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Abstract

The lipoxygenases (LOs) are principal enzymes involved in the oxidative metabolism of
polyunsaturated fatty acids, including arachidonic acid. 12- and 15-LO and their lipid metabolites
have been implicated in the development of insulin resistance and diabetes. Adipose tissue, and in
particular visceral adipose tissue, plays a primary role in the development of the inflammation
seen in these conditions. 12- and 15-LO and their lipid metabolites act as upstream regulators of
many of the cytokines involved in the inflammatory response in adipose tissue. While the role that
12- and 15-LO play in chronically inflamed adipose tissue is becoming clearer, there are still
many questions that remain unanswered regarding their activation, signaling pathways, and roles
in healthy fat. 12- and 15-LO also generate products with anti-inflammatory properties that are
under investigation. Therefore, 12- and 15-LO have the potential to be very important targets for
therapeutics aimed at reducing insulin resistance and the comorbid conditions associated with
obesity.
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Introduction

Polyunsaturated fatty acids (PUFAS) are essential fatty acids necessary in our diet on which
various enzymes act to generate a variety of lipid metabolites that serve as signaling
molecules required for normal cellular function [1]. The eicosanoids are metabolites
generated from the oxidation of twenty-carbon omega-6 (w-6) or omega-3 (w-3) PUFAs that
under certain conditions are pro-inflammatory [2,3]. One essential w-6 PUFA is arachidonic
acid (AA). AA is normally esterified in the cell membrane phospholipids and released by
phospholipase A2 in response to various peptides, such as growth factors and cytokines,
induced by cellular stress [4]. AA then can be oxidized by three classes of enzymes to
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generate lipid products: the lipoxygenases (LOs) to generate leukotrienes, lipoxins,
hepoxilins, hydroperoxyeicosatetraenoic acids (HpETES), and hydroxyeicosatetraenoic acids
(HETES); the cyclooxygenases (COX-1 and COX-2) to generate prostaglandins and
thromboxanes; and the cytochrome p-450 epoxygenases to generate epoxides [5]. In
addition, LOs can act upon w-3 docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) to generate lipid metabolites, such as the resolvins, maresins, and protectins, that
directly act as anti-inflammatory metabolites or drive resolution of an acute inflammatory
response [6].

Animal LO enzymes include 5-LO, 12-LO (epidermal-, platelet-, and leukocyte-type), 15-
LO, and eLOX-3 (epidermis-type LO-3) (Table 1) named according to the carbon position at
which they oxygenate their PUFA substrate [7]. The LOs are found in plants and animals,
including humans, and are expressed from the LOXand ALOX genes, respectively (Table
1). However, comparison of the homologous isoforms across species is not always
straightforward due to species-specific differences in affinity for different substrates and the
products generated by the LO isoforms and thus care must be taken in interpreting data
across species. Finally, the LOs are expressed in a variety of tissues including the
vasculature, kidney, nervous system, liver, pancreatic islet, and adipose tissue [2, 8-10].

For the purpose of this review, we will focus on the updated role of the 12- and 15-LOs in
adipose tissue in the inflammatory obese condition. For a more comprehensive review
covering the role of 12- and 15-LOs in tissues in both the normal and disease state, please
refer to [2].

12- and 15-Lipoxygenases in the Adipose Tissue

Fat — The Newly Appreciated Endocrine Organ

Adipose tissue (AT), or fat, is found as either brown or white with very distinct
physiological characteristics [11,12]. In particular, brown adipose tissue (BAT) is found
primarily in neonates (and in certain conditions in adults) in the paravertebral, periadrenal,
and supraclavicular regions and developed as a means to provide thermogenesis in periods
of cold weather. As such, BAT is heavily laden with mitochondria with multilocular lipid
droplets. On the other hand, white adipose tissue (WAT) functions largely as a lipid storage
unit characteristic of large unilocular lipid droplets for the purpose of providing a readily
available fuel source for cells during times of fasting. However, our dependence on these fat
organs has diminished given our modern housing and abundance of food supplies. In
particular, WAT has now become a sinkhole for the storage of excess nutrients, leading to
the generation of new metabolic problems.

WAT is not simply a repository for excess lipids in the diet, but also functions as an
endocrine organ [13]. AT is comprised of adipocytes in addition to cells comprising the
stromal vascular fraction (SVF), including preadipocytes, leukocytes, macrophages, and
endothelial cells. AT is a complex milieu of cells and is actively involved in responses to
various cellular stimuli and inflammatory responses. It produces and secretes inflammatory
cytokines and adipocyte-specific hormone-like proteins, called adipokines, that affect local
AT and systemic bodily functions. These hormones and cytokines are actively involved in
regulating lipid metabolism, insulin sensitivity, and satiety. Emerging evidence points
towards a significant role for 12- and 15-LO function in WAT adipogenesis and adipocyte
health, and disruption of normal 12- and 15-LO function by the inflammatory obese
condition promotes adipocyte dysfunction and overall metabolic disease including insulin
resistance and diabetes.
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12- and 15-LO Function in Adipogenesis

