in the course of an experimental bleeding anaemia. Unexpected 
effects of the calcium ionophore A 23187. Biomed Biochim Acta 47: 593–608, 1988. [PubMed: 
3144270] 

24. Kroschwald P, Kroschwald A, Wiesner R, Schewe T, and Kühn H. The occurrence of a 
lipoxygenase pathway in reticulocytes of various species. Biomed Biochim Acta 45: 1237–1247, 
1986. [PubMed: 3105527] 

25. Huo Y, Zhao L, Hyman MC, Shashkin P, Harry BL, Burcin T, Forlow SB, Stark MA, Smith DF, 
Clarke S, Srinivasan S, Hedrick CC, Praticò D, Witztum JL, Nadler JL, Funk CD, and Ley K. 

Singh and Rao Page 19

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Critical role of macrophage 12/15-lipoxygenase for atherosclerosis in apolipoprotein E-deficient 
mice. Circulation 110: 2024–2031, 2004. [PubMed: 15451785] 

26. Archambault AS, Turcotte C, Martin C, Provost V, Larose MC, Laprise C, Chakir J, Bissonnette É, 
Laviolette M, Bossé Y, Flamand N. Comparison of eight 15-lipoxygenase (LO) inhibitors on the 
biosynthesis of 15-LO metabolites by human neutrophils and eosinophils. PLoS One 13(8): 
e0202424, 2018 [PubMed: 30118527] 

27. Brash AR. Lipoxygenases: occurrence, functions, catalysis, and acquisition of substrate. J Biol 
Chem 1999 8 20;274(34):23679–82. [PubMed: 10446122] 

28. Bryant RW, Bailey JM, Schewe T, and Rapoport SM. Positional specificity of a reticulocyte 
lipoxygenase. Conversion of arachidonic acid to 15-S-hydroperoxy-eicosatetraenoic acid. J Biol 
Chem 257: 6050–6055, 1982. [PubMed: 6804460] 

29. Ursini F, Maiorino M, Brigelius-Flohé R, Aumann KD, Roveri A, Schomburg D, Flohé L. 
Diversity of glutathione peroxidases. Methods Enzymol 252: 38–53, 1995. [PubMed: 7476373] 

30. Sun L, Xu YW, Han J, Liang H, Wang N, and Cheng Y. 12/15-Lipoxygenase metabolites of 
arachidonic acid activate PPARγ: a possible neuroprotective effect in ischemic brain. J Lipid Res 
56: 502–514, 2015. [PubMed: 25605873] 

31. Hong SH, Han JE, Ko JS, Do SH, Lee EH, Cho MH. Quantitative determination of 12-
hydroxyeicosatetraenoic acids by chiral liquid chromatography tandem mass spectrometry in a 
murine atopic dermatitis model. J Vet Sci 16: 307–315, 2015. [PubMed: 25797298] 

32. Mazaleuskaya LL, Salamatipour A, Sarantopoulou D, Weng L, FitzGerald GA, Blair IA, Mesaros 
C. Analysis of HETEs in human whole blood by chiral UHPLC-ECAPCI/HRMS. J Lipid Res 59: 
564–575, 2018. [PubMed: 29301865] 

33. Guo Y, Zhang W, Giroux C, Cai Y, Ekambaram P, Dilly AK, Hsu A, Zhou S, Maddipati KR, Liu J, 
Joshi S, Tucker SC, Lee MJ, and Honn KV. Identification of the orphan G protein-coupled receptor 
GPR31 as a receptor for 12-(S)-hydroxyeicosatetraenoic acid. J Biol Chem 286: 33832–33840, 
2011. [PubMed: 21712392] 

34. Pace-Asciak CR. The hepoxilins and some analogues: a review of their biology. Br J Pharmacol 
158: 972–981, 2009 [PubMed: 19422397] 

35. Feltenmark S, Gautam N, Brunnström A, Griffiths W, Backman L, Edenius C, Lindbom L, 
Björkholm M, and Claesson HE. Eoxins are proinflammatory arachidonic acid metabolites 
produced via the 15-lipoxygenase-1 pathway in human eosinophils and mast cells. Proc Natl Acad 
Sci USA 105: 680–685, 2008. [PubMed: 18184802] 

36. Kühn H, and Borchert A. Regulation of enzymatic lipid peroxidation: the interplay of peroxidizing 
and peroxide reducing enzymes. Free Radic Biol Med 33:154–172, 2002. [PubMed: 12106812] 

37. Wei C, Zhu P, Shah SJ, and Blair IA. 15-oxo-Eicosatetraenoic acid, a metabolite of macrophage 
15-hydroxyprostaglandin dehydrogenase that inhibits endothelial cell proliferation. Molecular 
Pharmacology 76: 516–525, 2009. [PubMed: 19535459] 

38. Newman JW, Morisseau C, and Hammock BD. Epoxide hydrolases: their roles and interactions 
with lipid metabolism. Prog Lipid Res 44:1–51, 2005. [PubMed: 15748653] 

39. Kutzner L, Goloshchapova K, Heydeck D, Stehling S, Kuhn H, Schebb NH. Mammalian ALOX15 
orthologs exhibit pronounced dual positional specificity with docosahexaenoic acid. Biochim 
Biophys Acta 1862: 666–675, 2017.

40. Hu Y, Sun H, O’Flaherty JT, and Edwards IJ. 15-Lipoxygenase-1-mediated metabolism of 
docosahexaenoic acid is required for syndecan-1 signaling and apoptosis in prostate cancer cells. 
Carcinogenesis 34: 176–182, 2013. [PubMed: 23066085] 

41. O’Flaherty JT, Wooten RE, Samuel MP, Thomas MJ, Levine EA, Case LD, Akman SA, and 
Edwards IJ. Fatty acid metabolites in rapidly proliferating breast cancer. PLOS ONE 8: e63076, 
2013. [PubMed: 23658799] 

42. Ramon S, Baker SF, Sahler JM, Kim N, Feldsott EA, Serhan CN, Martínez-Sobrido L, Topham DJ, 
and Phipps RP. The specialized proresolving mediator 17-HDHA enhances the antibody-mediated 
immune response against influenza virus: a new class of adjuvant? Journal of Immunology 193: 
6031–6040, 2014.

Singh and Rao Page 20

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Kim N, Ramon S, Thatcher TH, Woeller CF, Sime PJ,and Phipps RP. Specialized proresolving 
mediators (SPMs) inhibit human B-cell IgE production. European Journal of Immunology 46: 81–
91, 2016. [PubMed: 26474728] 

44. Ziboh VA, Miller CC, and Cho Y. Metabolism of polyunsaturated fatty acids by skin epidermal 
enzymes: generation of antiinflammatory and antiproliferative metabolites. The American Journal 
of Clinical Nutrition 71: 361S–366S, 2000. [PubMed: 10617998] 

45. Toledo L, Masgrau L, Lluch JM, González-Lafont À. Substrate binding to mammalian 15-
lipoxygenase. J Comput Aided Mol Des 25: 825–835, 2011. [PubMed: 21861154] 

46. Yuan ZX, Rapoport SI, Soldin SJ, Remaley AT, Taha AY, Kellom M, Gu J, Sampson M, and 
Ramsden CE. Identification and profiling of targeted oxidized linoleic acid metabolites in rat 
plasma by quadrupole time-of-flight mass spectrometry. Biomedical Chromatography: BMC 27: 
422–432, 2013. [PubMed: 23037960] 

47. Thomas CP, Morgan LT, Maskrey BH, Murphy RC, Kühn H, Hazen SL, Goodall AH, Hamali HA, 
Collins PW, O’Donnell VB. Phospholipid-esterified eicosanoids are generated in agonist-activated 
human platelets and enhance tissue factor-dependent thrombin generation. J Biol Chem 285: 
6891–6903, 2010. [PubMed: 20061396] 

48. Morgan AH, Dioszeghy V, Maskrey BH, Thomas CP, Clark SR, Mathie SA, Lloyd CM, Kühn H, 
Topley N, Coles BC, Taylor PR, Jones SA, O’Donnell VB. Phosphatidylethanolamine-esterified 
eicosanoids in the mouse: tissue localization and inflammation-dependent formation in Th-2 
disease. J Biol Chem 284: 21185–21191, 2009. [PubMed: 19531470] 

49. Maskrey BH, Bermúdez-Fajardo A, Morgan AH, Stewart-Jones E, Dioszeghy V, Taylor GW, Baker 
PR, Coles B, Coffey MJ, Kühn H, O’Donnell VB. Activated platelets and monocytes generate four 
hydroxyphosphatidylethanolamines via lipoxygenase. J Biol Chem 282: 20151–20163, 2007. 
[PubMed: 17519227] 

50. Kayama Y, Minamino T, Toko H, Sakamoto M, Shimizu I, Takahashi H, Okada S, Tateno K, 
Moriya J, Yokoyama M, Nojima A, Yoshimura M, Egashira K, Aburatani H, and Komuro I. 
Cardiac 12/15 lipoxygenase-induced inflammation is involved in heart failure. J Exp Med 206: 
1565–1574, 2009. [PubMed: 19546247] 

51. Cole BK, Lieb DC, Dobrian AD, and Nadler JL. 12- and 15-lipoxygenases in adipose tissue 
inflammation. Prostaglandins Other Lipid Mediat 104-105: 84–92, 2013. [PubMed: 22951339] 

52. Li J, Rao J, Liu Y, Cao Y, Zhang Y, Zhang Q, and Zhu D. 15 Lipoxygenase promotes chronic 
hypoxia-induced pulmonary artery inflammation via positive interaction with nuclear factor-κB. 
Arterioscler Thromb Vasc Biol 33: 971–979, 2013. [PubMed: 23493287] 

53. Higgs GA, Salmon JA, and Spayne JA. The inflammatory effects of hydroperoxy and hydroxy acid 
products of arachidonate lipoxygenase in rabbit skin. Br J Pharmacol 74: 429–433, 1981. 
[PubMed: 6274465] 

54. Middleton MK, Rubinstein T, and Puré E. Cellular and molecular mechanisms of the selective 
regulation of IL-12 production by 12/15-lipoxygenase. J Immunol 176: 265–274, 2006. [PubMed: 
16365418] 

55. Namgaladze D, Snodgrass RG, Angioni C, Grossmann N, Dehne N, Geisslinger G, and Brüne B. 
AMP-activated protein kinase suppresses arachidonate 15-lipoxygenase expression in interleukin 
4-polarized human macrophages. J Biol Chem 290: 24484–24494, 2015. [PubMed: 26276392] 

56. Bolick DT, Orr AW, Whetzel A, Srinivasan S, Hatley ME, Schwartz MA, and Hedrick CC. 12/15-
lipoxygenase regulates intercellular adhesion molecule-1 expression and monocyte adhesion to 
endothelium through activation of RhoA and nuclear factor-kappaB. Arterioscler Thromb Vasc 
Biol 25: 2301–2307, 2005. [PubMed: 16166569] 

57. Wen Y, Gu J, Chakrabarti SK, Aylor K, Marshall J, Takahashi Y, Yoshimoto T, and Nadler JL. The 
role of 12/15-lipoxygenase in the expression of interleukin-6 and tumor necrosis factor-alpha in 
macrophages. Endocrinology 148: 1313–1322, 2007. [PubMed: 17170102] 

58. Dwarakanath RS, Sahar S, Lanting L, Wang N, Stemerman MB, Natarajan R, and Reddy MA. 
Viral vector-mediated 12/15-lipoxygenase overexpression in vascular smooth muscle cells 
enhances inflammatory gene expression and migration. J Vasc Res 45: 132–142, 2008. [PubMed: 
17943024] 

Singh and Rao Page 21

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



59. Zarbock A, Distasi MR, Smith E, Sanders JM, Kronke G, Harry BL, von Vietinghoff S, Buscher K, 
Nadler JL, and Ley K. Improved survival and reduced vascular permeability by eliminating or 
blocking 12/15-lipoxygenase in mouse models of acute lung injury (ALI). J Immunol 183: 4715–
4722, 2009. [PubMed: 19752233] 

60. Anderson SD, and Kippelen P. Airway injury as a mechanism for exercise-induced 
bronchoconstriction in elite athletes. J Allergy Clin Immunol 122: 225–235, 2008. [PubMed: 
18554705] 

61. Feltenmark S, Gautam N, Brunnström A, Griffiths W, Backman L, Edenius C, Lindbom L, 
Björkholm M, and Claesson HE. Eoxins are proinflammatory arachidonic acid metabolites 
produced via the 15-lipoxygenase-1 pathway in human eosinophils and mast cells. Proc Natl Acad 
Sci USA 105: 680–685, 2008. [PubMed: 18184802] 

62. Bradding P, Redington AE, Djukanovic R, Conrad DJ, and Holgate ST. 15-lipoxygenase 
immunoreactivity in normal and in asthmatic airways. Am J Respir Crit Care Med 151: 1201–
1204, 1995. [PubMed: 7697253] 

63. Chapman ID, Foster A, and Morley J. The relationship between inflammation and hyperreactivity 
of the airways in asthma. Clin Exp Allergy 23: 168–171, 1993. [PubMed: 8472185] 

64. Uderhardt S, Herrmann M, Oskolkova OV, Aschermann S, Bicker W, Ipseiz N, Sarter K, Frey B, 
Rothe T, Voll R, Nimmerjahn F, Bochkov VN, Schett G, and Krönke G. 12/15-lipoxygenase 
orchestrates the clearance of apoptotic cells and maintains immunologic tolerance. Immunity 36: 
834–846, 2012. [PubMed: 22503541] 

65. Kroschwald S, Chiu CY, Heydeck D, Rohwer N, Gehring T, Seifert U, Lux A, Rothe M, Weylandt 
KH, Kuhn H. Female mice carrying a defective Alox15 gene are protected from experimental 
colitis via sustained maintenance of the intestinal epithelial barrier function. Biochim Biophys 
Acta 1863: 866–880, 2018.

