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Systematic analysis of rat 12/15-lipoxygenase enzymes reveals critical role for spinal eLOX3 hepoxilin
synthase activity in in�ammatory hyperalgesia

Ann M. Gregus, Darren S. Dumlao, [...], and Edward A. Dennis

Abstract
Previously, we observed significant increases in spinal 12-lipoxygenase (LOX) metabolites, in particular, hepoxilins, which contribute to peripheral

inflammation-induced tactile allodynia. However, the enzymatic sources of hepoxilin synthase (HXS) activity in rats remain elusive. Therefore, we

overexpressed each of the 6 rat 12/15-LOX enzymes in HEK-293T cells and measured by LC-MS/MS the formation of HXB , 12-HETE, 8-HETE,

and 15-HETE from arachidonic acid (AA) at baseline and in the presence of LOX inhibitors (NDGA, AA-861, CDC, baicalein, and PD146176) vs.

vehicle-treated and mock-transfected controls. We detected the following primary intrinsic activities: 12-LOX (Alox12, Alox15), 15-LOX (Alox15b),

and HXS (Alox12, Alox15). Similar to human and mouse orthologs, proteins encoded by rat Alox12b and Alox12e possessed minimal 12-LOX activity

with AA as substrate, while eLOX3 (encoded by Aloxe3) exhibited HXS without 12-LOX activity when coexpressed with Alox12b or supplemented

with 12-HpETE. CDC potently inhibited HXS and 12-LOX activity in vitro (relative IC s: CDC, ∼0.5 and 0.8 μM, respectively) and carrageenan-

evoked tactile allodynia in vivo. Notably, peripheral inflammation significantly increased spinal eLOX3; intrathecal pretreatment with either siRNA

targeting Aloxe3 or an eLOX3-selective antibody attenuated the associated allodynia. These findings implicate spinal eLOX3-mediated hepoxilin

synthesis in inflammatory hyperesthesia and underscore the importance of developing more selective 12-LOX/HXS inhibitors.—Gregus, A. M.,

Dumlao, D. S., Wei, S. C., Norris, P. C., Catella, L. C., Meyerstein, F. G., Buczynski, M. W., Steinauer, J. J., Fitzsimmons, B. L., Yaksh, T. L., Dennis,

E. A. Systematic analysis of rat 12/15-lipoxygenase enzymes reveals critical role for spinal eLOX3 hepoxilin synthase activity in inflammatory

hyperalgesia.

Keywords: pain, eicosanoid, Aloxe3

Lipoxygenases (LOXs) are nonheme iron-containing metalloproteins that catalyze insertion of O  stereospecifically in polyunsaturated fatty acids

(PUFAs). Historically, LOX enzymes were classified according to their activity of stereoselective oxygenation to the corresponding hydroperoxy

derivative; e.g., 5-LOX, 12-LOX, and 15-LOX (1,–3). More recently, it has been appreciated that this principle applies to 5-LOX but not necessarily

to the 12/15-LOX family, which also includes isozymes that exhibit hepoxilin synthase (HXS) and/or 15-LOX activities (Fig. 1), as well as 8-LOX

activity in mice (1, 3). In addition to Alox5 (which encodes 5-LOX), 6 different rat genes with putative 12-LOX, 15-LOX, or HXS activities have been

identified to date and are named according to the cells in which they were initially discovered (Table 1): platelet-type (Alox12), epidermal-type

(Alox12b, Alox12e, Aloxe3), and leukocyte-type (Alox15, Alox15b) (1). In contrast, mice possess Alox8 in lieu of Alox15b, while the human ortholog

of Alox12e (ALOX12P2) encodes a pseudogene. Notably, their specific activities appear to depend on species, as well as substrate, and have been

examined only partially in rats (1, 3).

Figure 1.
Putative activities of the rat 12/15-LOX enzyme family using arachidonic acid (AA) as substrate. AA can be metabolized by each of 6
rat 12-LOX family enzymes (see Table 1), which exhibit one or more of the following activities depicted above: 15-LOX, ...

