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Abstract

While nonsteroidal inflammatory drugs (NSAIDs) are the first line of therapeutics for the 

treatment of mild to moderate somatic pain, they are not generally considered to be effective for 

neuropathic pain. In the current study, direct activation of spinal Toll-like 4 receptors (TLR4) by 

the intrathecal (IT) administration of KDO2 lipid A (KLA), the active component of 

lipopolysaccharide (LPS), elicits a robust tactile allodynia that is unresponsive to cyclooxygenase 

(COX) inhibition, despite elevated expression of COX metabolites in the spinal cord. IT KLA 

increases 12-Lipoxygenase-mediated hepoxilin production in the lumbar spinal cord, concurrent 

with expression of the tactile allodynia. The TLR4-induced hepoxilin production also was 

observed in primary spinal microglia, but not in astrocytes, and was accompanied by increased 

microglial expression of the 12/15-lipoxygenase enzyme 15-LOX-1. IT KLA-induced tactile 

allodynia was completely prevented by spinal pretreatment with the 12/15-Lipoxygenase inhibitor 

CDC or a selective antibody targeting rat 15-LOX-1. Similarly, pretreatment with the selective 

inhibitors ML127 or ML351 both reduced activity of the rat homolog of 15-LOX-1 heterologously 

expressed in HEK-293T cells and completely abrogated NSAID-unresponsive allodynia in vivo 
following IT KLA. Finally, spinal 12/15-Lipoxygenase inhibition by NDGA both prevents Phase 

II Formalin flinching and reverses Formalin-induced persistent tactile allodynia. Taken together, 
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these findings suggest that spinal TLR4-mediated hyperpathic states are mediated at least in part 

through activation of microglial 15-LOX-1.
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12-lipoxygenase; glia; pain; toll receptors; lipids

1. Introduction.

Persistent nociceptive primary afferent neuronal activation leads to central sensitization, 

which underlies the development of pain hypersensitivity observed following tissue injury 

and inflammation. It is commonly appreciated that after tissue inflammation or injury, non-

neuronal cells (particularly astrocytes and microglia) contribute to nociceptive signaling 

cascades in the CNS [8; 32; 43; 48; 61]and can be stimulated by a variety of mediators such 

as glutamate, substance P, ATP, cytokines or chemokines and Toll-like receptor (TLR) 

ligands [10; 35; 52; 53; 74]. TLRs are expressed in the CNS, with TLR1–9 found in 

microglia and TLR1, 3, 4, 5 and 9 located in astrocytes [31]. Activated spinal glia contribute 

directly to nociceptive processing [22; 41; 56; 72] by releasing a variety of neuroactive 

substances including glutamate, ATP, cytokines and prostaglandins (PG) such as PGE2, 

which in turn trigger adjacent glia and neurons to drive maintenance of these facilitated 

states [43; 63]. Several investigators have shown that spinal delivery of agonists of TLR4, 

such as LPS and KDO2-Lipid A (KLA, the active component of LPS), elicits tactile 

allodynia in rats [41; 59; 60]. We found that either systemic or intrathecal (IT) 

administration of nonsteroidal inflammatory drugs (NSAIDs) such as ibuprofen and 

ketorolac failed to attenuate nociceptive behavior despite complete inhibition of TLR4-

induced spinal PGE2 release [60]. Surprisingly, IT pretreatment with the glial cell-preferring 

inhibitor pentoxifylline significantly reduced both spinal prostaglandin release and tactile 

allodynia in this model [60], indicating that activated glial cells contribute to spinal TLR4-

mediated allodynia.

Spinal TLRs, in particular TLR4, also have been implicated in the transition from acute to 

chronic pain syndromes [1; 14; 36; 50; 69; 71; 77]. For example, subcutaneous (SC) 

Formalin Phase II flinching exhibits significant correlation with anti-hyperalgesic drug 

responsiveness in models of nerve injury such as CCI [75], suggesting at least some 

translatability of molecular mechanisms underlying formalin-induced pain hypersensitivity 

to those contributing to peripheral neuropathy. Phase II flinching is sensitive to inhibition by 

anti-inflammatory drugs at high (2.5–5%) but not low (1%) concentrations of Formalin [38; 

45; 82]. Furthermore, Formalin (5%) in the dorsal surface of the paw also produces 

persistent secondary tactile allodynia for up to 3 weeks [21] that is initiated by stimulation of 

spinal TLR4 [77] and is mediated in part by sustained spinal microglial activation [20; 22].