66. Biosynthesis Kühn H., metabolization and biological importance of the primary 15-lipoxygenase 
metabolites 15-hydro(pero)XY-5Z,8Z,11Z,13E-eicosatetraenoic acid and 13-hydro(pero)XY-9Z,
11E-octadecadienoic acid. Prog Lipid Res 35: 203–226, 1996. [PubMed: 9082450] 

67. Ziboh VA. The significance of polyunsaturated fatty acids in cutaneous biology. Lipids 31: S249–
S253, 1996. [PubMed: 8729128] 

68. Miller YI, Chang MK, Funk CD, Feramisco JR, and Witztum JL. 12/15-lipoxygenase translocation 
enhances site-specific actin polymerization in macrophages phagocytosing apoptotic cells. J Biol 
Chem 276: 19431–19439, 2001. [PubMed: 11278875] 

69. Heydeck D, Thomas L, Schnurr K, Trebus F, Thierfelder WE, Ihle JN, and Kühn H. Interleukin-4 
and −13 induce upregulation of the murine macrophage 12/15-lipoxygenase activity: evidence for 
the involvement of transcription factor STAT6. Blood 92: 2503–2510, 1998. [PubMed: 9746791] 

70. Conrad DJ, Kuhn H, Mulkins M, Highland E, and Sigal E. Specific inflammatory cytokines 
regulate the expression of human monocyte 15-lipoxygenase. Proc Natl Acad Sci USA 89: 217–
221, 1992. [PubMed: 1729692] 

71. Huang JT, Welch JS, Ricote M, Binder CJ, Willson TM, Kelly C, Witztum JL, Funk CD, Conrad 
D, and Glass CK. Interleukin-4-dependent production of PPAR-gamma ligands in macrophages by 
12/15-lipoxygenase. Nature 400: 378–382, 1999. [PubMed: 10432118] 

72. Namgaladze D, Snodgrass RG, Angioni C, Grossmann N, Dehne N, Geisslinger G, and Brüne B. 
AMP-activated protein kinase suppresses arachidonate 15-lipoxygenase expression in interleukin 
4-polarized human macrophages. J Biol Chem 290: 24484–24494, 2015. [PubMed: 26276392] 

73. Deleuran B, Iversen L, Deleuran M, Yssel H, Kragballe K, Stengaard-Pedersen K, and Thestrup-
Pedersen K. Interleukin 13 suppresses cytokine production and stimulates the production of 15-
HETE in PBMC. A comparison between IL-4 and IL-13. Cytokine 7: 319–324, 1995. [PubMed: 
8589261] 

74. Sun L, Xu YW, Han J, Liang H, Wang N, and Cheng Y. 12/15-Lipoxygenase metabolites of 
arachidonic acid activate PPARγ: a possible neuroprotective effect in ischemic brain. J Lipid Res 
56: 502–514, 2015. [PubMed: 25605873] 

75. Krönke G, Katzenbeisser J, Uderhardt S, Zaiss MM, Scholtysek C, Schabbauer G, Zarbock A, 
Koenders MI, Axmann R, Zwerina J, Baenckler HW, van den Berg W, Voll RE, Kühn H, Joosten 

Singh and Rao Page 22

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LA, and Schett G. 12/15-lipoxygenase counteracts inflammation and tissue damage in arthritis. J 
Immunol 183: 3383–3389, 2009. [PubMed: 19675173] 

76. Stein K, Stoffels M, Lysson M, Schneiker B, Dewald O, Krönke G, Kalff JC, and Wehner S. A role 
for 12/15-lipoxygenase-derived proresolving mediators in postoperative ileus: protectin DX-
regulated neutrophil extravasation. J Leukoc Biol 99: 231–239, 2016. [PubMed: 26292977] 

77. Yamada T, Tani Y, Nakanishi H, Taguchi R, Arita M, and Arai H. Eosinophils promote resolution 
of acute peritonitis by producing pro resolving mediators in mice. FASEB J 25: 561–568, 2010. 
[PubMed: 20959515] 

78. Gronert K, Maheshwari N, Khan N, Hassan IR, Dunn M, and Laniado Schwartzman M. A role for 
the mouse 12/15-lipoxygenase pathway in promoting epithelial wound healing and host defense. J 
Biol Chem 280: 15267–15278, 2005. [PubMed: 15708862] 

79. Krönke G, Reich N, Scholtysek C, Akhmetshina A, Uderhardt S, Zerr P, Palumbo K, Lang V, Dees 
C, Distler O, Schett G, and Distler JH. The 12/15-lipoxygenase pathway counteracts fibroblast 
activation and experimental fibrosis. Ann Rheum Dis 71: 1081–1087, 2012. [PubMed: 22267335] 

80. Hersberger M Potential role of the lipoxygenase derived lipid mediators in atherosclerosis: 
leukotrienes, lipoxins and resolvins. Clin Chem Lab Med 48: 1063–1073, 2010. [PubMed: 
20441482] 

81. Serhan CN, Hamberg M, and Samuelsson B. Lipoxins: novel series of biologically active 
compounds formed from arachidonic acid in human leukocytes. Proc Natl Acad Sci USA 81: 
5335–5339, 1984. [PubMed: 6089195] 

82. Machado FS, Johndrow JE, Esper L, Dias A, Bafica A, Serhan CN, and Aliberti J. Anti-
inflammatory actions of lipoxin A4 and aspirin-triggered lipoxin are SOCS-2 dependent. Nat Med 
12: 330–334, 2006. [PubMed: 16415877] 

83. Börgeson E, McGillicuddy FC, Harford KA, Corrigan N, Higgins DF, Maderna P, Roche HM, and 
Godson C. Lipoxin A4 attenuates adipose inflammation. FASEB J 26: 4287–4294, 2012. 
[PubMed: 22700871] 

84. Serhan CN, Chiang N, and Van Dyke TE. Resolving inflammation: dual anti-inflammatory and 
pro-resolution lipid mediators. Nat Rev Immunol 8: 349–361, 2008. [PubMed: 18437155] 

85. Mitchell S, Thomas G, Harvey K, Cottell D, Reville K, Berlasconi G, Petasis NA, Erwig L, Rees 
AJ, Savill J, Brady HR, and Godson C. Lipoxins, aspirin-triggered epi-lipoxins, lipoxin stable 
analogues, and the resolution of inflammation: stimulation of macrophage phagocytosis of 
apoptotic neutrophils in vivo. J Am Soc Nephrol 13: 2497–2507, 2002. [PubMed: 12239238] 

86. Serhan CN, and Savill J. Resolution of inflammation: the beginning programs the end. Nat 
Immunol 6: 1191–1197, 2005. [PubMed: 16369558] 

87. Serhan CN, Jain A, Marleau S, Clish C, Kantarci A, Behbehani B, Colgan SP, Stahl GL, Merched 
A, Petasis NA, Chan L, and Van Dyke TE. Reduced inflammation and tissue damage in transgenic 
rabbits overexpressing 15-lipoxygenase and endogenous anti-inflammatory lipid mediators. J 
Immunol 171: 6856–6865, 2003. [PubMed: 14662892] 

88. Munger KA, Montero A, Fukunaga M, Uda S, Yura T, Imai E, Kaneda Y, Valdivielso JM, and Badr 
KF. Transfection of rat kidney with human 15-lipoxygenase suppresses inflammation and 
preserves function in experimental glomerulonephritis. Proc Natl Acad Sci USA 96:13375–13380, 
1999. [PubMed: 10557328] 

89. Chiang N, Serhan CN, Dahlén SE, Drazen JM, Hay DW, Rovati GE, Shimizu T, Yokomizo T, and 
Brink C. The lipoxin receptor ALX: potent ligand-specific and stereoselective actions in vivo. 
Pharmacol Rev 58: 463–487, 2006. [PubMed: 16968948] 

90. Dufton N, Hannon R, Brancaleone V, Dalli J, Patel HB, Gray M, D’Acquisto F, Buckingham JC, 
Perretti M, and Flower RJ. Anti-inflammatory role of the murine formyl-peptide receptor 2: 
ligand-specific effects on leukocyte responses and experimental inflammation. J Immunol 184: 
2611–2619, 2010. [PubMed: 20107188] 

91. Barnig C, Cernadas M, Dutile S, Liu X, Perrella MA, Kazani S, Wechsler ME, Israel E, and Levy 
BD. Lipoxin A4 regulates natural killer cell and type 2 innate lymphoid cell activation in asthma. 
Sci Transl Med 5: 174ra26, 2013.

Singh and Rao Page 23

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



92. Ariel A, Li PL, Wang W, Tang WX, Fredman G, Hong S, Gotlinger KH, and Serhan CN. The 
docosatriene protectin D1 is produced by TH2 skewing and promotes human T cell apoptosis via 
lipid raft clustering. J Biol Chem 280: 43079–43086, 2005. [PubMed: 16216871] 

93. Serhan CN, Gotlinger K, Hong S, Lu Y, Siegelman J, Baer T, Yang R, Colgan SP, and Petasis NA. 
Anti-inflammatory actions of neuroprotectin D1/protectin D1 and its natural stereoisomers: 
assignments of dihydroxy-containing docosatrienes. J Immunol 176: 1848–1859, 2006. [PubMed: 
16424216] 

94. Arita M, Bianchini F, Aliberti J, Sher A, Chiang N, Hong S, Yang R, Petasis NA, and Serhan CN. 
Stereochemical assignment, antiinflammatory properties, and receptor for the omega-3 lipid 
mediator resolvin E1. J Exp Med 201: 713–722, 2005. [PubMed: 15753205] 

95. Hammond VJ, and O’Donnell VB. Esterified eicosanoids: generation, characterization and 
function. Biochim Biophys Acta 1818: 2403–1242, 2012. [PubMed: 22200400] 

96. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, and Ley K. Development of monocytes, 
macrophages, and dendritic cells. Science 327: 656–661, 2010. [PubMed: 20133564] 

97. Maskrey BH, Bermúdez-Fajardo A, Morgan AH, Stewart-Jones E, Dioszeghy V, Taylor GW, Baker 
PR, Coles B, Coffey MJ, Kühn H, and O’Donnell VB. Activated platelets and monocytes generate 
four hydroxyphosphatidylethanolamines via lipoxygenase. J Biol Chem 282: 20151–20163, 2007. 
[PubMed: 17519227] 

98. Elliott MR, and Ravichandran KS. Clearance of apoptotic cells: implications in health and disease. 
J Cell Biol 189: 1059–1070, 2010. [PubMed: 20584912] 

99. Muñoz LE, Lauber K, Schiller M, Manfredi AA, and Herrmann M. The role of defective clearance 
of apoptotic cells in systemic autoimmunity. Nat Rev Rheumatol 6: 280–289, 2010. [PubMed: 
20431553] 

100. Ipseiz N, Uderhardt S, Scholtysek C, Steffen M, Schabbauer G, Bozec A, Schett G, and Krönke 
G. The nuclear receptor Nr4a1 mediates anti-inflammatory effects of apoptotic cells. J Immunol 
192: 4852–4858, 2014. [PubMed: 24740500] 

101. Ou Y, Wang S‐ J, Li D, Chu B, Gu W. Activation of SAT1 engages polyamine metabolism with 
p53‐mediated ferroptotic responses. Proc Natl Acad Sci 113: E6806–E6812, 2016. [PubMed: 
27698118] 

102. Çolakoğlu M, Tunçer S, Banerjee S. Emerging cellular functions of the lipid metabolizing 
enzyme 15-Lipoxygenase-1. Cell Prolif 51(5): e12472, 2018. [PubMed: 30062726] 

103. Godson C, Mitchell S, Harvey K, Petasis NA, Hogg N, and Brady HR. Cutting edge: lipoxins 
rapidly stimulate nonphlogistic phagocytosis of apoptotic neutrophils by monocyte-derived 
macrophages. J Immunol 164: 1663–1667, 2000. [PubMed: 10657608] 

104. Poeckel D, Zemski Berry KA, Murphy RC, Funk CD. Dual 12/15- and 5-lipoxygenase deficiency 
in macrophages alters arachidonic acid metabolism and attenuates peritonitis and atherosclerosis 
in ApoE knock-out mice. J Biol Chem 284: 21077–21089, 2009. [PubMed: 19509298] 