Table 1
Activities of overexpressed rat 12/15-LOX enzymes

While 12/15-LOX expression has been reported in brain, spinal cord, and cervical ganglia (4,–6), these accounts precede the discovery of all 6 cloned

isozymes (1). As a result, the relative functional contributions of this family of enzymes and their metabolites in central (spinal) nociceptive

processing have remained largely undefined. Several groups have reported increased 12-LOX activity in inflammatory hyperalgesia through the use of

commercially available inhibitors or direct administration of metabolites (7,–10). Recently, we described a critical role for spinal 12-LOX enzymes in

the development of mechanical hypersensitivity (tactile allodynia) following peripheral inflammation evoked by intraplantar (IPLT) injection of

carrageenan (11). We found that IPLT carrageenan significantly increases levels of hepoxilin B  (HXB ) in rat lumbar spinal cord and that either

systemic or intrathecal (IT) pretreatment with the general LOX inhibitor nordihydroguaiaretic acid (NDGA) attenuates both the increase in spinal

HXB , as well as the associated hyperesthesia (11–12). Similarly, IT pretreatment with inhibitors of 12-LOX [cinnamyl-3,4-dihydroxy-α-

cyanocinnamate (CDC) and baicalein] also reduced carrageenan-induced tactile allodynia, while there was no significant effect of spinal
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administration of the 5-LOX active site inhibitor zileuton, consistent with the observation that spinal 5-LOX metabolites are either not present or are

below the limit of detection (11). Given that the selectivity of these 12-LOX inhibitors is unknown, we demonstrated that spinal delivery of 12-LOX

metabolites of arachidonic acid (AA), including hepoxilins and their parent molecule 12-HpETE, directly produces persistent tactile allodynia via

activation of transient receptor potential ankyrin 1 (TRPA1) and transient receptor potential vanilloid 1 (TRPV1) receptors on primary afferent central

terminals (11). These novel results point to the unexpected role of the 12-LOX enzymes and their metabolites in neuraxial pain processing.

However, several important issues are unresolved. First, it remains unknown which of the 6 rat 12/15-LOX isoenzymes are responsible for production

of hepoxilins that contribute to spinal facilitated states. Second, the isozyme selectivity (if any) of the existing inhibitors is undefined. Finally, the

selectivity of available antibodies targeting specific 12/15-LOX isozymes has not been established. Accordingly, the development of heterologous

overexpression systems of these enzymes would be of great value in the verification of their activity, as well as positive controls for validation of

selective primers and antisera in the subsequent characterization of their expression and distribution in tissue at the spinal level. Such information

would allow for targeted disruption of those enzymes or the downstream targets of metabolites to reduce hyperalgesia with greater selectivity. Thus,

we overexpressed each of the rat 12/15-LOX enzymes in HEK-293T cells and proceeded to characterize their activities, responsiveness to inhibitors,

and expression in spinal cord by quantitative polymerase chain reaction (qPCR) and immunoblot. Our findings suggest that agents targeting the

primary sources of HXS and 12-LOX activity exhibit potent antihyperalgesic effects in vivo and that spinal epidermal lipoxygenase 3 (eLOX3) is a

crucial source of HXS activity mediating tactile allodynia following peripheral inflammation.

MATERIALS AND METHODS

Animals

Male Holtzman Sprague-Dawley rats (300–350 g; Harlan, Indianapolis, IN, USA) were maintained on a 12-h light-dark cycle with free access to food

and water. All experiments were conducted according to protocols approved by the Institutional Animal Care Committee of University of California–

San Diego.

Expression plasmids

Complementary DNAs (cDNAs) encoding each of the 6 rat 12-LOX enzymes [Alox12, source accession no. BC168184.1 (complete cds); Alox12b,

NM_001039377.1; Alox12e, sNM_001107014.1; Aloxe3, NM_001105793.1, Alox15, NM_031010.2, Alox15b, NM_153301.2] were cloned and

inserted into pcDNA3.1(+) vector (Invitrogen, Carlsbad, CA, USA) by Genscript (Piscataway, NJ, USA). Quality control-verified constructs were

reconfirmed after amplification and purification by restriction digest followed by agarose gel electrophoresis. Monster Green Fluorescent Protein

(phMGFP) vector was purchased from Promega (Madison, WI, USA).

Drugs

The nonselective LOX inhibitor NDGA, as well as inhibitors of 5-LOX (AA-861), platelet-type 12-LOX (baicalein and CDC) and leukocyte-type

12/15-LOX (PD-146176) were purchased as follows: baicalein and PD-146176 from Cayman Chemical (Ann Arbor, MI, USA), AA-861 from Sigma

(St. Louis, MO, USA), and CDC from Enzo Life Sciences (Plymouth Meeting, PA, USA). AA, 12(±)-hydroperoxyeicosatetraenoic acid (HpETE) and

12(S)-HpETE were obtained from Cayman Chemical (Ann Arbor, MI, USA). For cell culture, LOX inhibitors were prepared fresh immediately before

use by dissolving in DMSO, followed by serial dilution in serum-free DMEM minus phenol red to a final maximum DMSO concentration of 0.1%.