Previously, we and others have demonstrated that increased synthesis of arachidonic acid 

(AA)-derived metabolites of spinal 12-lipoxygenases (12-LOX), specifically hepoxilins 

(HXA3 and HXB3) and 12-hydroxyeicosatetraenoic acid (12-HETE), contributes 

significantly to hyperalgesia following peripheral inflammation via activation of TRPA1 and 
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TRPV1 receptors and spinal substance P release [7; 24; 25; 66]. While it is widely accepted 

that activation of TLR4 by lipopolysaccharide (LPS) releases eicosanoids from 

cyclooxygenase (COX) and/or 5-lipoxygenase (5-LOX) pathways [17], the upstream 

activators as well as the cellular source(s) of 12-LOX metabolites following injury remain 

largely undefined [6; 27; 40; 46; 49; 60]. In the current report, we demonstrate that spinal 

TLR4 activation also increases microglial production of 12-lipoxygenase metabolites 

(particularly HXB3) via 15-LOX-1, which contributes directly to NSAID-unresponsive 

allodynia in rats.

2. Methods.

Drugs.

Arachidonic Acid, AA (Cayman); KDO2-Lipid A, KLA [55] (Avanti Polar Lipids); 

Ketorolac, KETO (Allergan); ML127 and ML351 (NIH Chemical Genomics); NDGA 

(Cayman Chemical) and Formalin (Fisher Scientific) were prepared in vehicles (VEH) as 

follows. For in vivo IT delivery: KLA 1 μg/10 μl in 1% DMSO; Ketorolac 50 μg/10 μl in 

saline; ML127 or ML351 0.1–10 μg/10 μl in 5% PEG-400/5% Cremaphor-EL/saline; 

NDGA (10 or 60μg/10 μl in 20% β-cyclodextrin in saline). For in vivo SC delivery: 

Formalin (2.5% or 5% in saline, 50 μl). For cell culture: AA (70 μM) in serum-free DMEM 

as described [25]; KLA (100 ng/ml), ML127 or ML351 (0.1 nM-10 μM) in serum-free 

DMEM to a final maximum concentration of 0.1% (v/v) DMSO.

Animals.

Holtzman Sprague-Dawley rats (male, 300–350g for behavioral analyses; neonatal male and 

female P1-P3 for primary cultures; Harlan) were used in accordance with protocols 

approved by the IACUC of UCSD. IT catheter implantation of adult rats and drug delivery 

was performed as described previously [81] with modifications [37]. Animals exhibiting 

motor or postural deficits after surgery (<5%) were immediately sacrificed. All behavioral 

testing was performed by the same observer blinded to the treatment conditions, with 

animals randomized by another investigator.

Cell culture and transfection.

Primary cultures of rat spinal microglia or astrocytes were prepared as described previously 

with modifications. Briefly, spinal cords from neonatal rats were hydroextruded with saline, 

followed by trituration in complete DMEM (containing 10% FBS, 2 mM L-glutamine, 100 

U/ml penicillin G sodium and 100 μg/ml streptomycin). The cell suspension was passed 

sequentially through 100 μM and 70 μM filters and plated at a density of 3–4 cords/flask. 

Mixed cultures were maintained for 2 weeks with regular media replacement in a humidified 

incubator at 37oC/5% CO2 prior to sequential separation of glial cell types. Microglia were 

detached by shaking the flasks for 2h at 37oC and then cultured in serum-starved DMEM for 

1d prior to experiments. Astrocytes were obtained by trypsinization of the remaining cells 

and subculturing in complete DMEM. For experiments, cells were plated at a density of 

50,000 cells/well or 250,000 cells/well for 24-well or 6-well plates, respectively, and serum-

starved for 24h. Some cultures were grown on glass slides coated with poly-D-lysine 0.5 

mg/ml and then subjected to immunofluorescence to verify >98% purity as we and others 
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have reported [16; 28; 60; 64]. HEK-293T cells were cultured and transfected with one of 

each of the six recombinant pcDNA3.1/rat 12/15-LOX constructs (3 μg) using 

Lipofectamine 2000 (Life Technologies) as we described previously [25].

Immunofluorescence.

Primary cultures were fixed with 3% formaldehyde and then labeled with markers of 

astrocytes (GFAP, vimentin), microglia (Iba-1) and DAPI to demonstrate >98% purity as 

described (data not shown) [28; 60; 64].

LC-MS/MS.