105. Spanbroek R, Hildner M, Köhler A, Müller A, Zintl F, Kühn H, Rådmark O, Samuelsson B, and 
Habenicht AJ. IL-4 determines eicosanoid formation in dendritic cells by down-regulation of 5-
lipoxygenase and up-regulation of 15-lipoxygenase 1 expression. Proc Natl Acad Sci USA 98: 
5152–5157, 2001. [PubMed: 11320251] 

106. Rothe T, Gruber F, Uderhardt S, Ipseiz N, Rössner S, Oskolkova O, Blüml S, Leitinger N, Bicker 
W, Bochkov VN, Yamamoto M, Steinkasserer A, Schett G, Zinser E, and Krönke G. 12/15-
Lipoxygenase-mediated enzymatic lipid oxidation regulates DC maturation and function. J Clin 
Invest 125: 1944–1954, 2015. [PubMed: 25844901] 

107. Blüml S, Kirchberger S, Bochkov VN, Krönke G, Stuhlmeier K, Majdic O, Zlabinger GJ, Knapp 
W, Binder BR, Stöckl J, and Leitinger N. Oxidized phospholipids negatively regulate dendritic 
cell maturation induced by TLRs and CD40. J Immunol 175: 501–508, 2005. [PubMed: 
15972685] 

108. Al-Huseini LM, Aw Yeang HX, Sethu S, Alhumeed N, Hamdam JM, Tingle Y, Djouhri L, 
Kitteringham N, Park BK, Goldring CE, and Sathish JG. Nuclear factor-erythroid 2 (NF-E2) p45-
related factor-2 (Nrf2) modulates dendritic cell immune function through regulation of p38 
MAPK-cAMP-responsive element binding protein/activating transcription factor 1 signaling. J 
Biol Chem 288: 22281–22288, 2013. [PubMed: 23775080] 

Singh and Rao Page 24

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



109. Rangasamy SB, Soderstrom K, Bakay RA, and Kordower JH. Neurotrophic factor therapy for 
Parkinson’s disease. Prog Brain Res 184: 237–264, 2010. [PubMed: 20887879] 

110. Emerson MR, and LeVine SM. Experimental allergic encephalomyelitis is exacerbated in mice 
deficient for 12/15-lipoxygenase or 5-lipoxygenase. Brain Res 1021: 140–145, 2004. [PubMed: 
15328042] 

111. Aw Yeang HX, Hamdam JM, Al-Huseini LM, Sethu S, Djouhri L, Walsh J, Kitteringham N, Park 
BK, Goldring CE, and Sathish JG. Loss of transcription factor nuclear factor-erythroid 2 (NF-E2) 
p45-related factor-2 (Nrf2) leads to dysregulation of immune functions, redox homeostasis, and 
intracellular signaling in dendritic cells. J Biol Chem 287: 10556–10564, 2012. [PubMed: 
22311972] 

112. Gold R, Linker RA, and Stangel M. Fumaric acid and its esters: an emerging treatment for 
multiple sclerosis with antioxidative mechanism of action. Clin Immunol 142: 44–48, 2012. 
[PubMed: 21414846] 

113. Pareek TK, Belkadi A, Kesavapany S, Zaremba A, Loh SL, Bai L, Cohen ML, Meyer C, Liby KT, 
Miller RH, Sporn MB, and Letterio JJ. Triterpenoid modulation of IL-17 and Nrf-2 expression 
ameliorates neuroinflammation and promotes remyelination in autoimmune encephalomyelitis. 
Sci Rep 1: 201, 2011. [PubMed: 22355716] 

114. Chawengsub Y, Gauthier KM, and Campbell WB. Role of arachidonic acid lipoxygenase 
metabolites in the regulation of vascular tone. Am J Physiol Heart Circ Physiol 297: H495–507, 
2009. [PubMed: 19525377] 

115. Natarajan R, Gu JL, Rossi J, Gonzales N, Lanting L, Xu L, and Nadler J. Elevated glucose and 
angiotensin II increase 12-lipoxygenase activity and expression in porcine aortic smooth muscle 
cells. Proc Natl Acad Sci USA 90: 4947–4951, 1993. [PubMed: 8506339] 

116. Stern N, Golub M, Nozawa K, Berger M, Knoll E, Yanagawa N, Natarajan R, Nadler JL, and 
Tuck ML. Selective inhibition of angiotensin II-mediated vasoconstriction by lipoxygenase 
blockade. Am J Physiol 257: H434–443, 1989. [PubMed: 2504056] 

117. Nguyen Dinh Cat A, and Touyz RM. Cell signaling of angiotensin II on vascular tone: novel 
mechanisms. Curr Hypertens Rep 13: 122–128, 2011. [PubMed: 21274755] 

118. Zhu D, Medhora M, Campbell WB, Spitzbarth N, Baker JE, and Jacobs ER. Chronic hypoxia 
activates lung 15-lipoxygenase, which catalyzes production of 15-HETE and enhances 
constriction in neonatal rabbit pulmonary arteries. Circ Res 92: 992–1000, 2003. [PubMed: 
12690037] 

119. Rubbo H, and O’Donnell V. Nitric oxide, peroxynitrite and lipoxygenase in atherogenesis: 
mechanistic insights. Toxicology 208: 305–317, 2005. [PubMed: 15691594] 

120. Holzhütter HG, Wiesner R, Rathmann J, Stösser R, and Kühn H. A kinetic model for the 
interaction of nitric oxide with a mammalian lipoxygenase. Eur J Biochem 245: 608–616, 1997. 
[PubMed: 9182996] 

121. Ma YH, Harder DR, Clark JE, and Roman RJ. Effects of 12-HETE on isolated dog renal arcuate 
arteries. Am J Physiol 261: H451–H456, 1991. [PubMed: 1908641] 

122. Miller AW, Katakam PV, Lee HC, Tulbert CD, Busija DW, and Weintraub NL. Arachidonic acid-
induced vasodilation of rat small mesenteric arteries islipoxygenase-dependent. J Pharmacol Exp 
Ther 304: 139–144, 2003. [PubMed: 12490584] 

123. Faraci FM, Sobey CG, Chrissobolis S, Lund DD, Heistad DD, and Weintraub NL. Arachidonate 
dilates basilar artery by lipoxygenase-dependent mechanism and activation of K(+) channels. Am 
J Physiol Regul Integr Comp Physiol 281: R246–253, 2001. [PubMed: 11404300] 

124. Zink MH, Oltman CL, Lu T, Katakam PV, Kaduce TL, Lee H, Dellsperger KC, Spector AA, 
Myers PR, and Weintraub NL. 12-lipoxygenase in porcine coronary microcirculation: 
implications for coronary vasoregulation. Am J Physiol Heart Circ Physiol 280: H693–704, 2001. 
[PubMed: 11158968] 

125. Larsen BT, Miura H, Hatoum OA, Campbell WB, Hammock BD, Zeldin DC, Falck JR, and 
Gutterman DD. Epoxyeicosatrienoic and dihydroxyeicosatrienoic acids dilate human coronary 
arterioles via BK(Ca) channels: implications for soluble epoxide hydrolase inhibition. Am J 
Physiol Heart Circ Physiol 290: H491–499, 2006. [PubMed: 16258029] 

Singh and Rao Page 25

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



126. Pfister SL, Spitzbarth N, Nithipatikom K, Edgemond WS, Falck JR, and Campbell WB. 
Identification of the 11,14,15- and 11,12, 15-trihydroxyeicosatrienoic acids asendothelium-
derived relaxing factors of rabbit aorta. J Biol Chem 273: 30879–30887, 1998. [PubMed: 
9812980] 

127. Chawengsub Y, Gauthier KM, Nithipatikom K, Hammock BD, Falck JR, Narsimhaswamy D, and 
Campbell WB. Identification of 13-hydroxy-14,15-epoxyeicosatrienoic acid as an acid-stable 
endothelium-derived hyperpolarizing factor in rabbit arteries. J Biol Chem 284: 31280–31290, 
2009. [PubMed: 19737933] 

128. Pfister SL, Spitzbarth N, Nithipatikom K, Falck JR, and Campbell WB. Metabolism of 12-
hydroperoxyeicosatetraenoic acid to vasodilatory trioxilin C3 by rabbit aorta. Biochim Biophys 
Acta 1622: 6–13, 2003. [PubMed: 12829255] 

129. Laneuville O, Corey EJ, Couture R, and Pace-Asciak CR. Hepoxilin A3 (HxA3) is formed by the 
rat aorta and is metabolized into HxA3-C, a glutathione conjugate. Biochim Biophys Acta 1084: 
60–68, 1991. [PubMed: 1675872] 

130. Serhan CN. Lipoxin biosynthesis and its impact in inflammatory and vascular events. Biochim 
Biophys Acta 1212: 1–25, 1994. [PubMed: 8155718] 

131. Kuhn H, Chaitidis P, Roffeis J, and Walther M. Arachidonic Acid metabolites in the 
cardiovascular system: the role of lipoxygenase isoforms in atherogenesis with particular 
emphasis on vascular remodeling. J Cardiovasc Pharmacol 50: 609–620, 2007. [PubMed: 
18091576] 

132. Setty BN, Graeber JE, and Stuart MJ. The mitogenic effect of 15- and 12- 
hydroxyeicosatetraenoic acid on endothelial cells may be mediated via diacylglycerol kinase 
inhibition. J Biol Chem 262: 17613–17622, 1987. [PubMed: 2826426] 

133. Rao GN, Baas AS, Glasgow WC, Eling TE, Runge MS, and Alexander RW. Activation of 
mitogen-activated protein kinases by arachidonic acid and its metabolites in vascular smooth 
muscle cells. J Biol Chem 269: 32586–32591, 1994. [PubMed: 7798262] 

134. Natarajan R, Reddy MA, Malik KU, Fatima S, and Khan BV. Signaling mechanisms of nuclear 
factor-kappab-mediated activation of inflammatory genes by 13-hydroperoxyoctadecadienoic 
acid in cultured vascular smooth muscle cells. Arterioscler Thromb Vasc Biol 21: 1408–1413, 
2001. [PubMed: 11557664] 

135. Dwarakanath RS, Sahar S, Reddy MA, Castanotto D, Rossi JJ, and Natarajan R. Regulation of 
monocyte chemoattractant protein-1 by the oxidized lipid,13-hydroperoxyoctadecadienoic acid, 
in vascular smooth muscle cells via nuclear factor-kappa B (NF-kappa B). J Mol Cell Cardiol 36: 
585–595, 2004. [PubMed: 15081318] 

136. Stoll LL, Morland MR, and Spector AA. 13-HODE increases intracellular calcium in vascular 
smooth muscle cells. Am J Physiol 266: C990–C996, 1994. [PubMed: 8178971] 

137. Patricia MK, Natarajan R, Dooley AN, Hernandez F, Gu JL, Berliner JA, Rossi JJ, Nadler JL, 
Meidell RS, and Hedrick CC. Adenoviral delivery of a leukocyte-type 12-lipoxygenase ribozyme 
inhibits effects of glucose and platelet-derived growth factor in vascular endothelial and smooth 
muscle cells. Circ Res 88: 659–665, 2001. [PubMed: 11304487] 

138. Ma J, Liang S, Wang Z, Zhang L, Jiang J, Zheng J, Yu L, Zheng X, Wang R, and Zhu D. ROCK 
pathway participates in the processes that 15-hydroxyeicosatetraenoic acid (15-HETE) mediated 
the pulmonary vascular remodeling induced by hypoxia in rat. J Cell Physiol 222: 82–94, 2010. 
[PubMed: 19746421] 

139. Chava KR, Karpurapu M, Wang D, Bhanoori M, Kundumani-Sridharan V, Zhang Q, Ichiki T, 
Glasgow WC, and Rao GN. CREB-mediated IL-6 expression is required for 15(S)-
hydroxyeicosatetraenoic acid-induced vascular smooth muscle cell migration. Arterioscler 
Thromb Vasc Biol 29: 809–815, 2009. [PubMed: 19342597] 

140. Potula HS, Wang D, Quyen DV, Singh NK, Kundumani-Sridharan V, Karpurapu M, Park EA, 
Glasgow WC, and Rao GN. Src-dependent STAT-3-mediated expression of monocyte 
chemoattractant protein-1 is required for 15(S)-hydroxyeicosatetraenoic acid-induced vascular 
smooth muscle cell migration. J Biol Chem 284: 31142–31155, 2009. [PubMed: 19736311] 

141. Reddy MA, Kim YS, Lanting L, and Natarajan R. Reduced growth factor responses in vascular 
smooth muscle cells derived from 12/15-lipoxygenase-deficient mice. Hypertension 41: 1294–
1300, 2003. [PubMed: 12707289] 

Singh and Rao Page 26

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



142. Wang S, Wang Y, Jiang J, Wang R, Li L, Qiu Z, Wu H, and Zhu D. 15-HETE protects rat 
pulmonary arterial smooth muscle cells from apoptosis via the PI3K/Akt pathway. Prostaglandins 
Other Lipid Mediat 91: 51–60, 2010. [PubMed: 20060487] 