AA and 12(±)-HpETE were rapidly prepared from stocks stored at −80°C under argon by dilution in serum-free DMEM without phenol red

(Invitrogen). For in vivo studies, LOX inhibitors AA-861 and PD-146176 were prepared in 3% DMSO/3% Cremaphor-EL in saline to obtain doses of

1–10 μg/10 μl for IT delivery, followed by a 10-μl saline flush.

Cell culture and transfection

HEK-293T cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in high-glucose DMEM

(Invitrogen) supplemented with 10% FBS, 2 mM glutamine, and 100 U/ml penicillin G sodium + 100 μg/ml streptomycin. At 1 d prior to transfection,

cells were seeded at a density of 1 × 10  cells/well in DMEM without antibiotics on 6-well plates coated with γ-irradiated poly-�-lysine hydrobromide

(Sigma). Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) with one of each of the 6 recombinant pcDNA3.1/rat 12/15-LOX

constructs (3 μg) plus the phMGFP vector at a 3:1 ratio or cotransfected with Aloxe3 at a 1:1 ratio (total 3 μg) or with phMGFP alone as a negative

control. The presence of each 12/15-LOX mRNA and protein was measured by qPCR and immunoblot, respectively, with maximal expression of each

enzyme protein observed at 48 h post-transfection, as described previously (13).

Treatments
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Transfected HEK-293T cells were serum starved for 1 h, then pretreated with vehicle (0.1% DMSO) or LOX inhibitors (AA-861, CDC, baicalein,

NDGA, or PD-146176; final concentrations of 0.1–10 μM) for 30 min prior to either supplementation with the ω-6 fatty acid substrate AA (70 μM). In

separate studies, transfected cells were supplemented with hydroperoxy derivative 12(S)-HpETE (5 μM) or 12(±)-HpETE (10 μM) for 30 min.

Untransfected cells in the presence or absence of lipid substrate served as negative controls. These treatment conditions were described previously as

optimal for the quantification of 5-, 8-, 12-, or 15-hydroxyeicosatetraenoic acid (HETE) generated from heterologously expressed forms of human and

mouse LOXs in HEK-293 cells (13,–18). Medium was harvested, supplemented with deuterated internal standard, and then stored at −80°C prior to

lipid extraction for liquid chromatography–tandem mass spectrometry (LC-MS/MS), as outlined below.

Real-time quantitative reverse transcriptase-PCR (qRT-PCR)

Lumbar spinal cord (n=6 rats) was rapidly dissected under RNase-free conditions, flash-frozen, and then stored at −80°C prior to extraction. Total

RNA was isolated using the RNeasy lipid tissue mini kit and RNase-free DNase kit (Qiagen, Valencia, CA, USA), according to the manufacturer's

instructions. The concentration and purity of RNA were assessed with a nanodrop spectrophotometer (Implen, Westlake Village, CA, USA). cDNA

templates were synthesized for all cords in the same session from equal amounts of total RNA using the RT  first-strand cDNA kit (SA Biosciences,

Valencia, CA, USA). Spinal cord samples were prepared for real-time qPCR with RT  SYBR Green/ROX kit as directed, using the following

prevalidated rat primer sets: Alox12, Alox12b, Alox12e, Aloxe3, Alox15, Alox15b, and Actb (SA Biosciences). Samples were analyzed in triplicate by

qPCR on an ABI Prism 7500 (Applied Biosystems, Carlsbad, CA, USA) using the following parameters: 95°C for 10 min, then (95°C for 15 s; 60°C

for 60 s) for 40 cycles. The specificity of PCR products was verified further by the detection of a single peak at the predicted melting temperature (T )

using a dissociation curve. The cycle threshold (C ) value for each amplified PCR product was calculated by the ABI Prism SDS software as the

intensity of SYBR green fluorescence that exceeded 10 times the �� of the baseline fluorescence. The comparative C  method was used for relative

quantification (19), in which the target C  for each sample was subtracted from that of β-actin and then normalized to untransfected HEK cells (for

12/15-LOX overexpression) or to HEK cells transfected with the corresponding 12/15-LOX isozyme (for spinal tissue) in order to obtain a ΔΔC

value. The 2  values were calculated and averaged for each target.