Adipogenesis involves the generation of adipocytes from the preadipocytes, or mesenchymal
stem cells, within the SVF of AT. Peroxisome proliferator-activated receptor gamma
(PPARY) is a necessary and sufficient requirement for adipogenesis and no other factor is
able to perform this role [12]. In addition, PPAR-y activation is dependent upon an
exogenous supply of free fatty acids and many of the lipoxygenase-derived metabolites
activate PPARy [14,15]. AA is necessary for proper glucose uptake in white adipocytes and
has been shown to be dependent on LO activity [16]. The in vitro utilization of 3T3-L1
fibroblasts has allowed for detailed examination of adipogenesis given that these fibroblasts
can be induced to fully differentiate into a pure population of white adipocytes simply by the
addition of a differentiation cocktail [17,18]. Analysis of the expression profile of the
various lipoxygenases in 3T3-L1 cells reveals that eLOX-3 is expressed in pre-adipocytes
and early differentiated adipocytes while the leukocyte- and platelet-type 12-LO are not, and
that adipogenesis is only sensitive to LO inhibitors during the early adipogenic stages [19].
Overexpression of eLOX-3 or addition of its hepoxilin eicosanoid products to 3T3-L1
preadipocytes promotes adipocyte differentiation while knockdown of eLOX-3 prevents
adipogenesis [14]. However, expression of 5-LO and leukocyte-type 12-LO significantly
increases at the time of terminal differentiation while epidermal- and platelet-type 12-LO
and eLOX-3 are absent at this stage, suggesting that 5-LO and leukocyte-type 12-LO may
have a role in the terminal differentiation of adipogenesis [20,21].

Pro-Inflammatory Roles of 12- and 15-LO in Adipocyte Dysfunction

As mentioned earlier, AT functions as an active endocrine organ regulating a variety of
cellular processes including lipid synthesis and metabolism, insulin sensitivity, and
hormonal regulation of bodily functions such as satiety. However, when the intake of
nutrients excessively surpasses the caloric needs of the body, the extra nutrient source is
stored as triaglycerols in the adipocyte [22]. Eventually, the overwhelming demand for
intracellular lipid storage within the adipocyte will lead to overexpansion of the WAT with
ensuing shear stress of the cell membrane marked by a chronic low-grade inflammation in
this tissue, which can lead to systemic insulin resistance, type 2 diabetes, and cardiovascular
complications [22]. Leukocyte-type 12-L.O, or 12/15-LO (rodent leukocyte-type 12-LO is
often labeled as 12/15-LO as it can oxygenate substrate at both the 12- and 15-carbon
position), appears to be a key player in the progression of adipocyte dysfunction and
resultant systemic decline. Firstly, 12/15-L0O is upregulated in WAT in the obese state.
C57BL/6J mice that have been on a high-fat diet for 8 weeks exhibit increased expression of
12/15-LO in isolated white adipocytes [20]. Zucker obese rats, a genetically-induced rodent
model of obesity and insulin resistance, also exhibit increased expression of 12/15-LO in
isolated white adipocytes compared to lean controls [21].

To examine the significance of the increased 12/15-LO expression in WAT, the differential
responses of wild-type C57BL/6J and 12/15-LO-deficient mice on either a normal chow or a
42% high-fat “Western” type diet for 8—24 weeks were examined [23]. 12/15-LO deficiency
preserved normal glucose metabolism (as measured by glucose and insulin tolerance tests)
and fasting insulin and glucose levels when fed a high-fat diet compared to wild-type mice
on a high-fat diet, suggesting improvements in insulin sensitivity in these mice.
Furthermore, while circulating cytokine levels of TNF-a and IL-6 increased and the
adipokine, adiponectin, decreased when wild-type mice were fed the high-fat diet, 12/15-
LO-deficient mice fed a high-fat diet retained normal levels of these factors. Consistent with
the observed improvements in insulin sensitivity, TNF-a and IL-6 are both implicated in the
development of insulin resistance in part through promoting adipocyte lipolysis while
adiponectin is a key adipokine that promotes insulin sensitivity [24—26]. Additionally, while
body weight and epididymal WAT weight did not differ between the groups on a high-fat
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diet, significant reductions in macrophage infiltration and MCP-1 staining in the epididymal
WAT was observed in the high-fat diet-fed 12/15-LO-deficient mice compared to wild-type
mice. In agreement with these studies, another study examined wild-type C57BL/6J and
12/15-LO-deficient mice placed on a similar 41% high-fat diet for as little as 2—4 weeks and
revealed that WAT inflammation (including TNF-a and IL-6 protein expression),
macrophage infiltration, and whole body insulin resistance (as measured by euglycemic
hyperinsulinemic clamp studies) was prevented in the 12/15-LO-deficient mice on the high-
fat diet [27]. Thus these results indicate that 12/15-L O is required for mediating the early
stages of WAT inflammation and whole body insulin resistance induced by a high-fat diet.
While little study has been devoted to the role of platelet-type 12-LO in mediating diet-
induced obesity, platelet-type 12-LO is also upregulated in isolated epididymal white
adipocytes from C57BL/6J mice fed a high-fat diet [28]. Human relevance for 12/15-LO and
platelet-type 12-LO is provided by data revealing that the respective human equivalents, 15-
LO-1 and 12-LO, are upregulated in WAT of obese patients [29]. It is also worth mentioning
that expression of 5-LO and its metabolites are upregulated in white adipocytes and adipose
tissue of Zucker obese rats and diet-induced obese mice, concomitant with the increased
12/15-LO and cytokine (TNF-a, IL-6, and MCP-1) expression [21, 30]. However, the role
of 5-LO in human WAT from obese individuals remains unclear. Therefore multiple LO
pathways may play a role in mediating obesity-associated chronic-low grade inflammation.