LC-MS/MS of eicosanoids (Supplementary Table 1) was conducted using a tandem 

quadrupole mass spectrometer (ABI 4000 Q-Trap®) as described previously [7; 25; 26]. 

Eicosanoid levels were measured in rat L4/L5 lumbar spinal cord tissue after IT KLA (2 h) 

or SC Formalin (day 7), in media from primary cultures of spinal cells following treatment 

with KLA, as well as in media from HEK-293T cells supplemented with AA as substrate.

Quantitative real-time PCR.

Total RNA was isolated from spinal cords using RNeasy Lipid Tissue Mini Kit or from 

primary cultures using RNeasy Mini Kit and RNase-free DNase kit (Qiagen) and samples 

were prepared for real-time qPCR with RT2 SYBR green/ROX kit as directed using 

prevalidated rat primer sets (SA Biosciences) for Alox12 (12-LOX-p), Alox12b (12R-LOX), 

Alox12e (12-LOX-e), Aloxe3 (eLOX3), Alox15 (15-LOX-1), Alox15b (15-LOX-2) and 

Actb (β-actin). The comparative CT method was used for relative quantification, and 2-ΔΔCT 

values were calculated and averaged for each target as described in detail previously [25]. 

We confirmed specificity of these primer sets against their respective target genes without 

cross-reactivity to other isozymes in HEK-293T overexpression systems [25]. For purposes 

of clarity, in this paper we refer primarily to the protein nomenclature, with the enzyme 

family as 12/15-LOX and enzyme activities as 12-lipoxygenase (12-LOX), hepoxilin 

synthase (HXS), or 15-lipoxygenase (15-LOX).

Immunoblot.

Total protein was extracted from primary cells and processed for western blot of 12/15-LOX 

enzymes with primary antibodies generated in mouse targeting leukocyte type 15-LOX-1 

(Abnova H00000246-M04), which we verified for specificity in a 15-LOX-1 HEK-293T 

overexpression system [25].

Behavioral testing.

Tactile thresholds.—Tactile allodynia was assessed using von Frey filaments by the up-

down method of Dixon as described [12] at baseline and after IT delivery of drugs (ML127, 

ML351 and CDC or corresponding VEH) 30 min prior to IT administration of KLA [60]. 

For measurement of long-term hyperalgesia in a TLR4-dependent model of chronic pain 

[77], rats were given SC formalin (5%) on the dorsal surface of the hindpaw and then tactile 

thresholds were measured on days 1, 3, 5 and 7 as described previously [21]. Rats allodynic 

on day 7 were post-treated IT with drugs (NDGA or VEH) and then tactile thresholds 
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recorded at 30 min and 1, 2, and 4 hours after treatment. Data were expressed as 50% gram 

thresholds v. time % Maximum Possible Effect (MPE) and as area under the curve (AUC) or 

hyperalgesic index (% change from baseline × min). Any rat with a basal 50% paw 

withdrawal threshold below 10g was excluded from the study (<5% of animals).

Acute Formalin flinching.—An automated system was used to quantify Formalin-

induced flinching (University Anesthesia Research and Development Group, Department of 

Anesthesiology, University of California, San Diego, La Jolla, CA) as we have described 

previously [80]. Briefly, drugs (NDGA or VEH) were administered IT as a pretreatment 30 

min prior to SC administration of Formalin (2.5%) to the dorsal surface of the hindpaw, and 

then rats were immediately placed in the recording chambers. Flinches were counted in 1 

min intervals for 60 min. Data were expressed as total number of flinches observed during 

phase I (0–9 min) and phase II (10–60 min).

Statistics.

Normalized raw data of spinal eicosanoids were filtered using the Grubbs’ test as previously 

described [7]. P values were determined using SPSS software (PASW version 18, SPSS Inc.) 

as follows: t-test for two group analysis and repeated measures or standard ANOVA for 

multiple group analysis with Bonferroni post-hoc for behavioral data, Dunnett’s post-hoc for 

biochemical data, or Benjamini-Hochberg Procedure (false discovery rate=0.1, see [5] for 

details) for lipid array data. Normalized metabolite, mRNA or protein levels and tactile 

thresholds were expressed as the mean ± standard error of mean (SEM). A value of P < 0.05 

was considered significant.

3. Results.

Spinal TLR4-mediated tactile allodynia is unresponsive to NSAIDs.