143. Libby P, Ridker PM, and Hansson GK. Progress and challenges in translating the biology of 
atherosclerosis. Nature 473: 317–325, 2011. [PubMed: 21593864] 

144. Steinberg D A critical look at the evidence for the oxidation of LDL in atherogenesis. 
Atherosclerosis 131: S5–7, 1997. [PubMed: 9253467] 

145. Ross R Atherosclerosis--an inflammatory disease. N Engl J Med 340: 115–126, 1999. [PubMed: 
9887164] 

146. Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA, McEver RP, Pober JS, Wick TM, 
Konkle BA, Schwartz BS, Barnathan ES, McCrae KR, Hug BA, Schmidt AM, and Stern DM. 
Endothelial cells in physiology and in the pathophysiology of vascular disorders. Blood 91: 
3527–3561, 1998. [PubMed: 9572988] 

147. Pober JS, and Sessa WC. Evolving functions of endothelial cells in inflammation. Nat Rev 
Immunol 7: 803–815, 2007. [PubMed: 17893694] 

148. Kundumani-Sridharan V, Dyukova E, Hansen DE, 3rd, and Rao GN. 12/15-Lipoxygenase 
mediates high-fat diet-induced endothelial tight junction disruption and monocyte transmigration: 
a new role for 15(S)-hydroxyeicosatetraenoic acid in endothelial cell dysfunction. J Biol Chem 
288: 15830–15842, 2013. [PubMed: 23589307] 

149. Chattopadhyay R, Tinnikov A, Dyukova E, Singh NK, Kotla S, Mobley JA, and Rao GN. 12/15-
Lipoxygenase-dependent ROS production is required for diet-induced endothelial barrier 
dysfunction. J Lipid Res 56: 562–577, 2015. [PubMed: 25556764] 

150. Chattopadhyay R, Dyukova E, Singh NK, Ohba M, Mobley JA, and Rao GN. Vascular endothelial 
tight junctions and barrier function are disrupted by 15(S)-hydroxyeicosatetraenoic acid partly 
via protein kinase C ε-mediated zona occludens-1 phosphorylation at threonine 770/772. J Biol 
Chem 289: 3148–3163, 2014. [PubMed: 24338688] 

151. Nagy L, Tontonoz P, Alvarez JG, Chen H, and Evans RM. Oxidized LDL regulates macrophage 
gene expression through ligand activation of PPARgamma. Cell 93: 229–240, 1998. [PubMed: 
9568715] 

152. Belkner J, Wiesner R, Rathman J, Barnett J, Sigal E, and Kühn H. Oxygenation of lipoproteins by 
mammalian lipoxygenases. Eur J Biochem 213: 251–261, 1993. [PubMed: 8477699] 

153. Cathcart MK, McNally AK, and Chisolm GM. Lipoxygenase-mediated transformation of human 
low-density lipoprotein to an oxidized and cytotoxic complex. J Lipid Res 32: 63–70, 1991. 
[PubMed: 1901344] 

154. Kühn H, Belkner J, Suzuki H, Yamamoto S. Oxidative modification of human lipoproteins by 
lipoxygenases of different positional specificities. J Lipid Res 35(10): 1749–1759, 1994. 
[PubMed: 7852852] 

155. Rankin SM, Parthasarathy S, and Steinberg D. Evidence for a dominant role of lipoxygenase(s) in 
the oxidation of LDL by mouse peritoneal macrophages. J Lipid Res 32(3): 449–456, 1991. 
[PubMed: 1906087] 

156. Pekárová M, Kuhn H, Bezáková L, Ufer C, Heydeck D. Mutagenesis of triad determinants of rat 
Alox15 alters the specificity of fatty acid and phospholipid oxygenation. Arch Biochem Biophys 
571: 50–57, 2015. [PubMed: 25731857] 

157. Sigari F, Lee C, Witztum JL, and Reaven PD. Fibroblasts that overexpress15- lipoxygenase 
generate bioactive and minimally modified LDL. Arterioscler Thromb Vasc Biol 17: 3639–3645, 
1997. [PubMed: 9437216] 

158. Sakashita T, Takahashi Y, Kinoshita T, and Yoshimoto T. Essential involvement of 12-
lipoxygenase in regiospecific andstereospecific oxidation of low density lipoprotein by 
macrophages. Eur J Biochem 265: 825–831, 1999. [PubMed: 10504415] 

159. Sun D, and Funk CD. Disruption of 12/15-lipoxygenase expression in peritoneal macrophages. 
Enhanced utilization of the 5-lipoxygenase pathway and diminished oxidation of low density 
lipoprotein. J Biol Chem 271: 24055–24062, 1996. [PubMed: 8798642] 

160. Folcik VA, Aamir R, and Cathcart MK. Cytokine modulation of LDL oxidation by activated 
human monocytes. Arterioscler Thromb Vasc Biol 17: 1954–1961, 1997. [PubMed: 9351359] 

Singh and Rao Page 27

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



161. Ylä-Herttuala S, Luoma J, Viita H, Hiltunen T, Sisto T, and Nikkari T. Transfer of 15-
lipoxygenase gene into rabbit iliac arteries results in the appearance of oxidation-specific lipid-
protein adducts characteristic of oxidized low density lipoprotein. J Clin Invest 95: 2692–2698, 
1995. [PubMed: 7769108] 

162. Belkner J, Stender H, and Kühn H. The rabbit 15-lipoxygenase preferentially oxygenates LDL 
cholesterol esters, and this reaction does not require vitamin E. J Biol Chem 273: 23225–23232, 
1998. [PubMed: 9722553] 

163. Zhu H, Takahashi Y, Xu W, Kawajiri H, Murakami T, Yamamoto M, Iseki S, Iwasaki T, Hattori 
H, and Yoshimoto T. Low density lipoprotein receptor-related protein-mediated membrane 
translocation of 12/15-lipoxygenase is required for oxidation of low-density lipoprotein by 
macrophages. J Biol Chem 278: 13350–13355, 2003. [PubMed: 12566436] 

164. Takahashi Y, Zhu H, Xu W, Murakami T, Iwasaki T, Hattori H, and Yoshimoto T. Selective uptake 
and efflux of cholesteryl linoleate in LDL by macrophages expressing 12/15-lipoxygenase. 
Biochem Biophys Res Commun 338: 128–135, 2005. [PubMed: 16105647] 

165. Swarnakar S, Beers J, Strickland DK, Azhar S, and Williams DL. The apolipoprotein E-
dependent low-density lipoprotein cholesteryl ester selective uptake pathway in murine 
adrenocortical cells involves chondroitin sulfate proteoglycans and an alpha 2-macroglobulin 
receptor. J Biol Chem 276: 21121–21128, 2001. [PubMed: 11274190] 

166. Toth PP. Cardiology patient page. The “good cholesterol”: high-density lipoprotein. Circulation 
111: e89–91, 2005. [PubMed: 15699268] 

167. Slotte JP, and Grönberg L. Oxidation of cholesterol in low density and high-density lipoproteins 
by cholesterol oxidase. J Lipid Res 31: 2235–2242, 1990. [PubMed: 2090717] 

168. Rohrer L, Hersberger M, and von Eckardstein A. High density lipoproteins in the intersection of 
diabetes mellitus, inflammation and cardiovascular disease. Curr Opin Lipidol 15: 269–278, 
2004. [PubMed: 15166782] 

169. Nagano Y, Arai H, and Kita T. High density lipoprotein loses its effect to stimulate efflux of 
cholesterol from foam cells after oxidative modification. Proc Natl Acad Sci USA 88: 6457–
6461, 1991. [PubMed: 1862074] 

170. Pirillo A, Uboldi P, Kuhn H, and Catapano AL. 15-Lipoxygenase-mediated modification of high-
density lipoproteins impairs SR-BI- and ABCA1-dependent cholesterol efflux from 
macrophages. Biochim Biophys Acta 1761: 292–300, 2006. [PubMed: 16647293] 

171. Hurtado I, Fiol C, Gracia V, and Caldú P. In vitro oxidised HDL exerts a cytotoxic effect on 
macrophages. Atherosclerosis 125: 39–46, 1996. [PubMed: 8831925] 

172. Cutuli L, Pirillo A, Uboldi P, Kuehn H, and Catapano AL. 15-lipoxygenase-mediated 
modification of HDL3 impairs eNOS activation in human endothelial cells. Lipids 49: 317–326, 
2014. [PubMed: 24570151] 

173. Pirillo A, Uboldi P, Bolego C, Kuhn H, and Catapano AL. The 15-lipoxygenase-modified high 
density lipoproteins 3 fail to inhibit the TNF-alpha-induced inflammatory response in human 
endothelial cells. J Immunol 181: 2821–2830, 2008. [PubMed: 18684974] 

174. Huang JT, Welch JS, Ricote M, Binder CJ, Willson TM, Kelly C, Witztum JL, Funk CD, Conrad 
D, and Glass CK. Interleukin-4-dependent production of PPARγ ligands in macrophages by 
12/15-lipoxygenase. Nature 400: 378–382, 1999. [PubMed: 10432118] 

175. Schild RL, Schaiff WT, Carlson MG, Cronbach EJ, Nelson DM, and Sadovsky Y. The activity of 
PPARγ in primary human trophoblasts is enhanced by oxidized lipids. J Clin Endocrinol Metab 
87: 1105–1110, 2002. [PubMed: 11889173] 

176. Nagelin MH, Srinivasan S, Nadler JL, and Hedrick CC. Murine 12/15-lipoxygenase regulates 
ATP-binding cassette transporter G1 protein degradation through p38- and JNK2-dependent 
pathways. J Biol Chem 284: 31303–31314, 2009. [PubMed: 19713213] 

177. Kotla S, Singh NK, Traylor JG, Jr, Orr AW, and Rao GN. ROS-dependent Syk and Pyk2-mediated 
STAT1 activation is required for 15(S)-hydroxyeicosatetraenoic acid-induced CD36 expression 
and foam cell formation. Free Radic Biol Med 76: 147–162, 2014. [PubMed: 25152235] 

178. Delerive P, Furman C, Teissier E, Fruchart J, Duriez P, and Staels B. Oxidized phospholipids 
activate PPARalpha in a phospholipase A2-dependent manner. FEBS Lett 471: 34–38, 2000. 
[PubMed: 10760508] 

Singh and Rao Page 28

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



179. Hersberger M, and von Eckardstein A. Low high-density lipoprotein cholesterol: physiological 
background, clinical importance and drug treatment. Drugs 63: 1907–1945, 2003. [PubMed: 
12930163] 

180. Imhof BA, and Aurrand-Lions M. Adhesion mechanisms regulating the migration of monocytes. 
Nat Rev Immunol 4: 432–444, 2004. [PubMed: 15173832] 

181. Galkina E, and Ley K. Immune and inflammatory mechanisms of atherosclerosis. Annu Rev 
Immunol 27: 165–197, 2009. [PubMed: 19302038] 

182. Witztum JL, and Steinberg D. Role of oxidized low-density lipoprotein in atherogenesis. J Clin 
Invest 88: 1785–1792, 1991. [PubMed: 1752940] 

183. Reilly KB, Srinivasan S, Hatley ME, Patricia MK, Lannigan J, Bolick DT, Vandenhoff G, Pei H, 
Natarajan R, Nadler JL, and Hedrick CC. 12/15 Lipoxygenase activity mediates inflammatory 
monocyte/endothelial interactions and atherosclerosis in vivo. J Biol Chem 279: 9440–9450, 
2004. [PubMed: 14676201] 

184. Hatley ME, Srinivasan S, Reilly KB, Bolick DT, and Hedrick CC. Increased production of 12/15 
lipoxygenase eicosanoids accelerates monocyte/endothelial interactions in diabetic db/db mice. J 
Biol Chem 278: 25369–25375, 2003. [PubMed: 12734208] 

185. Kotla S, Singh NK, Heckle MR, Tigyi GJ, and Rao GN. The transcription factor CREB enhances 
interleukin-17A production and inflammation in a mouse model of atherosclerosis. Sci Signal 6: 
ra83, 2013. [PubMed: 24045154] 

186. Bolick DT, Orr AW, Whetzel A, Srinivasan S, Hatley ME, Schwartz MA, and Hedrick CC. 12/15-
lipoxygenase regulates intercellular adhesion molecule-1 expression and monocyte adhesion to 
endothelium through activation of RhoA and nuclear factor-κB. Arterioscler Thromb Vasc Biol 
25: 2301–2307, 2005. [PubMed: 16166569] 

187. Kotla S, Singh NK, Kirchhofer D, Rao GN. Heterodimers of the transcriptional factors NFATc3 
and FosB mediate tissue factor expression for 15(S)-hydroxyeicosatetraenoic acid-induced 
monocyte trafficking. J Biol Chem 292: 14885–14901, 2017. [PubMed: 28724635] 

188. Harats D, Shaish A, George J, Mulkins M, Kurihara H, Levkovitz H, and Sigal E. Overexpression 
of 15-lipoxygenase in vascular endothelium accelerates early atherosclerosis in LDL receptor-
deficient mice. Arterioscler Thromb Vasc Biol 20: 2100–2105, 2000. [PubMed: 10978255] 