To confirm a direct role of 12- and 15-LO activity in mediating inflammation and insulin
resistance in adipocytes, examination of the addition of 12/15-LO products to 3T3-L1
adipocytes was performed by Chakrabarti ef a/. [20]. Addition of the major products of
12/15-L0O, 12(S)-HETE and its precursor 12(S)-HpETE, directly to fully differentiated 3T3-
L1 adipocytes significantly induced pro-inflammatory gene expression and secretion of
many pro-inflammatory cytokines, including TNF-a,, MCP-1, IL-6, and IL-12p40. In
addition, the anti-inflammatory adiponectin was significantly decreased under these
conditions. Consistent with the idea that increased inflammation leads to increased
phosphorylated c-Jun NH,-terminal kinase (JNK)-1 and thereby reduced insulin signaling,
we observed that phosphorylated JINK-1 was indeed increased and insulin-mediated
activation of key insulin signaling proteins such as Akt and IRS (insulin receptor
substrate)-1 were decreased after addition of 12(S)-HETE to 3T3-L1 adipocytes. Finally, to
give relevance for these /n vitro findings in the context of diet-induced obesity, palmitic
acid, a free fatty acid that is a major component of the high-fat diet, was added to 3T3-L1
adipocytes [20]. Palmitic acid induced 12/15-LO expression with concomitant increased
cytokine expression. Collectively the data reveals that diet-induced obesity is marked by a
chronic, low-grade inflammation that promotes 12/15-LO activation and further
amplification of the inflammatory cascade with ensuing insulin resistance and metabolic
decline (Figure 1).

Adipocyte dysfunction is not only marked by chronic inflammation and insulin resistance of
WAT, but also by a phenomenon called endoplasmic reticulum (ER) stress [31,32]. The ER
is a highly specialized organelle that in the adipocyte is responsible for protein and lipid
biosynthesis. However, in the chronically-inflamed obese state, the ER is overwhelmed due
to the excess of nutrients and thus the accumulation of misfolded proteins occurs, leading to
the activation of the unfolded protein response (UPR). The UPR functions to essentially
increase the ER machinery necessary to meet the demands of protein and lipid biosynthesis.
The UPR functions through 3 major arms: the PKR-like ER-regulated kinase (PERK),
inositol requiring enzyme 1a (IREla), and the activating transcription factor 6 (ATF6).
While all arms will increase ER-biogenesis related genes, activated PERK leads to
attenuation of protein synthesis while activated IRE1a and ATF6 upregulate protein
chaperones necessary for protein folding. Obesity-associated ER stress has been shown to
increase inflammation and insulin resistance [31,32]. In support of this, insulin-resistant
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obese patients or mice exhibiting increased ER stress in WAT reveal that caloric restriction
can decrease inflammation and restore insulin sensitivity [33-38]. Interestingly, recent
evidence from our lab demonstrates that 12/15-LO is a novel inflammatory pathway that
mediates ER stress in the adipocyte [39] (Figure 1).

We treated 3T3-L1 adipocytes with 12(S)-HETE and 12(S)-HpETE and observed that ER
stress markers associated with each UPR arm were activated [39]. Furthermore, if cells were
pretreated with the 12/15-LO inhibitor, CDC (cinnamyl1-3, 4-dihdroxy-a-cyanocinnamate),
induction of the ER stress response by the chemical inducer tunicamycin (an N-
glycosylation inhibitor of de novo protein synthesis) was significantly ameliorated [39].
Additionally, isolated epididymal white adipocytes from C57BL/6J or 12/15-LO-deficient
mice treated with tunicamycin revealed that ER stress induction was significantly impaired
in the absence of 12/15-LO [39].

Peripheral Pro-Inflammatory Effects of Adipose Tissue-Specific 12- and 15-LO Activity

Current published studies reveal a significant role for 12/15-LO function in the white
adipocyte. However, little is known about the systemic impact of 12/15-L0O activity in
WAT. Our lab has generated a mouse model whereby 12/15-L0 is conditionally removed
from the WAT by the Cre transgene driven by the adipocyte-lipid binding protein (aP2)
promoter. Control and 12/15-LO fat-specific-deficient mice were placed on either a chow or
60% high-fat diet for 16 weeks. As expected, preliminary unpublished observations reveal
that 12/15-LO deletion from WAT was able to reduce inflammation in and macrophage
infiltration into the epididymal WAT. Of considerable note was the observed reduction in
fasting blood glucose levels and non-fasting serum insulin levels in the 12/15-L0O fat-
specific-deficient mice compared to control mice on a high-fat diet. In addition these same
mice exhibited improvements in insulin sensitivity and secretion as measured by glucose
and insulin tolerance tests. Inflammation in the pancreatic islet was also reduced in the high-
fat diet-fed 12/15-L.O fat-specific-deficient mice compared to controls. These observations
are consistent with improvements in pancreatic p-cell function and systemic insulin
sensitivity seen in the global 12/15-LO-deficient mice on high-fat diets. These data suggest
an interesting crosstalk between 12/15-LO expression in WAT and inflammation in
pancreatic tissue, revealing a considerable systemic impact of chronic 12/15-LO activity in
fat in diet-induced obesity.