As we and others have shown previously, IT KLA (1 μg), elicits significant tactile allodynia 

in rats after a single injection (Figure 1A, B), [41; 59; 60]. Despite significant inhibition of 

KLA-induced PGE2 release, pretreatment with the COX-1/2 inhibitor ketorolac (50 μg, IT) 

failed to reduce IT KLA-induced tactile allodynia (Figure 1A, B and [60]).

TLR4 activation increases levels of hepoxilins in both in lumbar spinal tissue and in 
primary spinal microglia

Next, we conducted lipidomic analysis of lumbar spinal cord tissue at 2h after treatment 

with IT KLA to determine which eicosanoids were altered concurrent with the allodynia. As 

predicted, levels of COX metabolites of arachidonic acid (AA) including PGE2, 

prostaglandin D2, 6-keto prostaglandin F1α, and thromboxane B2 were elevated in lumbar 

spinal cord tissue at 2h after IT KLA (Fig. 2A, Supplementary Table 1). However, we 

reasoned that since NSAIDs do not block TLR4-mediated allodynia regardless of inhibiting 

synthesis of COX products (Figure 1 and [60]), other factors must contribute to this pain 

hypersensitivity. Previously, we observed that IT pentoxifylline, an inhibitor targeting 

microglia and astrocytes, significantly attenuated KLA-mediated allodynia as well as the 

increase in PGE2 release. Thus, we also examined lipid metabolites released from cultured 

spinal microglia and astrocytes at 2, 4, and 24h after KLA treatment. The remaining 
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metabolites were examined to identify non-COX-derived lipids altered by KLA in lumbar 

spinal tissue and in primary glial cells that may underlie KLA-induced allodynia (Figure 

2B). Of the 62 eicosanoids identified in this study, only the 12-LOX product Hepoxilin B3 

was significantly increased both in lumbar spinal tissue (Figure 2C) and in microglia (Figure 

2D). It is important to note that while Hepoxilin A3 (HXA3) and Hepoxilin B3 (HXB3) are 

synthesized concurrently, and HXA3 has stronger bioactive effects in vivo [4], HXB3 is 

more stable and serves as a marker of HXS activity.

12/15-LOX enzymes are present in primary spinal glial cells and microglial 15-LOX-1 is 
induced by KLA

The rat 12/15-Lipoxygenases encompass a family of six enzymes encoded by six distinct 

genes (Table 1): 12-LOX-p (Alox12); 12(R)-LOX (Alox12b); 12-LOX-e (Alox12e, 

pseudogene); eLOX3 (Aloxe3); 15-LOX-1 (Alox15); and 15-LOX-2 (Alox15b) [4]. Of the 

four 12/15-LOX enzymes expressed in rat spinal cord under basal conditions, three of these 

possess HXS activity – 12-LOX-p, eLOX3 and 15-LOX-1 [25]. We detected mRNA for all 

three synthases in microglia (Figure 3A) and two in astrocytes (Fig. 3B). Given the lack of a 

commercially available, selective antibody for rat 12-LOX-p [25], we investigated the effect 

of KLA treatment on the expression of 15-LOX-1 protein in glial cells targeted by 

pentoxifylline, microglia and astrocytes. Following exposure to KLA, 15-LOX-1 protein was 

upregulated in microglia at 8h and 24h after exposure to KLA (Fig. 4A, C). Similar 

treatment in astrocytes produced no effects on 15-LOX-1 expression (Fig. 4B, D).

ML351 and ML127 inhibit rat 15-LOX-1

Previously, we examined the selectivity of commercially available inhibitors against rat 

12/15-lipoxygenase enzymes heterologously expressed in HEK-293T cells to investigate 

their selectivity in this species. We found that CDC is specific for inhibition of rat 12-LOX 

and HXS activity from 15-LOX-1 and 12-LOX-p, while PD146176 preferentially targets 15-

LOX activity from rat 15-LOX-2 [25]. While CDC lacks adequate selectivity for 

discriminating between rat 15-LOX-1 and 12-LOX-p [25], agents have been developed to 

selectively target the human orthologs 15-LOX-1 (ML351, [58] and 12-LOX-p (ML127, 

[57]). Thus, in order to investigate further the potential role(s) of these enzymes in the KLA-

induced spinal facilitated state, we examined the effects of ML351 and ML127 as potential 

inhibitors of the rat 12/15-LOX enzymes overexpressed in HEK-293T cells using our 

previously described methods [25]. Using this approach, ML351 (Figure 5A) inhibited 

lipoxygenase activity from both rat 15-LOX-1 and rat 12-LOX-p, but did so at substantially 

lower concentrations (50% inhibition at 10 nM) than ML127 (Figure 5B). ML127 reduced 

rat 15-LOX-1 lipoxygenase activity by 50% at 1 μM, and exhibited very little effect on rat 

12-LOX-p at concentrations up to 10 μM.