Immunoblot

HEK-293T cells (control or 12/15-LOX transfected) were washed 2 times in cold phosphate-buffered saline (PBS) and then harvested in cold

modified RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 150 mM NaCl; and 1 mM EDTA) containing protease inhibitor cocktail and

phosphatase inhibitor cocktails II and III (Sigma) supplemented with 2 mM PMSF. Cell lysates were sonicated on ice and then centrifuged at 14,000 g

for 20 min at 4°C to obtain the supernatant. Rats (n=8–10/group) were euthanized under isoflurane anesthesia, and the spinal cords were removed by

saline hydroextrusion. The L4/L5 segment was rapidly dissected, flash-frozen, and then lysed in RIPA buffer, as above. Following the determination

of protein concentrations of homogenates using a bicinchoninic acid(BCA) assay (Thermo Scientific, San Diego, CA, USA), samples were diluted to

equal concentrations in NuPAGE LDS sample buffer supplemented with DTT and then heat denatured. Equal amounts of total protein (10 or 30 μg)

were subjected to gel electrophoresis using 4–12% Bis-Tris gradient gels (Invitrogen) and then transferred to nitrocellulose membranes, which were

subsequently blocked in 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h at room temperature. Blots were incubated

in primary antibodies generated in mice for 12-LOX-p/Alox12 (pan 12-LOX antibody, 239-M01; Abnova Taiwan, Taipei, Taiwan), eLOX3/Aloxe3

(ab73091; Abcam, Cambridge, MA, USA), 12/15-LOX-l/Alox15 (246-M04; Abnova Taiwan) or 12/15-LOX-2/Alox15b (239-A01; Abnova Taiwan) at

1:1000 overnight at 4°C, followed by horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibodies at 1:10,000 (Cell Signaling,

Danvers, MA, USA) for 1 h at room temperature. Blots were reprobed for β-actin as a loading control using a mouse monoclonal antibody at 1:10000

(Sigma). Membranes were developed using chemiluminescent reagents SuperSignal West Pico or Femto (Thermo Scientific) and then exposed to X-

ray film. Exposures yielding signal intensity in the linear range without saturation were used for densitometric analysis with ImageJ [U.S. National

Institutes of Health (NIH), Bethesda, MD, USA].

LC-MS/MS

Sample preparation and LC-MS were conducted as described previously (12). Briefly, eicosanoids were separated by a 25-min reverse-phase LC

gradient using solvent A (water/acetonitrile/acetic acid, 70:30:0.02; v/v/v) and solvent B (acetonitrile/isopropyl alcohol, 50:50; v/v). Eicosanoids were

subsequently analyzed using a tandem quadrupole mass spectrometer (ABI 4000 Q-Trap; Applied Biosystems) via multiple-reaction monitoring

(MRM) in negative-ion mode. Eicosanoids were identified in samples by matching their MRM signal and LC retention time with those of a pure

standard. Adaptations to the LC-MS/MS method include using the scheduled MRM mode (Analyst 1.5 software; Applied Biosystems) to increase the

total MRM transitions monitored to 174 (20). Multiquant 1.1 software (Applied Biosystems) was used in the quantitation of each metabolite.

In vivo procedures

IT catheterization IT catheter implantation was performed in rats as described previously (21), with modifications (22). Animals exhibiting motor or

postural deficits after surgery (<5%) were immediately euthanized.
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Models of in�ammatory hyperalgesia After brief induction with isoflurane leading to a transient loss in the righting response, 100 μl of degraded λ-

carrageenan (Wako Pure Chemicals Industries, Osaka, Japan) dissolved at 2% (w/v) in physiological saline was injected subcutaneously into the

plantar surface (IPLT) of the left hind paw (n=6–8 rats/group). Local swelling was evaluated at 4 h postinjection by measurement of paw thickness

using calipers. The development of tactile allodynia was assessed at defined intervals after 30 min IT pretreatment with vehicle (3% DMSO and 3%

Cremaphor-EL in saline) or inhibitors of 5-LOX (AA-861) or 15-LOX (PD-146176), as we described previously for NDGA, CDC, baicalein, and

zileuton (11). In separate sets of rats, we examined the effect of 2 h IT pretreatment with eLOX3 antibody (5 μg; validated in Fig. 3) vs. saline or

mouse IgG isotype control antibody (5 μg); or the effect of IT pretreatment with siRNA targeting Aloxe3 vs. control nontargeting siRNA (2 μg, 1×/d

for 3 d) on carrageenan-induced tactile allodynia. Prevalidated On-Target Plus siRNAs (Thermo Scientific) were mixed with i-Fect (Neuromics,

Edina, MN, USA) and administered according to the manufacturer's instructions and as described previously (23).

Figure 3.
Experimental validation of rat 12/15-LOX antibodies. Antibodies detecting all six 12/15-LOX isozymes 12-LOX (pan; A) or those
selectively targeting e3 (Aloxe3; B), 15 (Alox15; C), or 15b (Alox15b; D), as revealed by immunoblot of lysates from HEK-293T ...