Obesity is also associated with the hepatic manifestation of nonalcoholic fatty liver disease
(NAFLD) whereby the hepatocytes are characterized by lipid accumulation with subsequent
inflammation and cell injury [40]. Mice deficient for 12/15-LO on the hyperlipidemia- and
atherosclerotic-prone apolipoprotein E-/- (ApoE-/-) background were protected from the
development of NAFLD [41]. In addition, plasma lipidomic analysis revealed an increase in
lipoxygenase metabolites from patients with NAFLD compared to healthy patients [42].
Finally, specific markers of ER stress were reduced in liver from 12/15-LO-deficient mice
fed a high-fat diet compared to wild-type controls [39]. Targeting 12/15-LO function in
WAT may be a novel therapeutic target in treating local WAT and systemic organ
complications associated with obesity [23,27,39] (Figure 1).

As mentioned earlier, AT is a complex milieu of cell types and therefore analysis of 12/15-
LO function not only in the adipocyte will be necessary to decipher the exact role of chronic
12/15-LO activity in inflamed fat. In particular, 12/15-LO is highly expressed in the
macrophage and vascular endothelial cells, components of the SVF [2,5,43]. 12/15-LO is
required for interleukin-12 (IL-12) expression in the macrophage and is activated in vascular
endothelial cells [5,43]. Therefore, it is clear that extensive crosstalk between 12/15-LO
activity in the various cell-types will have a significant impact on regulating inflammation
and ensuing adipocyte dysfunction.
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12- and 15-LO Pathways in Human Adipose Tissue and Effects of Obesity

An important barrier in LO research is the limited translational potential of data due to
substantial species differences in substrate preference, lipid mediators, cellular expression,
and functional roles of the different LO isoforms [2]. In addition, the role of different
isoforms co-expressed in various tissues was very difficult to establish until recently when
isoform-specific selective inhibitors became available [44-46]. In humans, six LO isoforms
have been identified: 5-LO, 12(S)-LO (platelet-type 12-LO or 12-LO), 12(R)-LO, 15-LO-1
(leukocyte-type 12-LO), 15-LO-2, and eLOX-3 (epidermis-type LO-3) (Table 1). The
human 12-LO was reportedly expressed in the platelets, endothelial and smooth muscle cells
of large arteries, as well as in monocytes [47,48]. In a recent publication, we reported 12-LO
mMRNA and protein expression in human WAT with exclusive localization in the SVF both
in the subcutaneous (SC) and in the omental (OM), or visceral, fat [29]. This result does not
recapitulate the localization in rodents, where adipocytes are an abundant source of 12/15-
LO [20,21]. In humans, the two 15-LO isoforms have different substrate specificity and
generate different lipid products. 15-LO-2 can metabolize both AA and linoleic acid (LA)
with some evidence for a higher preference for AA, while 15-LO-1 has comparable affinity
for AA, LA, and DHA as substrates [49]. When utilizing AA as substrate, 15-LO-1 produces
90% 15-HpETE and 10% 12-HpETE, while 15-LO-2 produces exclusively 15-HpETE
[50,51]. We have shown selective expression of the 15-LO isoforms in human visceral
WAT. Expression of 15-LO-2 was found in both SC and OM visceral human WAT and was
exclusively localized in the SVF [29]. Intriguingly, the 15-LO-1 mRNA and protein
expression were undetectable in the SC AT, but showed robust expression in OM WAT, in
cells of the SVF only [29]. We also showed that all of the isoforms are expressed both in the
CD34+ fraction of the SVF and in the CD34- fraction containing monocytes and various
lymphocytes [29]. Furthermore, by immunohistochemistry we showed robust expression of
the 15-LO-1 in the WAT vasculature. There are no reports indicating the role of the 12- and
15-LO pathways in human WAT. Increased expression of all of the 12- and 15-LO enzyme
isoforms in OM vs. SC WAT suggests that the pathways may contribute to the pro-
inflammatory milieu prominently associated with visceral fat in obesity [29].

Recent evidence suggests a pro-inflammatory role of 12- and 15-LO pathways in humans.
15-LO gene variants in humans are associated with induced expression of IL-6, TNF-a, and
IL-1p, indicating a broad role for the enzyme in systemic inflammation [52]. Also, a recent
paper demonstrated through gene array analysis that AA metabolism is the second most
significantly upregulated pathway in human OM WAT compared to SC WAT in human
obese subjects with a 7.6-fold higher expression of 15-LO-1 in OM fat [53]. Importantly we
recently found using a lipidomic approach that both the 12- and 15-HETES are significantly
higher in OM compared to SC fat and that 12-HETE is significantly increased in the WAT
of subjects with morbid obesity and type 2 diabetes compared to non-diabetic obese subjects
(unpublished observations). The very limited information on 12- and 15-LO functional roles
and changes with different pathological conditions in human WAT warrants future studies to
identify the roles of different isoforms and the lipid mediators that are key for regulation of
inflammation in human obesity and type 2 diabetes. The availability of selective inhibitors
of the 12- and 15-LO enzymes will also facilitate our understanding of the pathologic roles
of these enzymes in the metabolic and vascular disturbances associated with obesity.