189. Cyrus T, Witztum JL, Rader DJ, Tangirala R, Fazio S, Linton MF, and Funk CD. Disruption of the 
12/15-lipoxygenase gene diminishes atherosclerosis in apoE-deficient mice. J Clin Invest 103: 
1597–1604, 1999. [PubMed: 10359569] 

190. George J, Afek A, Shaish A, Levkovitz H, Bloom N, Cyrus T, Zhao L, Funk CD, Sigal E, and 
Harats D. 12/15-Lipoxygenase gene disruption attenuates atherogenesis in LDL receptor-
deficient mice. Circulation 104: 1646–1650, 2001. [PubMed: 11581143] 

191. Huo Y, Zhao L, Hyman MC, Shashkin P, Harry BL, Burcin T, Forlow SB, Stark MA, Smith DF, 
Clarke S, Srinivasan S, Hedrick CC, Praticò D, Witztum JL, Nadler JL, Funk CD, and Ley K. 
Critical role of macrophage 12/15-lipoxygenase for atherosclerosis in apolipoprotein E-deficient 
mice. Circulation 110: 2024–2031, 2004. [PubMed: 15451785] 

192. Ylä-Herttuala S, Rosenfeld ME, Parthasarathy S, Glass CK, Sigal E, Witztum JL, Steinberg D. 
Colocalization of 15-lipoxygenase mRNA and protein with epitopes of oxidized low density 
lipoprotein in macrophage-rich areas of atherosclerotic lesions. Proc Natl Acad Sci U S A 87: 
6959–6963, 1990. [PubMed: 1698286] 

193. Shen J, Herderick E, Cornhill JF, Zsigmond E, Kim HS, and Kühn H, Guevara NV, Chan 
Macrophage mediated 15-lipoxygenase expression protects against atherosclerosis development. 
J Clin Invest 98: 2201–2208, 1996. [PubMed: 8941635] 

194. Trebus F, Heydeck D, Schimke I, Gerth C, and Kühn H. Transient experimental anemia in 
cholesterol-fed rabbits induces systemic overexpression of the reticulocyte-type 15- lipoxygenase 
and protects from aortic lipid deposition. Prostaglandins Leukot Essent Fatty Acids 67: 419–428, 
2002. [PubMed: 12468263] 

195. Merched AJ, Ko K, Gotlinger KH, Serhan CN, and Chan L. Atherosclerosis: evidence for 
impairment of resolution of vascular inflammation governed by specific lipid mediators. FASEB 
J 22: 3595–3606, 2008. [PubMed: 18559988] 

Singh and Rao Page 29

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



196. Kühn H, Heydeck D, Hugou I, and Gniwotta C. In vivo action of 15-lipoxygenase in early stages 
of human atherogenesis. J Clin Invest 99: 888–893, 1997. [PubMed: 9062346] 

197. Folcik VA, Nivar-Aristy RA, Krajewski LP, and Cathcart MK. Lipoxygenase contributes to the 
oxidation of lipids in human atherosclerotic plaques. J Clin Invest 96: 504–510, 1995. [PubMed: 
7615823] 

198. Wittwer J, Marti-Jaun J, and Hersberger M. Functional polymorphism in ALOX15 results in 
increased allele-specific transcription in macrophages through binding of the transcription factor 
SPI1. Hum Mutat 27: 78–87, 2006. [PubMed: 16320347] 

199. Wittwer J, Bayer M, Mosandl A, Muntwyler J, and Hersberger M. The c.- 292C>Tpromoter 
polymorphism increases reticulocyte-type 15-lipoxygenase-1 activity and could be 
atheroprotective. Clin Chem Lab Med 45: 487–492, 2007. [PubMed: 17439326] 

200. Wolberg AS. Thrombin generation and fibrin clot structure. Blood Rev 21: 131–142, 2007. 
[PubMed: 17208341] 

201. Ikei KN, Yeung J, Apopa PL, Ceja J, Vesci J, Holman TR, Holinstat M. Investigations of human 
platelet-type 12-lipoxygenase: role of lipoxygenase products in platelet activation. J Lipid Res 
53: 2546–2559, 2012. [PubMed: 22984144] 

202. Luci DK, Jameson JB, 2nd, Yasgar A, Diaz G, Joshi N, Kantz A, Markham K, Perry S, Kuhn N, 
Yeung J, Kerns EH, Schultz L, Holinstat M, Nadler JL, Taylor-Fishwick DA, Jadhav A, 
Simeonov A, Holman TR, Maloney DJ. Synthesis and structure-activity relationship studies of 4-
((2-hydroxy-3-methoxybenzyl)amino)benzenesulfonamide derivatives as potent and selective 
inhibitors of 12-lipoxygenase. J Med Chem 57: 495–506, 2014. [PubMed: 24393039] 

203. Yeung J, Apopa PL, Vesci J, Stolla M, Rai G, Simeonov A, Jadhav A, Fernandez-Perez P, 
Maloney DJ, Boutaud O, Holman TR, Holinstat M. 12-lipoxygenase activity plays an important 
role in PAR4 and GPVI-mediated platelet reactivity. Thromb Haemost 110: 569–581, 2013. 
[PubMed: 23784669] 

204. Adili R, Tourdot BE, Mast K, Yeung J, Freedman JC, Green A, Luci DK, Jadhav A, Simeonov A, 
Maloney DJ, Holman TR, Holinstat M. First Selective 12-LOX Inhibitor, ML355, Impairs 
Thrombus Formation and Vessel Occlusion In Vivo With Minimal Effects on Hemostasis. 
Arterioscler Thromb Vasc Biol 37: 1828–1839, 2017. [PubMed: 28775075] 

205. Nemerson Y The phospholipid requirement of tissue factor in blood coagulation. J Clin Invest 47: 
72–80, 1968. [PubMed: 16695947] 

206. Uderhardt S, Ackermann JA, Fillep T, Hammond VJ, Willeit J, Santer P, Mayr M, Biburger M, 
Miller M, Zellner KR, Stark K, Zarbock A, Rossaint J, Schubert I, Mielenz D, Dietel B, Raaz-
Schrauder D, Ay C, Gremmel T, Thaler J, Heim C, Herrmann M, Collins PW, Schabbauer G, 
Mackman N, Voehringer D, Nadler JL, Lee JJ, Massberg S, Rauh M, Kiechl S, Schett G, 
O’Donnell VB, Krönke G. Enzymatic lipid oxidation by eosinophils propagates coagulation, 
hemostasis, and thrombotic disease. J Exp Med 214: 2121–2138, 2017. [PubMed: 28566277] 

207. Lauder SN, Allen-Redpath K, Slatter DA, Aldrovandi M, O’Connor A, Farewell D, Percy CL, 
Molhoek JE, Rannikko S, Tyrrell VJ, Ferla S, Milne GL, Poole AW, Thomas CP, Obaji S, Taylor 
PR, Jones SA, de Groot PG, Urbanus RT, Hörkkö S, Uderhardt S, Ackermann J, Vince Jenkins P, 
Brancale A, Krönke G, Collins PW, O’Donnell VB. Networks of enzymatically oxidized 
membrane lipids support calcium-dependent coagulation factor binding to maintain hemostasis. 
Sci Signal 10 pii: eaan2787, 2017.

208. Mezentsev A, Seta F, Dunn MW, Ono N, Falck JR, and Laniado-Schwartzman M. Eicosanoid 
regulation of vascular endothelial growth factor expression and angiogenesis in microvessel 
endothelial cells. J Biol Chem 277: 18670–18676, 2002. [PubMed: 11901160] 

209. Zhang B, Cao H, and Rao GN. 15(S)-hydroxyeicosatetraenoic acid induces angiogenesis via 
activation of PI3K-Akt-mTOR-S6K1 signaling. Cancer Res 65: 7283–7291, 2005. [PubMed: 
16103079] 

210. Srivastava K, Kundumani-Sridharan V, Zhang B, Bajpai AK, and Rao GN. 15(S)-
hydroxyeicosatetraenoic acid-induced angiogenesis requires STAT3-dependent expression of 
VEGF. Cancer Res 67: 4328–4336, 2007. [PubMed: 17483346] 

211. Bajpai AK, Blaskova E, Pakala SB, Zhao T, Glasgow WC, Penn JS, Johnson DA, and Rao GN. 
15(S)-HETE production in human retinal microvascular endothelial cells by hypoxia: Novel role 

Singh and Rao Page 30

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for MEK1 in 15(S)-HETE induced angiogenesis. Invest Ophthalmol Vis Sci 48: 4930–4938, 
2007. [PubMed: 17962441] 

212. Finetti F, Donnini S, Giachetti A, Morbidelli L, and Ziche M. Prostaglandin E(2) primes the 
angiogenic switch via a synergic interaction with the fibroblast growth factor-2 pathway. Circ Res 
105: 657–666, 2009. [PubMed: 19713533] 

213. Cheranov SY, Wang D, Kundumani-Sridharan V, Karpurapu M, Zhang Q, Chava KR, and Rao 
GN. The 15(S)-hydroxyeicosatetraenoic acid-induced angiogenesis requires Janus kinase 2-
signal transducer and activator of transcription-5B-dependent expression of interleukin-8. Blood 
113: 6023–6033, 2009. [PubMed: 19349617] 

214. Connor KM, SanGiovanni JP, Lofqvist C, Aderman CM, Chen J, Higuchi A, Hong S, Pravda EA, 
Majchrzak S, Carper D, Hellstrom A, Kang JX, Chew EY, Salem N, Jr, Serhan CN, and Smith 
LE. Increased dietary intake of omega-3-polyunsaturated fatty acids reduces pathological retinal 
angiogenesis. Nat Med 13: 868–873, 2007. [PubMed: 17589522] 

215. Szymczak M, Murray M, and Petrovic N. Modulation of angiogenesis by omega-3 
polyunsaturated fatty acids is mediated by cyclooxygenases. Blood 111: 3514–3521, 2008. 
[PubMed: 18216296] 

216. Herbert SP, Odell AF, Ponnambalam S, and Walker JH. Activation of cytosolic phospholipase A2-
α as a novel mechanism regulating endothelial cell cycle progression and angiogenesis. J Biol 
Chem 284: 5784–5796, 2009. [PubMed: 19119141] 

217. Zhao T, Wang D, Cheranov SY, Karpurapu M, Chava KR, Kundumani-Sridharan V, Johnson DA, 
Penn JS, and Rao GN. A novel role for activating transcription factor-2 in 15(S)-
hydroxyeicosatetraenoic acid-induced angiogenesis. J Lipid Res 50: 521–533, 2009. [PubMed: 
18849464] 

218. Kundumani-Sridharan V, Niu J, Wang D, Van Quyen D, Zhang Q, Singh NK, Subramani J, Karri 
S, and Rao GN. 15(S)-hydroxyeicosatetraenoic acid-induced angiogenesis requires Src-mediated 
Egr-1-dependent rapid induction of FGF-2 expression. Blood 115: 2105–2116, 2010. [PubMed: 
20053757] 

219. Singh NK, Quyen DV, Kundumani-Sridharan V, Brooks PC, and Rao GN. AP-1 (Fra-1/c-Jun)-
mediated induction of expression of matrix metalloproteinase-2 is required for 15(S)-
hydroxyeicosatetraenoic acid-induced angiogenesis. J Biol Chem 285: 16830–16843, 2010. 
[PubMed: 20353950] 

220. Singh NK, Kundumani-Sridharan V, and Rao GN. 12/15-Lipoxygenase gene knockout severely 
impairs ischemia-induced angiogenesis due to lack of Rac1 farnesylation. Blood 118: 5701–
5712, 2011. [PubMed: 21841162] 

221. Kelavkar UP, Nixon JB, Cohen C, Dillehay D, Eling TE, and Badr KF. Overexpression of 15-
lipoxygenase-1 in PC-3 human prostate cancer cells increases tumorigenesis. Carcinogenesis 22: 
1765–1773, 2001. [PubMed: 11698337] 

222. Krishnamoorthy S, Jin R, Cai Y, Maddipati KR, Nie D, Pagès G, Tucker SC, Honn KV. 12-
Lipoxygenase and the regulation of hypoxia-inducible factor in prostate cancer cells. Exp Cell 
Res 316: 1706–1715, 2010. [PubMed: 20303950] 

223. Schneider M, Wortmann M, Mandal PK, Arpornchayanon W, Jannasch K, Alves F, Strieth S, 
Conrad M, and Beck H. Absence of glutathione peroxidase 4 affects tumor angiogenesis through 
increased 12/15-lipoxygenase activity. Neoplasia 12: 254–263, 2010. [PubMed: 20234819] 

224. Archambault AS, Turcotte C, Martin C, Provost V, Larose MC, Laprise C, Chakir J, Bissonnette 
É, Laviolette M, Bossé Y, Flamand N. Comparison of eight 15-lipoxygenase (LO) inhibitors on 
the biosynthesis of 15-LO metabolites by humanneutrophils and eosinophils. PLoS One 13(8): 
e0202424, 2018. [PubMed: 30118527] 