Assessment of tactile allodynia Rats were acclimated to each apparatus for ≥30 min prior to testing. Measurements of tactile paw withdrawal thresholds

were conducted by an observer blinded to the treatment conditions at baseline and following IPLT carrageenan and/or IT drug delivery. Tactile

thresholds were measured using von Frey filaments with buckling forces between 0.4 and 15 g (Stoelting, Wood Dale, IL, USA) by the up-down

method of Dixon, as described previously (24). Any rat with a basal 50% paw withdrawal threshold < 10 g was excluded from the study.

Statistics

Normalized metabolite, mRNA, or protein levels and tactile thresholds are expressed as means ± ��. P values were determined using SPSS PASW 18

software (SPSS Inc., Chicago, IL, USA) as follows: unpaired t test for 2-group analysis of 12/15-LOX immunoblots and siRNA-mediated knockdown

of Aloxe3; unpaired t test or standard ANOVA followed post hoc by Bonferroni for area under the curve (AUC) or Dunnett's for multiple-group

analysis of individual metabolites; repeated measures ANOVA with Bonferroni post hoc for time course behavior. A value of P < 0.05 was considered

significant.

RESULTS
First, we confirmed overexpression of each of the rat 12/15-LOX isozymes in HEK-293T cells. The selectivity of each prevalidated PCR primer set

was verified by screening against cDNA libraries obtained from all 6 HEK-12/15-LOX lines, in which no significant cross-reactivity was observed

(data not shown). Quantitative RT-PCR revealed that mRNAs of rat 12/15-LOX enzymes were detected in their corresponding transfected cell lines as

compared with untransfected HEK-293T cells, in which 12/15-LOX isozymes were not present or were below the limit of detection (Fig. 2). Next, we

examined the specificity of commercially available antibodies that target 12/15-LOX isozymes by immunoblot analysis of HEK-293T and HEK-

12/15-LOX cell lysates. For simplicity, throughout this work, we refer to each 12/15-LOX protein by its corresponding gene name (see Table 1 for

nomenclature). Although the majority of antisera tested failed to exhibit specific binding, we found one pan antibody that recognized all 6 rat 12/15-

LOX isozymes (Fig. 3A), as well as three others selective for their respective targets (Aloxe3, Alox15, and Alox15b; Fig. 3B–D). It should be noted that

extra bands migrating at ∼85 kDa and ∼62 kDa were also detected by the 12-LOX (pan) antibody in HEK-12/15-LOX cell lysates. The exact identity

of these products is unclear, but the upper band may represent complexes or other proteins with similar epitopes, while the lower band may correspond

to a proteolytic fragment. Despite extensive screening, we were unable to identify commercially available selective antibodies unique for Alox12,

Alox12b, or Alox12e.

Figure 2.
Experimental validation of rat 12/15-LOX overexpression systems. mRNA expression of rat 12/15-LOX enzymes overexpressed in
HEK-293T cells (HEK-12/15-LOX) as detected by qPCR. Transient transfection: U, untransfected control; 12, Alox12; 12b, Alox12b; ...

Once the HEK-12/15-LOX overexpression systems were validated, we performed systematic characterization of 8-, 12-, and 15-LOX, as well as HXS

activities of the rat 12/15-LOX enzymes using quantitative LC-MS/MS. Using AA as a substrate, we observed that Alox15b is the principal 15-LOX,

yielding significant production of 15-HETE vs. control untransfected HEK-293T cells in the presence or absence of substrate (Fig. 4A). Alox15-

mediated production of 15-HETE was not significant, similar to a previous report (25). Unlike in mice, rat 12/15-LOX isozymes showed no

significant turnover of AA to 8-HETE, particularly from Alox15b (Fig. 4B). Alox12 and Alox15 are the primary 12-LOXs, as demonstrated by

significant formation of 12-HETE from AA (Fig. 4C). In contrast, much lower levels of 12-HETE were released from cells expressing Alox12b,
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Alox12e, and Aloxe3 despite detectable mRNA expression post-transfection (see Fig. 2). With regard to hepoxilin synthesis, we measured both HXA

and HXB  formation, yet we report levels of the more stable HXB , as we have described previously (11). Both Alox12 and Alox15 produced highly

significant levels of HXB  when AA was used as a substrate (Fig. 5A). While Aloxe3 alone does not possess intrinsic hepoxilin synthase activity, we

observed increased HXB  synthesis from AA when Aloxe3 was coexpressed with Alox12b at a 1:1 ratio, keeping total DNA constant (Fig. 5B). There

was a strong trend toward increased HXB  levels when Aloxe3 was coexpressed with Alox12, yet it was not quite significant compared with baseline

under these conditions. Hepoxilins also were generated via Alox12, Aloxe3, or Alox15 from 12(S)-HpETE or from racemic 12(R,S)-HpETE (Fig. 5C,