12- and 15-LO in Adipose Tissue: Activation and Signhaling Pathways

A number of stimuli for the activation and upregulation of 12- and 15-LO in rodent and
human tissues have been described. Brinckmann et al. demonstrated that the presence of
calcium led to the binding of 15-LO to the inner plasma membrane in human eosinophils
with subsequent evidence of enzymatic activity [54]. Upregulation of 15-LO has also been
seen in human blood monocytes after exposure to various cytokines, including IL-4 and
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IL-13 [55,56]. /n vitro studies using human and mouse islet cell lines demonstrated that a
combination of cytokines with pro-inflammatory activity (IL-1p, IFN-y, and TNF-a) led to
the activation of leukocyte-type 12-L0O, as evidenced by the production of 12(S)-HETE [57].
In porcine aortic vascular smooth muscle cells, hyperglycemic conditions, as well as the
addition of the potent vasoconstricting and pro-inflammatory hormone angiotensin 11 (Ang
I1) led to increases in leukocyte-type 12-LO mRNA and protein levels, as well as increased
enzyme activity, suggesting important roles for both hyperglycemia and Ang Il in the
increased lipoxygenase activity seen in individuals with diabetes [58]. Ang Il increases the
expression of leukocyte-typel2-LO in vitro in human aortic smooth muscle cells, and may
have its effect via the ATy receptor [28,47]. Hyperglycemia has also been shown to increase
the expression of 12/15-LO in cultured rat renal mesangial cells [59]. Interestingly, hypoxia
has been associated with upregulation of 15-LO /n vivo, including in human macrophages,
where 15-LO-2 is expressed [60,61]. The hormone aldosterone can also upregulate 12- and
15-LO-2 expression and activity in human vascular smooth muscle cells [62]. Models of
cerebral ischemia have demonstrated that ischemic insults stimulate local 12/15-LO
expression in both neurons and vascular endothelial cells [63]. Iron deficiency has also been
shown to induce the expression of intestinal and hepatic 12/15-LO in iron-deficient animals
[64].

The activation and signaling pathways involving 12- and 15-LO that are specific to WAT
are becoming clearer. As described earlier 12/15-LO expression in white epididymal
adipocytes is upregulated after high-fat feeding in mice, and the addition of palmitic acid, a
saturated fatty acid found in high-fat diets, increases 12/15-LO expression /n vitroin 3T3-L1
adipocytes [20]. The adipokine lipocalin-2 (LCN2), which has been associated with obesity,
type 2 diabetes, and inflammation, has been demonstrated to activate 12-LO activity [65—
68]. Law et al. set out to determine what role LCN2 deficiency would have on systemic
insulin sensitivity, and discovered that LCN2 knockout (LCN2-KO) mice had significantly
reduced 12-LO activity in epididymal WAT, as assessed by reduced concentrations of the
metabolite 12(S)-HETE [66]. There were no differences in 12(S)-HETE concentrations in
liver or muscle, suggesting that LCN2 plays a role in 12-LO activation that is specific to
WAT. Further, overexpression of LCN2 in LCN2-KO mice (through the use of a
recombinant adenovirus) was associated with significant increases in the expression of 12-
LO and in 12(S)-HETE production, specifically in WAT. The authors measured the
concentration of the inflammatory cytokine TNF-a, that is typically produced downstream
of 12-LO activity, and showed that the WAT of LCN2-KO animals expressed less TNF-a,
and that overexpression of LCN2 was associated with an increase in TNF-a production.
This increase in TNF-a was blocked by the addition of the previously described 12-LO
inhibitor, CDC [66]. Of note, the authors found that LCN2 deficiency was associated with
protection from the insulin resistance seen in aging and obesity and concluded that these
changes were in part mediated by changes in 12-LO activity.

As previously discussed there is evidence that different components of the renin-angiotensin
system (RAS), and in particular Ang Il, may play a role in the regulation of 12/15-LO
activity [47,58] (Figure 1). 12(S)-HETE has been shown to increase AT receptor
expression in the glomeruli of type 2 diabetic rats [69]. Abdel-Rahman et a/. demonstrated
that valsartan blocked 12(S)-HETE production in the renal interstitium of streptozotocin-
induced diabetic rats [70]. Blockade of the angiotensin type 2 receptor (AT>) with the
inhibitor PD123319 had no effect on 12(S)-HETE production, indicating a primary role for
the AT, receptor in the mechanism linking Ang Il with 12-LO activity. Interestingly the
combination of AT; and AT receptor blockade led to high levels of 12(S)-HETE,
suggesting that the AT, receptor may also have a role in 12-LO activity regulation. Studies
in the obese Zucker rat have shown increased expression of 12/15-LO in the renal cortex,
and that this expression can be blocked with the AT, receptor blocker losartan [71]. In
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regard to WAT, as previously described, our laboratory has provided evidence that C57BL6/
J mice fed a high-fat Western diet have an increase in the expression of the platelet-type 12-
LO in adipocytes, that is abolished with the addition of the ATq receptor blocker valsartan
[28]. Further studies regarding the role that the RAS plays in the activation of 12- and 15-
LO in WAT are needed.