Inhibition of spinal 15-LOX-1 attenuates TLR4-mediated pain hypersensitivity

As hepoxilins trigger calcium mobilization in sensory neurons and produce significant 

tactile allodynia after IT administration [24], we examined the ability of the selective 

inhibitors ML127 and ML351 to attenuate KLA-induced spinal facilitated states that are 

unresponsive to NSAIDs (Figure 6). Treatment with ML351 at all doses tested (0.1–10 μg, 

IT) attenuated spinal TLR4-mediated pain hypersensitivity such that tactile threshold levels 
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were not different from control animals. The antihyperalgesic effect of ML127 was dose-

dependent, with the highest dose (10 μg, IT) producing significant inhibition of IT KLA-

induced allodynia. These data are consistent with in vitro results, where ML351 exhibited 

increased apparent potency for 15-LOX-1, while ML127 showed higher selectivity for 15-

LOX-1. In addition, KLA-induced allodynia was attenuated by IT pretreatment with the 

specific 12/15-LOX inhibitor CDC or a prevalidated selective 15-LOX-1 antibody 

(Supplementary Figure 1) using methods we have described previously [25].

Finally, we investigated if 12/15-LOX activation contributes to an established, clinically-

relevant model of spinal TLR4-mediated chronic pain, SC formalin-induced long-term 

allodynia [21; 77]. Pretreatment with the general 12/15-Lipoxygenase inhibitor NDGA (10 

μg, IT) significantly reduced Phase II, but not Phase I, Formalin (2.5%) flinching compared 

with vehicle, which was not different from saline (Figure 7A). In addition, Formalin (5%) 

produced a significant increase compared with saline in spinal cord HXB3 levels ipsilateral 

but not contralateral to the site of injury (Figure 7B) and significant tactile allodynia that was 

observed on days 1, 3, 5, and 7 after injection as described previously [21] (data not shown). 

Importantly, NDGA (60 μg, IT) administered as a post-treatment (single injection on day 7 

after 5% Formalin) reversed established tactile allodynia as depicted by timecourse curves 

and % MPE (Figure 7C, D)

Discussion.

In the present study, we utilized a rat model of spinally-mediated, TLR4-dependent tactile 

allodynia that is unresponsive to NSAIDs to identify novel mechanisms of neuropathic-like 

pain behaviors in the absence of peripheral inflammation or injury. Using a comprehensive 

lipidomic approach for measuring eicosanoids from established pathways, the 12/15-

lipoxygenase family of enzymes was identified as a target for facilitating nociceptive 

behavior induced by spinal TLR4 activation, comparable to our previous observations with a 

model of peripheral inflammation [7; 24]. We have shown that IT delivery of the 12/15-

lipoxygenase metabolites 12(S)-HpETE, 12(S)-HETE, HXA3 and HXB3 directly produce 

profound tactile allodynia but modest transient thermal hyperalgesia in rats, and that spinal 

hepoxilins produced during peripheral inflammation contribute to allodynia via stimulation 

of spinal TRPA1 and TRPV1 receptors and NK1 receptor internalization [24]. Therefore, we 

reasoned that increased spinal 12-LOX/HXS activity may also underlie TLR4-dependent 

allodynia. While ML127 exhibited higher selectivity for rat 15-LOX-1, ML351 displayed a 

greater apparent potency than ML127 both in vivo and in vitro. Differential selectivity of 

lipoxygenase inhibitors between species has been observed previously; for example, 

PD146176 targets human 15-LOX-1 [65], but is highly selective for rat 15-LOX-2 without 

effect on rat 15-LOX-1 [26]. A similar phenomenon also has been observed for probes 

designed for monoacylglycerol lipase (MAGL), wherein JZL184 is equipotent against the 

human and mouse orthologs, yet exhibits significantly reduced potency against rat MAGL 

[11]. Our observations regarding antihyperalgesic effects of IT pretreatment with a selective 

antibody targeting rat 15-LOX-1 provides additional support for a significant contribution of 

this enzyme in spinal TLR4-mediated allodynia. Therefore, if interpreted with caution, 

inhibitors designed for the human 12/15-lipoxygenases also may be used as chemical probes 

for disease models in rats [30].
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Herein, we extend previous findings utilizing a behavioral model of nociception with direct 

activation of spinal TLR4 [41; 59; 60] via IT delivery of KLA, the chemically defined 

component of LPS [55]. Others have shown that pain hypersensitivity produced by local 

delivery of LPS in the paw of mice and rats [34] is blocked by systemic delivery of NSAIDs 

[62], and this effect may be explained in part by inhibition of cyclooxygenases activated in 

the periphery, for example in circulating peripheral blood leukocytes expressing TLR4. 