D, respectively). There was no significant production of 12-HETE, 15-HETE, or HXB  in untransfected cells, demonstrating that these metabolites

were formed enzymatically in cells transfected with the appropriate constructs. Thus, the 6 enzymes may be classified as follows: 12-LOXs, Alox12,

Alox12b (low activity), Alox12e (low activity), and Alox15; hepoxilin synthases, Alox12, Alox15, and Aloxe3 (when coexpressed with Alox12 or

Alox12b); and 15-LOXs, Alox15 (low activity) and Alox15b (Table 1).

Figure 4.
Activities of overexpressed rat 12/15-LOX enzymes. 15-LOX, 8-LOX, or 12-LOX activity with exposure of HEK-12/15-LOX cells to
AA substrate as revealed by the release of 15-HETE (A), 8-HETE (B), or 12-HETE (C) from HEK-293T cells either untreated (ctrl) ...

Figure 5.
Formation of hepoxilins observed from rat 12(S)- and (R)-type LOXs and Aloxe3/eLOX3 using AA or 12-HpETE as substrate.
Hepoxilins (HXB ) are synthesized directly from AA (70 μM) by Alox12 or Alox15 (A); by Aloxe3 when it is coexpressed at a 1:1 ...

Next, we investigated the effect of commercially available LOX inhibitors on 12-LOX, 15-LOX, and HXS activity using AA as substrate (Table 2). As

expected, high concentrations of the general LOX inhibitor NDGA (30–100 μM) significantly attenuated 12-HETE or HXB  production from all six

12/15-LOX enzymes, including the epidermal types that possess relatively minor basal release activity (Alox12b, Alox12e, and Aloxe3). Paradoxically,

lower concentrations of NDGA (0.1–10 μM) actually increased synthesis of 12-LOX metabolites (some data not shown, see Supplemental Table S1);

however, this effect of NDGA was reported previously for human ALOXE3 (26). Unexpectedly, the putative 5-LOX inhibitor AA-861 (10 μM) also

reduced 12-HETE and HXB  levels, in particular, from the primary sources Alox12 and Alox15. Pretreatment with platelet-type 12-LOX inhibitors

CDC or baicalein (10 μM) resulted in a concentration-dependent decrease in levels of both 12-HETE and HXB  from all six 12/15-LOX enzymes,

with CDC exhibiting greater apparent potency. In contrast, while the 15-LOX inhibitor PD146176 (10 μM) profoundly reduced 15-HETE generated

by Alox15b in a concentration-dependent manner (Supplemental Table S1), it produced only a small decrease in 12-HETE and HXB  up to >10-fold

of its published IC .

Table 2
Selectivity of commercially available LOX inhibitors for rat 12/15-LOX enzymes

Recently, we demonstrated that systemic or IT pretreatment with the general LOX inhibitor NDGA attenuates both the increase in spinal HXB  as

well as the associated hyperesthesia (11, 12). In addition, we showed that spinal delivery of inhibitors of 12-LOX (CDC and baicalein), but not an

active site inhibitor of 5-LOX (zileuton), also reduced IPLT carrageenan-evoked tactile allodynia (11). For the purpose of facile comparison to in vivo

studies utilizing other LOX inhibitors in the current work, these data have been converted to percentage inhibition of carrageenan-induced allodynia

vs. the respective vehicle control (Table 3). Surprisingly, IT administration of the 5-LOX inhibitor AA-861 also significantly attenuated tactile

allodynia in a dose-dependent manner (Supplemental Fig. S1A, B and Table 3), which could reflect, at least in part, its nonselective actions on 12/15-

LOX (Table 2). In contrast, spinal delivery of the 15-LOX inhibitor PD146176 did not alter nociceptive tactile thresholds following peripheral

inflammation, even at the maximum soluble dose of 10 μg (Supplemental Fig. S1C, D and Table 3). We also tested a higher dose of 30 μg with similar

results; however, as the drug precipitated out of solution even at 37°C we cannot draw appropriate conclusions from this experiment (data not shown).

Table 3
Antihyperalgesic effects of LOX inhibitors that reduce 12-LOX or hepoxilin synthase activities
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To determine the potential sources of spinal hepoxilins in vivo, we examined expression of the six 12/15-LOX isozymes in rat lumbar spinal cord

under basal conditions and during peripheral inflammation, using our validated HEK-12/15-LOX overexpression systems as positive controls. As

depicted in Fig. 6A, mRNAs for Alox12, Alox12b, Aloxe3, and Alox15 are present at the spinal level of naive rats in the absence of treatment.