The cytokine interleukin-12 (IL-12) is one primary cytokine through which the products of
12/15-L0O lead to increased inflammation and WAT dysfunction (Figure 1). IL-12 is
necessary for the development of pro-inflammatory T helper cells (Th1 cells) [72]. IL-12
signaling activates the signal transducer and activator of transcription 4 (STAT4), a
transcription factor that has been associated with autoimmune diseases such as type 1
diabetes, rheumatoid arthritis, systemic lupus erythematosus, and Sjogren’s syndrome [73].
IL-12 and STAT4 have also been implicated in the inflammatory actions of 12/15-LO in
AT. As described previously, Chakrabarti ef a/. demonstrated that 12/15-LO mRNA was
increased 8-fold in visceral adipocytes from obese Zucker rats compared with lean controls
[21]. 12-HETE also was increased 2-fold and was associated with increased adipocyte-
derived expression of the inflammatory cytokines IL-6, MCP-1, TNF-a, IL-1a, and IL-1p.
Treating obese Zucker rats with the anti-inflammatory small molecule lisofylline (LSF), 1-
(5-R-hydroxyhexyl)-3,7-dimethylaxanthine, which reduces the phosphorylation and activity
of STATA4, and thereby downregulates the inflammatory effects of the 1L-12 pathway, was
shown to reduce the levels of 12/15-L0O, as well as IL-6, MCP-1, and IL-1a in both
adipocytes and AT. Immunohistochemical analysis of WAT from obese Zucker rats treated
with LSF had reduced staining for 12/15-LO compared to untreated obese Zucker rats and
lean controls. Furthermore, immunohistochemical staining for MCP-1 and western blot
analysis for IL-6 were reduced in the WAT from the LSF-treated obese Zucker rats.
Immunohistochemical studies also showed that phosphorylated-STAT4 (p-STAT4) was
upregulated in WAT from obese Zucker rats when compared with control lean animals, and
treatment with LSF reduced p-STAT4 expression as seen by immunohistochemistry of
WAT and western blot analysis of adipocytes from obese Zucker rats treated with LSF. In
3T3-L1 adipocytes LSF was shown to reduce the expression of the inflammatory cytokines
IL-6, MCP-1, and IL-12p40. Interestingly treatment with LSF was associated with increased
WAT mass, and increased feeding efficiency in obese rats, without having an effect on total
body weight. The authors hypothesized that LSF can improve the storage of fatty acids by
adipocytes, and may perhaps reduce the deposition of ectopic fat that has been associated
with reductions in insulin sensitivity. Of note, LSF reduces the insulin resistance seen in
animals fed a high-fat diet [74].

Identification of receptors for lipid metabolites generated by 12- and 15-LO are also
underway. An exciting study published recently by Guo et a/. described a plasma membrane
orphan G protein-coupled receptor (GPCR31) that displayed high affinity for 12(S)-HETE
[75]. The authors defined this as the 12(S)-HETE receptor (12-HETER). This orphan
receptor was cloned from a human prostate cancer cell line. These authors had previously
demonstrated that 12(S)-HETE signaling involved PKC and the tyrosine kinase Src, as well
as extracellular signal-related kinase 1/2 (ERK 1/2) and phosphatidylinositol 3-kinase [76—
78]. In the latest study the authors showed that 12(S)-HETE binding to the 12-HETER led to
NF«xB activation, as well as activation of the protein kinases ERK 1/2 and MEK. The role
that this receptor may play in the adipocyte and in WAT is unknown at this time.
Interestingly the authors reported performing an analysis of array data in the Gene
Expression Omnibus (GEO) that suggested a possible role for the 12-HETER in multiple
diseases, including Alzheimer’s disease and diabetic nephropathy. It will be important to see
if there is any role for this receptor in the metabolic dysfunction that occurs in obesity and
diabetes.
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Many other pathways may be involved in 12- and 15-LO signaling in WAT. The incretin
pathway may play a role in the regulation of 12- and 15-LO and its metabolites in WAT.
The dipeptidyl peptidase IV inhibitor sitagliptin was shown to reduce adipocyte and WAT
MRNA expression of 12/15-LO in C57BI/6J mice [79]. In the insulin-producing a-cell of
the pancreas, 12(S)-HETE may have its detrimental effects by stimulating the stress-
activated p38-mitogen-activated protein kinase pathway [80]. Whether or not this pathway is
involved in 12- and 15-LO-regulated WAT inflammation is not known at this time and
warrants further study. 12- and 15-LO products have been shown to stimulate protein kinase
C (PKC) activity in rat adrenal glomerulosa cells [81], and 12-HETE also leads to increased
c-Jun amino-terminal kinase (JNK) activity, as well as increased p21-activated kKinase
activity, in a Chinese hamster ovary fibroblast cell line overexpressing the rat vascular
type-1la Ang Il receptor [82,83]. As described previously studies in 3T3-L1 adipocytes have
demonstrated that 12/15-LO products (12(S)-HETE and 12(S)-HpETE) increase JNK-1
phosphorylation, and that this was associated with impaired insulin signaling [20], and
again, in a recent publication our laboratory reported that the addition of 12(S)-HETE and
12(S)-HpETE to 3T3-L1 adipocytes was associated with the activation of various ER stress
markers, including p-IREla, BiP, p-PERK, and XBP-1 [39]. ER stress could be attenuated
through the addition of the 12/15-LO inhibitor, CDC [39]. Therefore, there are a number of
pathways likely involved in the 12- and 15-LO activation and signaling in WAT.