However, we found that spinal administration of KLA elicited a profound tactile allodynia 

that, unexpectedly, was unresponsive to pretreatment with either systemic or intrathecal 

NSAIDs (ibuprofen and ketorolac) at doses that completely prevented TLR4-induced release 

of PGE2 both in lumbar spinal cerebrospinal fluid and from primary spinal astrocyte cultures 

[60]. Similarly, pretreatment either with systemic ibuprofen or with IT ketorolac (non-

specific COX inhibitors) failed to block spinal TLR4-mediated allodynia at doses that 

exhibit antihyperalgesic effects in other nociceptive models in which CNS synthesis of 

prostaglandins is elevated [38; 39; 73]. The dose we selected (50 μg IT) in the current study 

is the maximum dose that can be delivered given the standard injection volume of 10 μl and 

available ketorolac concentration[79]. Importantly, this maximum soluble dose of IT 

ketorolac completely inhibited COX-mediated PGE2 release into spinal CSF, thus ruling out 

the possibility that the drug was not administered at the appropriate time to be effective[60]. 

This lack of response to treatment with NSAIDs also has been found in other paradigms of 

chronic pain, including diabetic neuropathy (PDN) [9], chemotherapy-induced peripheral 

neuropathy (CIPN) [51], and the post-inflammatory late phases of both K/BxN serum-

transfer and Collagen Antibody-Induced (CAIA) models of rheumatoid arthritis [2; 13], 

indicating that cyclooxygenase metabolites likely do not contribute to the maintenance of 

these hyperpathic states. It should be noted that daily administration of COX inhibitors 

reduces peripheral inflammation severity in rheumatoid arthritis and PDN models [19; 54; 

70]; however, NSAIDs may have limited efficacy in certain patient populations [33] and 

their long-term usage has been associated with serious GI, renal and cardiovascular side 

effects in humans [47; 67]. Importantly, TLR4 plays a critical role in the development of 

neuropathic pain [69; 71] and in the transition in rodents from an acute to chronic 

hyperalgesic state in experimental arthritis [1; 14]. It is possible that our observations 

regarding the involvement of 15-LOX-1 in nociceptive behavior following direct activation 

of spinal TLR4 may extend to paradigms of chronic pain with a neuropathic component that 

are less responsive or even refractory to NSAID therapy, as suggested by antihyperalgesic 

effects of 12/15-LOX inhibition in formalin-mediated sustained allodynia. As such, the 

involvement of spinal 15-LOX-1 in pain chronification warrants further study.

Since rat 12/15-lipoxygenases are encoded by six distinct enzymes that can 

stereospecifically insert O2 into polyunsaturated fatty acids such as arachidonic acid [4], we 

examined which of these were expressed in glial cells, were altered by TLR4 activation, and 

could be targeted by selective inhibitors. Of these six isozymes, four are expressed in rat 

spinal cord: 12-LOX-p, 12R-LOX, eLOX3 and 15-LOX-1 [25]. eLOX3 is a HXS that can 

form hepoxilins from 12-HpETE (or from AA when coexpressed with 12(R)-LOX), while 

12-LOX-p and 15-LOX-1 exhibit both 12-LOX and HXS activity [4; 25; 29]. Of the three 

enzymes with HXS activity expressed in spinal microglia, there is no commercially available 

selective antibody for 12-LOX-p and we have already investigated the role of eLOX3 in 

Gregus et al. Page 8

Pain. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inflammatory hyperalgesia [25]. Hence, we examined TLR4-mediated changes in 15-LOX-1 

protein and found that IT KLA treatment produced a robust upregulation of 15-LOX-1 

expression in spinal microglia but not in astrocytes. As changes in protein levels of enzymes 

do not necessarily correlate with their altered activity, we investigated the effects of selective 

inhibitors targeting human 12-LOX-p (ML127 [57]) and 15-LOX-1 (ML351 [58]). At low 

nanomolar concentrations, ML351 significantly decreased 12-LOX and HXS activity from 

the rat homologs of 15-LOX-1 and 12-LOX-p in the presence of AA substrate. In contrast, 

ML127 preferentially reduced 15-LOX-1 activity in a concentration-dependent manner with 

little effect on 12-LOX-p. Likewise, IT pretreatment with ML351 completely abrogated 

TLR4-dependent tactile allodynia, but at 100-fold lower dose than ML127, which we 

speculate is due to its greater relative potency at 15-LOX-1.