Accordingly, we also detected by immunoblot the basal expression of the 12/15-LOX family of proteins, as well as that of Aloxe3- and Alox15-

encoded proteins using antisera prevalidated in Fig. 3 (Fig. 6B–D). Interestingly, the hepoxilin synthase Aloxe3 (as well as total 12/15-LOX with the

pan antibody) was increased significantly at 4 h after paw carrageenan, in direct correlation with tactile allodynia, as well as elevated levels of spinal

HXB  (11). In contrast, expression of Alox15 was unchanged with peripheral inflammation. Therefore, we hypothesized that Aloxe3/eLOX3 likely is a

critical source of hepoxilins (HXB ) that are generated in the spinal cord and contributes to hyperesthesia during peripheral inflammation. Given that

constitutive deletion of genes encoding epidermal LOXs results in early postnatal lethality (27,–29) and that none of the commercially available LOX

inhibitors tested are selective for eLOX3 at concentrations approaching their reported IC  (Table 2), we investigated whether neutralization by the

eLOX3 antibody validated in Fig. 3 or selective siRNA-mediated knockdown of Aloxe3 at the spinal level would ameliorate carrageenan-induced

hyperalgesia. Although carrageenan produces both thermal hyperalgesia and tactile allodynia, we found that spinal administration of hepoxilins elicits

tactile allodynia (11); thus, we examined effects of these reagents on the inflammation-induced reduction in tactile thresholds. Quantitative RT-PCR

analysis revealed that spinal delivery of siRNA targeting Aloxe3 once daily for 3 d produced significant knockdown of Aloxe3 expression compared

with nontargeting control siRNA (control, 1.00±0.23-fold vs. Aloxe3 siRNA, 0.54±0.05-fold; P<0.05). Notably, hyperesthesia was significantly

attenuated either by IT pretreatment with eLOX3 antibody (5 μg, Fig. 7A, B) or by Aloxe3 siRNA (2 μg, Fig. 7C, D), as compared with saline vehicle

or rabbit IgG isotype control or nontargeting control siRNA, respectively.

Figure 6.
Spinal expression of the hepoxilin synthase eLOX3 is increased following peripheral inflammation. Quantitative PCR and immunoblot
reveal isozyme-specific expression of 12/15-LOX in rat spinal cord. Basal expression of Alox12, Alox12b, Aloxe3, and Alox15 ...

Figure 7.
Spinal inhibition of eLOX3 or knockdown of Aloxe3 attenuates inflammatory hyperesthesia. IT pretreatment with either prevalidated
antibody (5 μg) selectively targeting eLOX3 protein encoded by Aloxe3 (e3; A, B) or siRNA (2 μg; C, D) against ...

DISCUSSION
While there are several reports examining functions and tissue distribution of human and mouse 12/15-LOX enzymes, there is less published work

regarding the rat orthologs (1). Parallels between rat and human spinal pharmacology argue that mechanisms underlying nociceptive spinal sensory

processing in these two species have a high likelihood of being similarly congruent. Thus, examination of the specific roles of rat 12/15-LOX enzymes

in models of inflammatory pain will help elucidate specific mechanisms underlying nociceptive transmission that may be translatable to humans, and

is, therefore, useful for the development of new therapeutics for pain and other diseases featuring increased 12/15-LOX or hepoxilin synthase activity.

Recently, our group demonstrated that peripheral inflammation in rats increases 12-LOX-derived hepoxilins in spinal cord that directly produce

hyperesthesia (11, 12). However, it was unclear which of the 6 isozymes is responsible for the spinal synthesis of hepoxilins during inflammation.

Accordingly, the current study represents the first to systematically examine the lipidomic profiles and spinal expression of all 6 cloned rat 12/15-LOX

enzymes in a standard model of inflammatory hyperalgesia. In addition to Alox15, we found that Alox12 also exhibited intrinsic HXS activity, while

Aloxe3 was capable of hepoxilin formation from 12-HpETE, in line with previous studies (30, 31).