225. Viita H, Markkanen J, Eriksson E, Nurminen M, Kinnunen K, Babu M, Heikura T, Turpeinen S, 
Laidinen S, Takalo T, and Ylä-Herttuala S. 15-lipoxygenase-1 prevents vascular endothelial 
growth factor A- and placental growth factor-induced angiogenic effects in rabbit skeletal 
muscles via reduction in growth factor mRNA levels, NO bioactivity, and downregulation of 
VEGF receptor 2 expression. Circ Res 102: 177–184, 2008. [PubMed: 17991885] 

226. Viita H, Kinnunen K, Eriksson E, Lähteenvuo J, Babu M, Kalesnykas G, Heikura T, Laidinen S, 
Takalo T, and Ylä-Herttuala S. Intravitreal adenoviral 15-lipoxygenase-1 gene transfer prevents 

Singh and Rao Page 31

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vascular endothelial growth factor A-induced neovascularization in rabbit eyes. Hum Gene Ther 
20: 1679–1686, 2009. [PubMed: 19694557] 

227. Harats D, Ben-Shushan D, Cohen H, Gonen A, Barshack I, Goldberg I, Greenberger S, Hodish I, 
Harari A, Varda-Bloom N, Levanon K, Grossman E, Chaitidis P, Kühn H, and Shaish A. 
Inhibition of carcinogenesis in transgenic mouse models over-expressing 15-lipoxygenase in the 
vascular wall under the control of murine preproendothelin-1 promoter. Cancer Lett 229: 127–
134, 2005. [PubMed: 16157225] 

228. Leedom AJ, Sullivan AB, Dong B, Lau D, and Gronert K. Endogenous LXA4 circuits are 
determinants of pathological angiogenesis in response to chronic injury. Am J Pathol 176: 74–84, 
2010. [PubMed: 20008149] 

229. Leto D, and Saltiel AR. Regulation of glucose transport by insulin: traffic control of GLUT4. Nat 
Rev Mol Cell Biol 13: 383–396, 2012. [PubMed: 22617471] 

230. Bleich D, Chen S, Zipser B, Sun D, Funk CD, and Nadler JL. Resistance to type 1 diabetes 
induction in 12-lipoxygenase knockout mice. J Clin Invest 103: 1431–1436, 1999. [PubMed: 
10330425] 

231. McDuffie M, Maybee NA, Keller SR, Stevens BK, Garmey JC, Morris MA, Kropf E, Rival C, Ma 
K, Carter JD, Tersey SA, Nunemaker CS, and Nadler JL. Nonobese diabetic (NOD) mice 
congenic for a targeted deletion of 12/15-lipoxygenase are protected from autoimmune diabetes. 
Diabetes 57: 199–208, 2008. [PubMed: 17940120] 

232. Cnop M, Welsh N, Jonas JC, Jörns A, Lenzen S, and Eizirik DL. Mechanisms of pancreatic beta-
cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes 54: S97–
S107, 2005. [PubMed: 16306347] 

233. Nunemaker CS, Chen M, Pei H, Kimble SD, Keller SR, Carter JD, Yang Z, Smith KM, Wu R, 
Bevard MH, Garmey JC, and Nadler JL. 12-Lipoxygenase-knockout mice are resistant to 
inflammatory effects of obesity induced by Western diet. Am J Physiol Endocrinol Metab 295: 
E1065–E1075, 2008. [PubMed: 18780776] 

234. Sears DD, Miles PD, Chapman J, Ofrecio JM, Almazan F, Thapar D, and Miller YI. 12/15-
lipoxygenase is required for the early onset of high fat diet-induced adipose tissue inflammation 
and insulin resistance in mice. PLoS One 4: e7250, 2009. [PubMed: 19787041] 

235. Tokuyama Y, Sturis J, DePaoli AM, Takeda J, Stoffel M, Tang J, Sun X, Polonsky KS, and Bell 
GI. Evolution of beta-cell dysfunction in the male Zucker diabetic fattymrat. Diabetes 44: 1447–
1457, 1995. [PubMed: 7589853] 

236. Chen XS, Kurre U, Jenkins NA, Copeland NG, and Funk CD. cDNA cloning, expression, 
mutagenesis of C-terminal isoleucine, genomic structure, and chromosomal localizations of 
murine 12-lipoxygenases. J Biol Chem 269: 13979–13987, 1994. [PubMed: 8188678] 

237. Chen M, Yang ZD, Smith KM, Carter JD, and Nadler JL. Activation of 12-lipoxygenase in 
proinflammatory cytokine-mediated beta cell toxicity. Diabetologia 48: 486–495, 2005. 
[PubMed: 15729574] 

238. Shannon VR, Ramanadham S, Turk J, and Holtzman MJ. Selective expression of an arachidonate 
12-lipoxygenase by pancreatic islet beta cells. Am J Physiol 263: E828–E836, 1992. [PubMed: 
1443114] 

239. Kawajiri H, Zhuang D, Qiao N, Yoshimoto T, Yamamoto M, Iseki S, and Hamaguchi K. 
Expression of arachidonate 12-lipoxygenase in rat tissues: a possible role in glucagon secretion. J 
Histochem Cytochem 48: 1411–1419, 2000. [PubMed: 10990494] 

240. Ma K, Nunemaker CS, Wu R, Chakrabarti SK, Taylor-Fishwick DA, and Nadler JL. 12-
Lipoxygenase Products Reduce Insulin Secretion and β-Cell Viability in Human Islets. J Clin 
Endocrinol Metab 95: 887–893, 2010. [PubMed: 20089617] 

241. Nazarewicz RR, Zenebe WJ, Parihar A, Parihar MS, Vaccaro M, Rink C, Sen CK, and 
Ghafourifar P. 12(S) hydroperoxyeico-satetraenoic acid (12-HETE) increases mitochondrial 
nitric oxide by increasing intramitochondrial calcium. Arch Biochem Biophys 468: 114–120, 
2007. [PubMed: 17963719] 

242. Persaud SJ, Muller D, Belin VD, Kitsou-Mylona I, Asare-Anane H, Papadimitriou A, Burns CJ, 
Huang GC, Amiel SA, and Jones PM. The role of arachidonic acid and its metabolites in insulin 
secretion from human islets of langerhans. Diabetes 56: 197–203, 2007. [PubMed: 17192482] 

Singh and Rao Page 32

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



243. Tersey SA, Maier B, Nishiki Y, Maganti AV, Nadler JL, and Mirmira RG. 12-lipoxygenase 
promotes obesity-induced oxidative stress in pancreatic islets. Mol Cell Biol 34: 3735–3745, 
2014. [PubMed: 25071151] 

244. Dobrian AD, Huyck RW, Glenn L, Gottipati V, Haynes BA, Hansson GI, Marley A, McPheat 
WL, Nadler JL. Activation of the 12/15 lipoxygenase pathway accompanies metabolic decline in 
db/db pre-diabetic mice. Prostaglandins Other Lipid Mediat 136: 23–32, 2018. [PubMed: 
29605541] 

245. Wong TY, Cheung CM, Larsen M, Sharma S, and Simó R. Diabetic retinopathy. Nat Rev Dis 
Primers 2: 16012, 2016. [PubMed: 27159554] 

246. Augustin AJ, Grus FH, Koch F, and Spitznas M. Detection of eicosanoids in epiretinal 
membranes of patients suffering from proliferative vitreoretinal diseases. Br J Ophthalmol 81: 
58–60, 1997. [PubMed: 9135410] 

247. Schwartzman ML, Iserovich P, Gotlinger K, Bellner L, Dunn MW, Sartore M, Grazia Pertile M, 
Leonardi A, Sathe S, Beaton A, Trieu L, and Sack R. Profile of lipid and protein autacoids in 
diabetic vitreous correlates with the progression of diabetic retinopathy. Diabetes 59: 1780–1788, 
2010. [PubMed: 20424229] 

248. Ibrahim AS, Elshafey S, Sellak H, Hussein KA, El-Sherbiny M, Abdelsaid M, Rizk N, Beasley S, 
Tawfik AM, Smith SB, and Al-Shabrawey M. A lipidomic screen of hyperglycemia-treated 
HRECs links 12/15-Lipoxygenase to microvascular dysfunction during diabetic retinopathy via 
NADPH oxidase. J Lipid Res 56: 599–611, 2015. [PubMed: 25598081] 

249. Othman A, Ahmad S, Megyerdi S, Mussell R, Choksi K, Maddipati KR, Elmarakby A, Rizk N, 
and Al-Shabrawey M. 12/15-Lipoxygenase-derived lipid metabolites induce retinal endothelial 
cell barrier dysfunction: contribution of NADPH oxidase. PLoS One 8: e57254, 2013. [PubMed: 
23437353] 

250. Elmasry K, Ibrahim AS, Saleh H, Elsherbiny N, Elshafey S, Hussein KA, Al-Shabrawey Role of 
endoplasmic reticulum stress in 12/15-lipoxygenase-induced retinal microvascular dysfunction in 
a mouse model of diabetic retinopathy. Diabetologia 61: 1220–1232, 2018. [PubMed: 29468369] 

251. Boulton AJ, Vinik AI, Arezzo JC, Bril V, Feldman EL, Freeman R, Malik RA, Maser RE, 
Sosenko JM, and Ziegler D. American Diabetes Association. Diabetic neuropathies: a statement 
by the American Diabetes Association. Diabetes Care 28: 956–962, 2005. [PubMed: 15793206] 

252. Obrosova IG, Ilnytska O, Lyzogubov VV, Pavlov IA, Mashtalir N, Nadler JL, and Drel VR. High-
fat diet induced neuropathy of pre-diabetes and obesity: effects of “healthy” diet and aldose 
reductase inhibition. Diabetes 56: 2598–2608, 2007. [PubMed: 17626889] 

253. Watcho P, Stavniichuk R, Tane P, Shevalye H, Maksimchyk Y, Pacher P, and Obrosova IG. 
Evaluation of PMI-5011, an ethanolic extract of Artemisia dracunculus L., on peripheral 
neuropathy in streptozotocin-diabetic mice. Int J Mol Med 27: 299–307, 2011. [PubMed: 
21225225] 

254. Dobrian AD, Lieb DC, Cole BK, Taylor-Fishwick DA, Chakrabarti SK, and Nadler JL. 
Functional and pathological roles of the 12- and 15-lipoxygenases. Prog Lipid Res 50: 115–131, 
2011. [PubMed: 20970452] 

255. Yiu SS, Zhao X, Inscho EW, and Imig JD. 12-Hydroxyeicosatetraenoic acid participates in 
angiotensin II afferent arteriolar vasoconstriction by activating L-type calcium channels. J Lipid 
Res 44: 2391–2399, 2003. [PubMed: 12951362] 

256. Kang SW, Adler SG, Nast CC, LaPage J, Gu JL, Nadler JL, and Natarajan R. 12- lipoxygenase is 
increased in glucose-stimulated mesangial cells and in experimental diabetic nephropathy. 
Kidney Int 59: 1354–1362, 2001. [PubMed: 11260396] 

257. Xu ZG, Li SL, Lanting L, Kim YS, Shanmugam N, Reddy MA, and Natarajan R. Relationship 
between 12/15-lipoxygenase and COX-2 in mesangial cells: potential role in diabetic 
nephropathy. Kidney Int 69: 512–519, 2006. [PubMed: 16514433] 

258. Natarajan R, and Nadler JL. Lipid inflammatory mediators in diabetic vascular disease. 
Arterioscler Thromb Vasc Biol 24: 1542–1548, 2004. [PubMed: 15166011] 

259. Anning PB, Coles B, Bermudez-Fajardo A, Martin PE, Levison BS, Hazen SL, Funk CD, Kühn 
H, and O’Donnell VB. Elevated endothelial nitric oxide bioactivity and resistance to angiotensin-

Singh and Rao Page 33

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dependent hypertension in 12/15-lipoxygenase knockout mice. Am J Pathol 166: 653–662, 2005 
[PubMed: 15743778] 

260. Kim YS, Reddy MA, Lanting L, Adler SG, and Natarajan R. Differential behavior of mesangial 
cells derived from 12/15-lipoxygenase knockout mice relative to control mice. Kidney Int 64: 
1702–1714, 2003. [PubMed: 14531803] 

261. Yuan H, Lanting L, Xu ZG, Li SL, Swiderski P, Putta S, Jonnalagadda M, Kato M, and Natarajan 
R. Effects of cholesterol-tagged small interfering RNAs targeting 12/15- lipoxygenase on 
parameters of diabetic nephropathy in a mouse model of type1 diabetes. Am J Physiol Renal 
Physiol 295: F605–F617, 2008. [PubMed: 18562637] 

262. Burns A, and Iliffe S. Alzheimer’s disease. BMJ 338: b158, 2009. [PubMed: 19196745] 

263. Li Y, Maher P, and Schubert D. A role for 12-lipoxygenase in nerve cell death caused by 
glutathione depletion. Neuron 19: 453–463, 1997. [PubMed: 9292733] 