While some groups present a case for neuronal TLR4 activation in response to LPS [18; 42], 

others report a major role for TLR4 expressed in glial cells as the fundamental drivers of 

many inflammatory and neuropathic pain conditions [1; 14; 56; 71], and there are different 

views as to whether microglia or astrocytes play a more significant role in the chronification 

of these hyperpathic states which may be paradigm- and sex-specific [2; 69; 84]. Indeed, 

direct activation of spinal TLR4 by IT LPS or KLA is attenuated by agents that target glial 

cells such as minocycline and pentoxifylline [3; 60], suggesting the involvement of factors 

released from microglia and/or astrocytes. Thus, we sought to determine through lipidomic 

analysis as conducted previously [6; 7], which eicosanoids (other than cyclooxygenase 

metabolites) were increased significantly in lumbar spinal cord both concurrent with KLA-

induced allodynia and in primary spinal microglia and/or astrocytes following exposure to 

KLA. In this study, we report that spinal 15-LOX-1 in microglia contributes to TLR4-

dependent allodynia in male rats. Our findings regarding a critical role of microglia in spinal 

TLR4-mediated pain states in males is consistent with previous reports that IT LPS increases 

expression of pronociceptive factors in spinal microglia, and that suppression of microglial 

but not astrocytic activation attenuates the concomitant allodynia [15; 23; 76; 83]. It is 

important to note, however, that the current observations do not preclude a role for additional 

12-LOX enzymes with HXS activity expressed in microglia (i.e., 12-LOX-p or eLOX3), 

other lipids or factors released from astrocytes, or sex differences in the contribution of 

TLR4 to pain behaviors [68; 77], and these avenues merit future investigation.

Collectively, these results demonstrate that microglial 15-LOX-1 contributes to the 

development of TLR4-mediated allodynia in male rats. Future studies should investigate 

potential receptor targets of hepoxilins in addition to TRPA1 and TRPV1[24], as clinical 

development of antagonists for these channels has been hampered by issues with 

bioavailability/kinetics[44] and serious side effects[78]. In addition, the importance of 12-

LOX/HXS activity in models of chronic pain in females as well as in mice should be 

explored in more detail, so as to confirm translatability between both sexes and species. 

Accordingly, selective drugs impeding 12-LOX/HXS activity and/or that of downstream 

receptor targets may be useful in the treatment of hyperpathic pain states that are refractory 

to treatment with NSAIDs without the concomitant risk associated with chronic opioid use.
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Figure 1. Intrathecal delivery of KLA induces tactile allodynia that is unresponsive to NSAIDs.
(A). Time course and (B) percent hyperalgesic index or AUC values reveal that spinal 

pretreatment with the COX-1/2 inhibitor ketorolac (50 μg IT) has no significant effect on IT 

KLA-induced pain hypersensitivity. **P<0.01 v. VEH; n.s., not significantly different from 

VEH. VEH, vehicle; KETO, ketorolac; KLA, KDO2-Lipid A.
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Figure 2. Direct activation of spinal TLR4 by KLA in vivo significantly increases hepoxilin 
production in lumbar spinal cord tissue and microglial cultures.
(A) Timecourse array of changes in levels of COX, nonenzymatic, LOX and CYP 

metabolites measured in lumbar spinal cord tissue at 2h and released from cultures of spinal 

microglia and astrocytes at baseline, 2h and 8h after treatment with VEH (IT saline or 0.1% 