Anti-inflammatory Roles of 12- and 15-LO in Adipose Tissue

Abundant evidence reviewed above emphasizes the pro-inflammatory role of the 12- and
15- lipoxygenase pathways in WAT, including in response to high-fat feeding [2]. Up-
regulation of the 12/15-LO pathway has effects on insulin resistance, pancreatic p-cell
function, and ER stress via paracrine and endocrine actions of the bioactive lipids and pro-
inflammatory cytokines produced in WAT as a result of 12/15-LO activation. However,
there is evidence that the 12- and 15-LO pathways may also generate metabolites that are
key in the resolution of inflammation [84-86] (Figure 2). In particular, 12/15-LO may
generate w-6 PUFA metabolites such as lipoxins, or w-3 PUFA metabolites such as
maresins, resolvins and protectins [87,88]. The process may involve multiple LO isoforms
and may therefore be para-cellular involving different cell types and complexly regulated
[89,90].

Obesity is a state of chronic inflammation resulting in impaired lipid partitioning by the
adipocyte and production of pro-inflammatory cytokines and lipid metabolites. This
dysfunction is likely the result of an inappropriate inflammatory response that remains
uncontrolled due to intrinsic inability of the tissue for complete resolution of inflammation.
The pro-resolving metabolites formed as a result of different lipoxygenases may therefore
play beneficial effects for limiting inflammation in the WAT as a result of nutritional
overload. In particular, resolvin E1 decreases T cell migration, reduces TNF-a and IFN-y
secretion, inhibits chemokine formation, and blocks IL-1-induced NFkB activation [91-93].
Importantly the receptor for resolvin E1 was identified as the G protein-coupled receptor
ChemR23 which is expressed on monocytes, dendritic cells, and adipocytes [94]. Although
there is no published evidence, it is tempting to speculate that resolvin E1 may have
potentially important anti-inflammatory roles in chronically inflamed fat by reducing
inflammatory cell infiltrate and limiting pro-inflammatory cytokine formation by adipocytes
and macrophages.

The types and relative amounts of lipid metabolites generated in a tissue that expresses
different 12- and 15-LO isoforms are dependent not only on 12- and 15-LO expression but
also on substrate availability, local metabolite concentrations, and local partial oxygen
pressure. Increased availability of the w-3 vs. w-6 fatty acids could lead to the predominant
formation of lipid metabolites with anti-inflammatory properties. Interestingly, WAT is the
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major storage site for PUFAs in obese individuals [95]. Studies on effects of EPA and DHA
on WAT showed convincingly that dietary supplementation with these w-3 fatty acids have
anti-inflammatory actions in WAT (Figure 2). DHA supplementation in the diets of high-fat
diet-fed mice revealed that resolvin D1 and its precursor DHA lead to the resolution of
adipose tissue inflammation by favoring an anti-inflammatory M2 phenotype in WAT
macrophages and by blunting Th1 cytokine secretion (IL-6, MCP-1, and TNF-a.) [96].
Moreover, in human interventional studies, supplementation with w-3 PUFAS was
associated with improved insulin sensitivity, improved lipid profiles, and reduced
inflammation during the management of weight loss in overweight hyperinsulinemic women
[97]. A recent study showed that the 17-hydroxydocosahexaenoic acid (17-HDHA), a
metabolite generated by the action of 15-LO on DHA, is a more potent PPARy agonist than
DHA itself [98]. 17-HDHA along with protectin D1 and resolvin D1 were identified in
WAT of leptin-deficient, obese ob/0b mice [99]. Interestingly, products of the 12- and 15-
LO pathways were among the most abundant eicosanoids produced in WAT of genetically
obese mice suggesting a key role of the latter in the inflamed WAT [99]. In addition to the
substrate availability, nutritional overload seems to play a key role in regulation of the
balance between the formation of pro- vs. anti-inflammatory 12- and 15-LO lipid products.
The importance of substrate availability in the metabolite formation was recently
emphasized in a paper by Merched et a/. [100]. The authors showed that a high-fat diet
prevents the formation and action of lipoxin A4 (LXA4) in ApoE—/- mice that overexpress
12/15-LO. While on chow diet the mice are protected from developing atherosclerosis, but
when placed on a high-fat diet, they display a more severe atherosclerotic phenotype due to
the inability of LXA4 to exert its anti-inflammatory action [100]. Also, a recent paper
suggests that alternatively activated macrophages expressing 12/15-LO act as a sink for
distinct soluble receptors for apoptotic cells via the oxidized phospholipids on plasma
membranes therefore allowing the controlled phagocytosis of the apoptotic cells by the
resident tissue macrophages and contributing to the maintenance of self-tolerance [101].