264. Succol F, and Praticò D. A role for 12/15 lipoxygenase in the amyloid beta precursor protein 
metabolism. J Neurochem 103: 380–387, 2007. [PubMed: 17877641] 

265. Joshi YB, Giannopoulos PF, and Praticò D. The 12/15-lipoxygenase as an emerging therapeutic 
target for Alzheimer’s disease. Trends Pharmacol Sci 36: 181–186, 2015. [PubMed: 25708815] 

266. Yang H, Zhuo JM, Chu J, Chinnici C, and Praticò D. Amelioration of the Alzheimer’s disease 
phenotype by absence of 12/15-lipoxygenase. Biol Psychiatry 68: 922–929, 2010. [PubMed: 
20570249] 

267. Nakagomi T, Sasaki T, Kirino T, Tamura A, Noguchi M, Saito I, and Takakura K. Effect of 
cyclooxygenase and lipoxygenase inhibitors on delayed neuronal death in the gerbil 
hippocampus. Stroke 20: 925–929, 1989. [PubMed: 2501915] 

268. van Leyen K, Kim HY, Lee SR, Jin G, Arai K, and Lo EH. Baicalein and 12/15-lipoxygenase in 
the ischemic brain. Stroke 37: 3014–3018, 2006. [PubMed: 17053180] 

269. Zhang Y, Wang H, Li J, Jimenez DA, Levitan ES, Aizenman E, and Rosenberg PA. Peroxynitrite-
induced neuronal apoptosis is mediated by intracellular zinc release and 12-lipoxygenase 
activation. J Neurosci 24: 10616–10627, 2004. [PubMed: 15564577] 

270. Jin G, Arai K, Murata Y, Wang S, Stins MF, Lo EH, and van Leyen K. Protecting against 
cerebrovascular injury: contributions of 12/15-lipoxygenase to edema formation after transient 
focal ischemia. Stroke 39: 2538–2543, 2008. [PubMed: 18635843] 

271. Lapchak PA, Maher P, Schubert D, and Zivin JA. Baicalein, an antioxidant 12/15-lipoxygenase 
inhibitor improves clinical rating scores following multiple infarct embolic strokes. Neuroscience 
150: 585–591, 2007. [PubMed: 17942241] 

272. Sveinbjornsdottir S The clinical symptoms of Parkinson’s disease. J Neurochem 139: 318–324, 
2016. [PubMed: 27401947] 

273. Li Y, Maher P, and Schubert D. A role for 12-lipoxygenase in nerve cell death caused by 
glutathione depletion. Neuron 19: 453–463, 1997. [PubMed: 9292733] 

274. Canals S, Casarejos MJ, de Bernardo S, Rodríguez-Martín E, and Mena MA. Glutathione 
depletion switches nitric oxide neurotrophic effects to cell death in midbrain cultures: 
implications for Parkinson’s disease. J Neurochem 79: 1183–1195, 2001. [PubMed: 11752059] 

275. Canals S, Casarejos MJ, de Bernardo S, Rodríguez-Martín E, and Mena MA. Nitric oxide triggers 
the toxicity due to glutathione depletion in midbrain cultures through 12- lipoxygenase. J Biol 
Chem 278: 21542–21549, 2003. [PubMed: 12679339] 

276. Haslam DW, and James WP. Obesity. Lancet 366:1197–1209, 2005. [PubMed: 16198769] 

277. Adams KF, Schatzkin A, Harris TB, Kipnis V, Mouw T, Ballard-Barbash R, Hollenbeck A, and 
Leitzmann MF. Overweight, obesity, and mortality in a large prospective cohort of persons 50 to 
71 years old. N Engl J Med 355: 763–778, 2006. [PubMed: 16926275] 

278. Ogden CL, Carroll MD, Kit BK, and Flegal KM. Prevalence of childhood and adult obesity in the 
United States, 2011–2012. JAMA 311: 806–814, 2014. [PubMed: 24570244] 

279. Dobrian AD, Lieb DC, Ma Q, Lindsay JW, Cole BK, Ma K, Chakrabarti SK, Kuhn NS, 
Wohlgemuth SD, Fontana M, and Nadler JL. Differential expression and localization of 12/15 
lipoxygenases in adipose tissue in human obese subjects. Biochem Biophys Res Commun 403: 
485–490, 2010. [PubMed: 21094135] 

Singh and Rao Page 34

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



280. Chakrabarti SK, Cole BK, Wen Y, Keller SR, and Nadler JL. 12/15-lipoxygenase products induce 
inflammation and impair insulin signaling in 3T3-L1 adipocytes. Obesity (Silver Spring) 17: 
1657–1663, 2009. [PubMed: 19521344] 

281. Lieb DC, Brotman JJ, Hatcher MA, Aye MS, Cole BK, Haynes BA, Wohlgemuth SD, Fontana 
MA, Beydoun H, Nadler JL, Dobrian AD. Adipose tissue 12/15 lipoxygenase pathway in human 
obesity and diabetes. J Clin Endocrinol Metab 99: E1713–E1720, 2014. [PubMed: 24955608] 

282. Sigal E, Grunberger D, Cashman JR, Craik CS, Caughey GH, Nadel JA. Arachidonate 15-
lipoxygenase from human eosinophil-enriched leukocytes: partial purification and properties. 
Biochem Biophys Res Commun 150: 376–383, 1988. [PubMed: 3337718] 

283. Sigal E, Dicharry S, Highland E, Finkbeiner WE. Cloning of human airway 15-lipoxygenase: 
identity to the reticulocyte enzyme and expression in epithelium. Am J Physiol 262: L392–L398, 
1992. [PubMed: 1566855] 

284. Jisaka M, Kim RB, Boeglin WE, Nanney LB, Brash AR. Molecular cloning and functional 
expression of a phorbol ester-inducible 8S-lipoxygenase from mouse skin. J Biol Chem 272: 
24410–24416, 1997. [PubMed: 9305900] 

285. Funk CD, Furci L, FitzGerald GA. Molecular cloning, primary structure, and expression of the 
human platelet/erythroleukemia cell 12-lipoxygenase. Proc Natl Acad Sci U S A 87: 5638–5642, 
1990. [PubMed: 2377602] 

286. Virmani J, Johnson EN, Klein-Szanto AJ, Funk CD. Role of ‘platelet-type’ 12-ipoxygenase in 
skin carcinogenesis. Cancer Lett 162: 161–165, 2001. [PubMed: 11146221] 

287. Boeglin WE, Kim RB, Brash AR. A 12R-lipoxygenase in human skin: mechanistic evidence, 
molecular cloning, and expression. Proc Natl Acad Sci U S A 95: 6744–6749, 1998. [PubMed: 
9618483] 

288. Meruvu S, Walther M, Ivanov I, Hammarström S, Fürstenberger G, Krieg P, Reddanna P, Kuhn H. 
Sequence determinants for the reaction specificity of murine (12R)- lipoxygenase: targeted 
substrate modification and site-directed mutagenesis. J Biol Chem 280: 36633–36641, 2005. 
[PubMed: 16129665] 

289. Kinzig A, Heidt M, Fürstenberger G, Marks F, Krieg P. cDNA cloning, genomic structure, and 
chromosomal localization of a novel murine epidermis-type lipoxygenase. Genomics 58: 158–
164, 1999. [PubMed: 10366447] 

290. Yu Z, Schneider C, Boeglin WE, Brash AR. Human and mouse eLOX3 have distinct substrate 
specificities: implications for their linkage with lipoxygenases in skin. Arch Biochem Biophys 
455:188–196, 2006. [PubMed: 17045234] 

291. Krieg P, Fürstenberger G. The role of lipoxygenases in epidermis. Biochim Biophys Acta 1841: 
390–400, 2014. [PubMed: 23954555] 

292. Johnson EN, Brass LF, Funk CD. Increased platelet sensitivity to ADP in mice lacking platelet-
type 12-lipoxygenase. Proc Natl Acad Sci U S A 95: 3100–3105, 1998. [PubMed: 9501222] 

293. Funk CD, Hoshiko S, Matsumoto T, Rdmark O, Samuelsson B. Characterization of the human 5-
lipoxygenase gene. Proc Natl Acad Sci U S A 86: 2587–2591, 1989. [PubMed: 2565035] 

294. Mashima R, Okuyama T. The role of lipoxygenases in pathophysiology; new insights and future 
perspectives. Redox Biol 6: 297–310, 2015. [PubMed: 26298204] 

295. Brash AR, Boeglin WE, Chang MS. Discovery of a second 15S-lipoxygenase in humans. Proc 
Natl Acad Sci U S A 94: 6148–6152, 1997. [PubMed: 9177185] 

296. Yokomizo T, Kato K, Hagiya H, Izumi T, Shimizu T. Hydroxyeicosanoids bind to and activate the 
low affinity leukotriene B4 receptor, BLT2. J Biol Chem 276: 12454–12459, 2001. [PubMed: 
11278893] 

297. Naruhn S, Meissner W, Adhikary T, Kaddatz K, Klein T, Watzer B, Müller-Brüsselbach S, Müller 
R. 15-hydroxyeicosatetraenoic acid is a preferential peroxisome proliferator- activated receptor 
beta/delta agonist. Mol Pharmacol 77: 171–184, 2010. [PubMed: 19903832] 

298. Guo Y, Zhang W, Giroux C, Cai Y, Ekambaram P, Dilly AK, Hsu A, Zhou S, Maddipati KR, Liu 
J, Joshi S, Tucker SC, Lee MJ, Honn KV. Identification of the orphan G protein-coupled receptor 
GPR31 as a receptor for 12-(S)-hydroxyeicosatetraenoic acid. J Biol Chem 286: 33832–33840, 
2011. [PubMed: 21712392] 

Singh and Rao Page 35

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



299. Fonlupt P, Croset M, Lagarde M. 12-HETE inhibits the binding of PGH2/TXA2 receptor ligands 
in human platelets. Thromb Res 63: 239–248, 1991. [PubMed: 1837628] 

300. Itoh T, Fairall L, Amin K, Inaba Y, Szanto A, Balint BL, Nagy L, Yamamoto K, Schwabe JW. 
Structural basis for the activation of PPARgamma by oxidized fatty acids. Nat Struct Mol Biol 
15: 924–931, 2008. [PubMed: 19172745] 

301. Delerive P, Furman C, Teissier E, Fruchart J, Duriez P, Staels B. Oxidized phospholipids activate 
PPARalpha in a phospholipase A2-dependent manner. FEBS Lett 471: 34–38, 2000. [PubMed: 
10760508] 

302. De Petrocellis L, Schiano Moriello A, Imperatore R, Cristino L, Starowicz K, Di Marzo V. A re-
evaluation of 9-HODE activity at TRPV1 channels in comparison with anandamide: 
enantioselectivity and effects at other TRP channels and in sensory neurons. Br J Pharmacol 2012 
12;167(8):1643–51. [PubMed: 22861649] 

303. Siangjong L, Goldman DH, Kriska T, Gauthier KM, Smyth EM, Puli N, Kumar G, Falck JR, 
Campbell WB. Vascular hepoxilin and trioxilins mediate vasorelaxation through TP receptor 
inhibition in mouse arteries. Acta Physiol (Oxf) 219: 188–201, 2017. [PubMed: 26666460] 

304. Gregus AM, Doolen S, Dumlao DS, Buczynski MW, Takasusuki T, Fitzsimmons BL, Hua XY, 
Taylor BK, Dennis EA, Yaksh TL. Spinal 12-lipoxygenase-derived hepoxilin A3 contributes to 
inflammatory hyperalgesia via activation of TRPV1 and TRPA1 receptors. Proc Natl Acad Sci U 
S A 2012 4 24;109(17):6721–6. [PubMed: 22493235] 

305. Romano M, Cianci E, Simiele F, Recchiuti A. Lipoxins and aspirin-triggered lipoxins in 
resolution of inflammation. Eur J Pharmacol 760: 49–63, 2015. [PubMed: 25895638] 

306. Russell R, Gori I, Pellegrini C, Kumar R, Achtari C, Canny GO. Lipoxin A4 is a novel estrogen 
receptor modulator. FASEB J 25: 4326–4337, 2011. [PubMed: 21885654] 

307. Levy BD. Lipoxins and lipoxin analogs in asthma. Prostaglandins Leukot Essent Fatty Acids;73: 
231–237, 2005. [PubMed: 16046112] 

308. Schaldach CM, Riby J, Bjeldanes LF. Lipoxin A4: a new class of ligand for the Ah receptor. 
Biochemistry 38: 7594–7600, 1999. [PubMed: 10360957] 

309. Krishnamoorthy S, Recchiuti A, Chiang N, Yacoubian S, Lee CH, Yang R, Petasis NA, Serhan 
CN. Resolvin D1 binds human phagocytes with evidence for proresolving receptors. Proc Natl 
Acad Sci U S A 107: 1660–1665, 2010. [PubMed: 20080636] 

310. Chiang N, Dalli J, Colas RA, Serhan CN. Identification of resolvin D2 receptor mediating 
resolution of infections and organ protection. J Exp Med 212: 1203–1217, 2015. [PubMed: 
26195725] 

311. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature 510: 92–
101, 2014. [PubMed: 24899309] 

312. Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven chronic pain. Nat Rev 
Drug Discov 13: 533–548, 2014. [PubMed: 24948120] 

313. Merched AJ, Ko K, Gotlinger KH, Serhan CN, Chan L. Atherosclerosis: evidence for impairment 
of resolution of vascular inflammation governed by specific lipid mediators. FASEB J 22(10): 
3595–3606, 2008. [PubMed: 18559988] 

314. Sailer ER, Schweizer S, Boden SE, Ammon HP, Safayhi H. Characterization of an acetyl-11-keto-
beta-boswellic acid and arachidonate-binding regulatory site of 5-lipoxygenase using 
photoaffinity labeling. Eur J Biochem 1998 9 1;256(2):364–8. [PubMed: 9760176] 

315. Whitman S, Gezginci M, Timmermann BN, Holman TR. Structure-activity relationship studies of 
nordihydroguaiaretic acid inhibitors toward soybean, 12-human, and 15-human lipoxygenase. J 
Med Chem 2002 6 6;45(12):2659–61. [PubMed: 12036375] 

316. Rai G, Kenyon V, Jadhav A, Schultz L, Armstrong M, Jameson JB, Hoobler E, Leister W, 
Simeonov A, Holman TR, Maloney DJ. Discovery of potent and selective inhibitors of human 
reticulocyte 15-lipoxygenase-1. J Med Chem 2010 10 28;53(20):7392–7404. [PubMed: 
20866075] 

317. Kenyon V, Chorny I, Carvajal WJ, Holman TR, Jacobson MP. Novel human lipoxygenase 
inhibitors discovered using virtual screening with homology models. J. Med. Chem 2006 2 
23;49(4):1356–1363. [PubMed: 16480270] 

Singh and Rao Page 36

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



318. Deschamps JD, Kenyon VA, Holman TR. Baicalein is a potent in vitro inhibitor against both 
reticulocyte 15-human and platelet 12-human lipoxygenases. Bioorg. Med Chem 2006 6 
15;14(12):4295–4301. [PubMed: 16500106] 

319. Ngu K, Weinstein DS, Liu W, Langevine C, Combs DW, Zhuang S, Chen X, Madsen CS, Harper 
TW, Ahmad S, Robl JA. Pyrazole-based sulfonamide and sulfamides as potent inhibitors of 
mammalian 15-lipoxygenase. Bioorg Med Chem Lett 2011 7 15;21(14):4141–4145. [PubMed: 
21696952] 

320. Weinstein DS, Liu W, Ngu K, Langevine C, Combs DW, Zhuang S, Chen C, Madsen CS, Harper 
TW, Robl JA. Discovery of selective imidazole-based inhibitors of mammalian 15-lipoxygenase: 
highly potent against human enzyme within a cellular environment. Bioorg Med Chem Lett 2007 
9 15;17(18):5115–5120. [PubMed: 17656086] 

321. Weinstein DS, Liu W, Gu Z, Langevine C, Ngu K, Fadnis L, Combs DW, Sitkoff D, Ahmad S, 
Zhuang S, Chen X, Wang FL, Loughney DA, Atwal KS, Zahler R, Macor JE, Madsen CS, 
Murugesan N. Tryptamine and homotryptamine-based sulfonamides as potent and selective 
inhibitors of 15-lipoxygenase. Bioorg Med Chem Lett 2005 3 1;15(5):1435–40. [PubMed: 
15713402] 

322. Sendobry SM, Cornicelli JA, Welch K, Bocan T, Tait B, Trivedi BK, Colbry N, Dyer RD, 
Feinmark SJ, Daugherty A. Attenuation of diet-induced atherosclerosis in rabbits with a highly 
selective 15-lipoxygenase inhibitor lacking significant antioxidant properties. Br J Pharmacol 
1997 4;120(7):1199–206. [PubMed: 9105693] 

323. Rai G, Joshi N, Jung JE, Liu Y, Schultz L, Yasgar A, Perry S, Diaz G, Zhang Q, Kenyon V, 
Jadhav A, Simeonov A, Lo EH, van Leyen K, Maloney DJ, Holman TR. Potent and selective 
inhibitors of human reticulocyte 12/15-lipoxygenase as anti-stroke therapies. J Med Chem 2014 5 
22;57(10):4035–4048. [PubMed: 24684213] 

Singh and Rao Page 37

Prog Lipid Res. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
A schematic diagram of 12/15-LOX catalytic reaction. 12/15-LOX catalyzes the insertion of 

oxygen into the hydrocarbon chain of polyunsaturated fatty acid leading to formation of 

fatty acid hydroperoxides in four steps. The steps are (i) hydrogen abstraction, (ii) radical 

rearrangement to another carbon center, (iii) oxygen insertion to the rearranged carbon 

radical center, and (iv) peroxy radical reduction.
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Figure 2. 
Fatty acid substrates and metabolites of human 12/15-LOX. 12/15-LOX metabolizes 

arachidonic acid (AA) to generate 12(S)-HPETE and 15(S)-HPETE, which are further 

converted to their respective hydroxides, 12(S)-HETE and 15(S)-HETE, respectively. 12(S)-

HPETE, 15(S)-HPETE and 15(S)-HETE can also be converted to other lipid mediators such 

as lipoxins, hepoxillins, trioxillins, eoxins, epoxyeicosatrienoic acid (EETA) and 

trihydroxyeicosatrienoic acid (THETA). 12/15-LOX metabolizes linoleic acid to generate 

13(S)-hydroperoxyoctadecaenoic acid (13(S)-HPODE), which is subsequently converted to 

13(S)-hydroxyoctadecaenoic acid (13(S)-HODE). Docosahexanoic acid (DHA) is 

metabolized by 12/15-LOX into 17(S)-hydroperoxydocosahexanoic acid (HPDHA), which 

is further metabolized to form resolvin Ds and protectin Ds.
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Figure 3. 
Pro- and anti-atherogenic effects of various metabolites of human 12/15-LOX. 12/15-LOX 

metabolites of arachidonic acid (AA), 12(S)-HETE and 15(S)-HETE exert pro-atherogenic 

effects due to their potential role on endothelial cell (EC) dysfunction, CD36 expression, 

monocyte migration and foam cell formation. 13(S)-HODE, a 12/15-LOX metabolite of 

linoleic acid (LA) has both pro- and anti-atherogenic effects. Lipoxins, protectins and 

resolvins are associated with resolution of inflammation and thereby have anti-atherogenic 

effects.
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Figure 4. 
A schematic diagram depicting the potential mechanisms by which 15(S)-HETE induces 

angiogenesis. 15(S)-HETE-induced angiogenic events appear to be preferentially mediated 

by Src, a non-receptor tyrosine kinase, and Rac1, a Rho GTPase. 15(S)-HETE regulates the 

expression of pro-angiogenic cytokines (IL-8 and VEGF) through JAK-STAT pathway in 

endothelial cells. 15(S)-HETE induces both physiological and pathological angiogenesis via 

regulating the HMG-CoA (3-hydroxy-3-methyl-glutaryl-coenzyme A) reductase expression 

and matrix metalloproteinases (MMPs, particularly MMP-2) activation. The broken arrow 

indicates the possible mechanism by which activating transcription factor (ATF) 2 might 

regulate MMP-2 expression and angiogenesis.
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Figure 5. 
The potential involvement of 12/15-LOX in the pathogenesis of diabetes and diabetes-

related disorders.
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Table 1

Human and murine LOX isozymes, their substartes, products and tissue distribution

Main substrates Main products Tissue distribution References

Human LOXs

AL0X5  Arachidonic acid  5(S)-HPETE  Leukocytes, mast cells, dendritic cells and B-
lymphocytes

 [293]

ALOX12  Arachidonic acid  12(S)-HPETE  Platelets and leukocytes  [285,286]

ALOX15  Arachidonic acid  15(S)-HPETE
 12CS1-HPETE

 Eosinophils, reticulocytes and epithelial cells  [70], [282], [283]

 Linoleic acid  13(S)-HPODE

AL0X15B  Arachidonic acid  15(S)-HPETE  Hair follicles, epidermis and prostate  [295]

 Linoleic acid  13(S)-HPODE

ALOX12B  Arachidonic acid  12(R)-HPETE  Epidermis  [287]

 Linoleic acid  9(R)-HPODE

AL0XE3  Arachidonic acid  12(R)-HPETE  Epidermis  [291]

 Linoleic acid  9(R)-HPODE

 Mouse LOXs

Alox5  Arachidonic acid  5(S)-HPETE  Leukocytes, mast cells, dendritic cells and B-
lymphocytes

 [294]

Alox12  Arachidonic acid  12(S)-HPETE
 15(S)-HPETE

 Platelets and leukocytes  [292]

Alox15  Arachidonic acid  15(S)-HPETE
 12(S)-HPETE

 Eosinophils, reticulocytes and
 Epithelial cells

 [159]

Alox15b  Arachidonic acid
 Linoleic acid

 8(S)-HPETE
 9(S)-HPODE

 Hair follicles, epidermis and prostate  [284]

Alox12a  Arachidonic acid
 Linoleic acid

 12(R)-HPETE
 9(R)-HPODE

 Epidermis  [288]

Alox3  Arachidonic acid
 Linoleic acid

 12(R)-HPETE
 9(R)-HPODE

 Epidermis  [289,290]

Alox12e  Methylated polenoic fatty 
acids

 12(R)’HPETE
 Methyl ester

 Epidermis  [10]
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Table 2

12/15-LOX metabolites and their receptors

      12/15-LOX products    Receptors      References

 15(S)-HPETE/15(S)-HETE  a) Leukotriene B4 receptor 2 (BLT2)  [296]

 b) PPARγ  [297]

 12(S)-HPETE/12(S)-HETE  a) GPR31  [298]

 b) Leukotriene B4 receptor 2 (BLT2)  [296]

 c) Thromboxane receptor  [299]

 13(S)-HODE  a) PPARγ  [300]

 b) PPARβ  [301]

 c) TRPV1  [302]

 Hepoxillins  a) TRPV1 and TRPA1  [303]

 b) Thromboxane receptor α-isoform  [304]

 Lipoxins  a) FPR2/ALX  [305]

 b) Estrogen receptor α  [306]

 c) Cysteinyl leukotriene receptor 1  [307]

 d) Arylhydrocarbon receptor (AHR)  [308]

 Resolvin D1  a) GPR32  [309]

 b) FPR2/ALX  [309]

 Resolvin D2  a) GPR18  [310]

 Resolvin El  a) Chemokine like receptor 1 (CMKLR1)  [311]

 Protec tin D1  a) Protectin D1 receptor  [312]
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Table 3

The main substrates and products of 12/15-LOX with their biological activities

Substrates Immediate products End products      Biological activities

Arachidonic
acid

include immunosuppression, regulate
T lymphocyte function, stimulate EC

migration and neovascularization

stimulate vasodialation

regulate inflammatory response
and insulin secretion

exert proinflammatory actions and
cause severe asthama & allergic

reactions

stimulates SMC, EC and leuckocyte
migration

regulate vasodialation, pain
perception, insulin secretion &

reduce oxidative stress

Linoleic acid stimulates monocyte maturation,
lipid metabolism and neuron activation

DHA

resolve inflammation

exert anti-inflammatory, anti-apoptotic
& neuroprotective effects

EPA exerts anti-inflammatory &
pro-resolving effects
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Table 4

The pro- and anti-inflammatory effects of 12/15-LOX

Pro-inflammatory effects Anti-inflammatory effects

Induces MCP1 expression and promotes infiltration of macrophages 
[50]. Prevent leukocyte migration and cytokine secretion [313].

Increases expression of pro-inflammatory eoxins [61]. Inhibit pro-inflammatory cytokine production by macrophages [77].

Promotes severity of asthama [62,63]. 12/15-LOX deficiency leads to impaired wound healing response and 
increased fibrosis [78,79].

Potentiate airway allergic inflammation [60].

Induces inflammatory cytokine generation [52]. 12/15-LOX deletion results in exacerbated inflammatory joint 
distinction [75].

Induces plasma exudation in rabbits [53].

Mediate LPS induced pulmonary inflammation and injury [55]. Prevents inflammation in ischemic brain [74].

12/15-LOX deficiency protects mice from DSS-colitis [65]. Promotes anti-inflammatory macrophage phenotype [12,68].
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Table 5

The potentially known 12/15-LOX inhibitors [314–323].

12/15-LOX Inhibitors Structure IC50 Species References

alpha-Boswellic acis 1µM human 314

nor-dihydroguaiaretic
acid (NDGA) 110 nM human 315

MLO94 10 nM human 316

LOXBlock-1 300 nM human 317

Baicalein 1.6 µM human 318

15i 3.1 nM rabbit 319

21n 75 nM rabbit 320
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12/15-LOX Inhibitors Structure IC50 Species References

371 21 nM rabbit 321

PD146176 0.54 µM human 322

ML351 200 nM human 323
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