DMSO, respectively) or KLA (1 μg/10 μl IT or 100 ng/ml, respectively). Fold differences 

are indicated on the heat map as follows: green, decreased; red, increased; gray, no change; 

black, not detected. (B) Metabolite changes following KLA treatment were analyzed using 

the following criteria (illustrated in diagram): not produced by COX (due to NSAID 

insensitivity), significantly (P<0.05) and robustly (≥ 2-fold) altered in both spinal cord tissue 

and cultured glial cells (microglia, astrocytes, or both). These criteria reveal a single lipid 

target (HXB3) that is increased in spinal cord (C) and microglia (D) following treatment 

with KLA. *P<0.05, ***P<0.001, n = 8–15 rats/group or n = 4 wells/treatment. VEH, 

vehicle; KLA, KDO2 Lipid A; COX, cyclooxygenase; LOX, lipoxygenase; CYP, 

cytochrome P450.
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Figure 3. Cultured spinal microglia and astrocytes express mRNAs encoding 12/15-LOX with 
Hepoxilin synthase activity.
Primary rat spinal microglia (A) express mRNAs for 12-LOX-p (Alox12), eLOX3 (Aloxe3) 

and 15-LOX-1 (Alox15) while spinal astrocytes (B) express mRNAs for 12-LOX-p 

(Alox12) and 15-LOX-1 (Alox15) as measured by qPCR. Levels are expressed in arbitrary 

units, n = 5 samples/group.
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Figure 4. KLA treatment upregulates 15-LOX-1 protein in primary spinal microglia.
Expression of 15-LOX-1 protein is increased significantly in primary spinal (A,C) microglia 

at 8 and 24h but not in (B,D) astrocytes after treatment with KLA (100 ng/ml). VEH, 

vehicle. *P<0.05; n.s., not significantly different from VEH. n = 6 wells/group.
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Figure 5. ML351 and ML127 inhibit rat 15-LOX-1 activity.
The inhibitors (A) ML351 and (B) ML127 were tested against rat 15-LOX-1 and 12-LOX-p. 

Enzymes were expressed in HEK-293T cells, incubated with vehicle or inhibitor (ML351 or 

ML127) for 30 min, then incubated with 70 μM arachidonic acid for 1h. The extracellular 

media was analyzed for 12-HETE production by LC-MS/MS. n = 4–8 wells/treatment. 

*P<0.05, **P<0.01, ***P<0.001.

Gregus et al. Page 19

Pain. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. ML351 and ML127 attenuate KLA-induced tactile allodynia.
Timecourse curves reveal that spinal pretreatment with (A) ML351 or (B) ML127 

significantly attenuate IT KLA-induced pain hypersensitivity in rats in a dose-dependent 

manner. (C) Percent hyperalgesic index or AUC values demonstrate greater apparent anti-

hyperalgesic potency of ML351 in vivo, and a comparative lack of effect of ketorolac. n = 8–

10 rats/treatment. *P<0.05, **P<0.01, n.s. (not significantly different from IT KLA).
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Figure 7. Spinal inhibition of 12/15-LOX attenuates formalin Phase II acute flinching and 
persistent allodynia.
(A) Pretreatment with the general 12/15-LOX inhibitor NDGA (10 μg IT) significantly 

reduces Phase II acute flinching following SC formalin (2.5%, 50 μl) into the dorsal surface 

of the hindpaw. (B) HXB3 levels are increased significantly in ipsilateral (I) but not 

contralateral (C) lumbar spinal cord on day 7 following SC formalin (5%, 50 μl), concurrent 

with allodynia. Post-treatment with NDGA (60 μg IT) reverses established IPLT formalin-

induced allodynia on day 7 as depicted by (C) timecourse and (D) %MPE values. n = 6 rats/

treatment. *P<0.05, **P<0.01, v. VEH; n.s. not significantly different from SAL. SAL = 

saline; VEH = vehicle; SC = subcutaneous; MPE = maximum possible effect.
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Table 1.
The 12/15-Lipoxygenase family of enzymes.

Pathway Common
Name Gene Protein Activity (rat) Activity (human) % ID

12-LOX

platelet-type
12(R)-type

epidermis-type

Alox12
Alox12b
Alox12e
Aloxe3

12-LOX-p
12(R)-LOX
12-LOX-e

eLOX3

12(S)-LOX; HXS
12(R)-LOX

12(R)-LOX(low)
HXS

12(S)-LOX; HXS, LXS
12(R)-LOX
pseudogene

HXS

84
87
-

88

15-LOX leukocyte-type Alox15
Alox15b

15-LOX-1
15-LOX-2

12(S)-LOX; HXS
15-LOX

15-LOX
15-LOX

75
81

12-LOX = 12-lipoxygenase; HXS = hepoxilin synthase; 15-LOX = 15-lipoxygenase; LXS = lipoxin synthase; % ID = Percent identity of each rat 
enzyme to its human ortholog.
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