Collectively these studies suggest the complexity of the spatial and temporal regulation of
the 12- and 15-LO pathways in response to nutritional overload and obesity. It is tempting to
speculate that an early response to high-fat feeding in WAT results in the up-regulation of
the 12- and 15-LO pathways and downstream formation of 12- and 15-HETEs that
contribute to development of insulin resistance and local WAT inflammation via recruitment
of immune cells and local production of pro-inflammatory cytokines. Also, a switch in the
product formation of different LO isoforms may contribute to the downstream production of
pro-inflammatory lipid mediators. This switch may be the result of changes in the substrate
availability or local conditions such as changes in partial oxygen pressure. For example, a
recent paper elegantly demonstrated that 5-LO may entirely switch its product from 5-HETE
and leukotriene formation to 15-HETE production as a result of a mutation that mimics
phosphorylation of a serine residue [102]; although not yet shown, this change could be
achieved /n vivo by the MAPK ERK1/2 [102]. It is well documented that ERK1/2 activation
occurs as an early response to high-fat diet exposure or in insulin resistant states. Therefore
this may be one of the mechanisms responsible for a switch in the eicosanoid metabolites in
early stages of nutrient overload and impaired glucose homeostasis. Dietary supplementation
with EPA and DHA may be therefore beneficial in obesity as it could lead to formation of
the pro-resolving mediators of the 12- and 15-LO pathways, resulting in anti-inflammatory
actions in WAT and an improved metabolic phenotype (Figure 2). While understanding the
mechanisms that control the regulation of the 12- and 15-LO pathways require substantial
future efforts, the contribution of this pathway to inflammation in WAT in obesity is well
established in animal models and future studies may demonstrate its key importance in
humans.
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Conclusion

Much is known about the role that the 12- and 15-LOs and their products play in both health
and disease states. Their specific contribution in the process of inflammation is becoming
clear, and as inflammation plays a major role in the development of two of the great
epidemics of our time, obesity and diabetes, we must learn more about how these enzymes
might be manipulated in order to develop therapeutic agents [103,104]. We must also study
how our Western diet increases inflammation, and what role 12- and 15-LO pathways may
play in that process [105]. Identification of downstream signaling components of the 12- and
15-LO enzymes as well as the recent discovery of the GPCR for 12(S)-HETE will aid in our
understanding of these LOs. Furthermore, the development and description of selective
inhibitors of human reticulocyte 15-LO-1 and human platelet-type 12-LO provide exciting
opportunities for future research into the function (and dysfunction) of these enzymes [44—
46].

The evidence points towards a role for 12/15-LO activity in WAT in modulating chronic
local inflammation and subsequent systemic metabolic decline in the obese state. However,
little is known as to the role of 12- and 15-LOs in BAT. Indeed, in addition to WAT,
platelet- and leukocyte-type 12-LO are expressed in BAT [19]. Unpublished observations
from our lab also reveal that 12/15-LO expression is not increased in BAT when mice are
fed a high-fat diet. Therefore, deciphering the mechanism of 12/15-LO activation in WAT
and BAT as well as products generated in these fat depots by 12/15-LO will reveal insights
into 12/15-L0O function.

Though we have learned much in the last three decades regarding the mechanisms and
effects of the 12- and 15-LOs and their products, much work still needs to be done in order
to understand these enzymes and their role in health and disease. Future research needs to
focus on the roles that the 12- and 15-LOs play in adipocyte and AT function, as these
endocrine organs play a critical role in the development and maintenance of both obesity
and insulin resistance. In the coming years we will see much of this science translated from
the bench to the bedside, and a better understanding of these enzymes will serve as an
important weapon in our armory when combating obesity and diabetes.
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Figure 1.

The role of 12- and 15-LO in adipose tissue in the obese state. Excess consumption of
energy demands an increased nutrient storage capacity of adipocytes in white adipose tissue
(WAT). As a result, adipocytes become hypertrophic and stressed, leading to dysfunction
marked by ensuing inflammation. Expression of pro-inflammatory cytokines, lipocalin-2
(LCN2), renin angiotensin system (RAS) markers, and ER stress markers by these stressed
adipocytes and stromal vascular fraction (SVF) of the WAT leads to chronic leukocyte-type
12-L.0 (12/15-L0O) activation in the adipocyte and SVF and subsequent generation of pro-
inflammatory lipid metabolites, such as 12(S)-HETE and 15(S)-HETE. 12/15-L O activity
promotes further amplification of pro-inflammatory pathways, in particular the
interleukin-12 (IL-12) pathway. This inflamed fat promotes the recruitment of macrophages
and other inflammatory cells into the fat bed, further propagating the inflammatory autocrine
cascade. In addition, WAT exerts paracrine and endocrine pro-inflammatory effects through
secreted cytokines on various organ systems, including the pancreas, liver, and vasculature,
leading to metabolic decline.
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Figure 2.

The role of 12- and 15-LO in normal adipose tissue. Diets enriched in w-3 fatty acids or
acute inflammatory responses may activate the 12- and 15-LO enzymes in normal or
inflamed hypertrophic WAT to generate anti-inflammatory or pro-resolving lipid
metabolites, such as the maresins, resolvins, protectins, and lipoxins.
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Table 1

Nomenclature for human and mouse lipoxygenase enzymes.

Lipoxygenase Human Gene (Trivial Name) Mouse Gene (Trivial Name)
5-LO ALOX5 ALOX5

Leukocyte-type 12-LO | ALOX15 (15-LO-1)

ALOX15 (12/15-LO)

15-LO ALOX15B (15-LO-2) ALOX15B (15-LO)
Platelet-type 12-LO ALOX12 (12(S)-LO or 12-LO) | ALOX12
12(R)-LO ALOX12B ALOX12B
Epidermal-type 12-LO | not expressed ALOX12e

Epidermis-type LO-3 ALOXE3 (eLOX-3)

ALOXE3 (eLOX-3)
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