Unlike mouse Alox15b, which possesses 8-LOX activity (15), but similar to the human ortholog (32), rat Alox15b displayed significant 15-LOX with

minor 12-LOX activity. Similar to the mouse (33) and human forms (34), we also observed very low levels of AA conversion by Alox12e, possibly

because of the short half-life of the enzyme when overexpressed, as described for the mouse ortholog (33). Using prevalidated primers, we detected

mRNAs for the 4 remaining 12/15-LOX genes in naive rat spinal cord: Alox12 (12-LOX-p), Alox12b [12(R)-LOX], Aloxe3 (eLOX3), and Alox15

(12/15-LOX-l). As predicted, we found that rat leukocyte-type Alox15 exhibits both 12-LOX and HXS activities, as described previously for rats (35),

as well as mice (18) and humans (32). While the murine platelet-type 12-LOX functions as a putative dioxygenase (18), rat Alox12 has both 12-LOX

and HXS activities, as observed for humans (35). Others have shown that the human ALOX12B is capable of efficient conversion of AA to 12(R)-

HpETE (17), which can be utilized by Aloxe3 to form hepoxilins (26). In contrast, the rat Alox12b showed very low catalytic activity when AA was

used as a substrate, similar to observations made with the mouse ortholog (17, 36). It is possible that rat Alox12b may prefer an alternative substrate to

AA, such as arachidonyl ester, as reported for the mouse isozyme (36). AA also was a poor substrate for rat Aloxe3, which lacked appreciable
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dioxygenase or intrinsic hydroperoxide isomerase activity, similar to both mice and humans (26, 31). Nevertheless, we did observe significant

formation of hepoxilins (HXB ) from AA when Alox12b is coexpressed with Aloxe3. Exposure of rat Aloxe3 to exogenous 12(S)-HpETE or racemic

12(R,S)-HpETE also generated hepoxilins, as documented in mice or humans, respectively (31, 37). Collectively, these results corroborate the

potential translational relevance of rat inflammatory models in studying 12/15-LOX isozymes, as a number of similarities exist between the rat and

human orthologs.

Several of the commercially available LOX inhibitors we tested were initially reported to be selective for their respective targets: e.g., AA-861 for 5-

LOX (38, 39), CDC and baicalein for Alox12 (40, 41), and PD146176 for 15-LOX (42). However, emerging evidence suggests that these agents also

display concentration-dependent nonselective effects due to their redox or free radical-scavenging properties. Notably, AA-861 (1–10 μM) also

inhibits 12/15-LOX (43), in agreement with our observations above. The flavonoid baicalein exerts actions as an antioxidant (44, 45), while CDC

inhibits Kv1.5 channel currents (46), as well as 5-LOX at low micromolar concentrations (47). As expected, CDC and baicalein potently blocked

Alox12 activity, yet these compounds significantly decreased formation of 12-HETE and hepoxilins from leukocyte-type Alox15 as well. PD146176

was highly specific for 15-LOX (Alox15b), as shown by profound reduction of 15-HETE levels, but also displayed off-target effects on the other

enzymes (with the exception of Alox15). The actions of these drugs in vitro, particularly with regard to their ability to block release of hepoxilins and

12-HETE, correlated well with their antihyperalgesic effects in vivo. PD146176 only moderately inhibited platelet-type 12-LOX-mediated synthesis of

HXB , and failed to prevent the development of carrageenan-induced tactile allodynia. In contrast, NDGA and CDC (and to a lesser extent, baicalein)

inhibited production of 12-LOX metabolites from all 6 isozymes and potently attenuated hyperesthesia following peripheral inflammation.

Surprisingly, the 5-LOX inhibitor AA-861 suppressed both 12-LOX and HXS activity and significantly attenuated the development of tactile allodynia

following IPLT carrageenan.

Interestingly, of the 12/15-LOX enzymes that were expressed in spinal cord and for which selective antisera were available, only eLOX3 protein was

up-regulated significantly after IPLT carrageenan. Since protein levels do not necessarily correlate with activity, we examined the effect of direct

inhibition of eLOX3 on carrageenan-evoked tactile allodynia. The lack of selective inhibitors (Table 2) or viable constitutive deletion mutants (27,–

29) for epidermal LOXs prompted us to undertake IT delivery of a selective antibody targeting eLOX3 that we validated in this study as well as IT

siRNA-mediated knockdown of Aloxe3 mRNA. As expected, spinal inhibition of eLOX3 or knockdown of Aloxe3 significantly attenuated tactile

allodynia, indicating that hepoxilins derived, at least in part, from eLOX3 mediate hyperesthesia following peripheral inflammation. Although it is not

clear how the eLOX3 antisera enter the cell, others have reported successful use of intrathecal antibody delivery for intracellular targets (48). Given

our collective findings, it is likely that in addition to directly forming hepoxilins, Alox12 and/or Alox15 may provide 12(S)-HpETE for hepoxilin

synthesis by Aloxe3 (eLOX3) in vivo during inflammation. It is also possible that Aloxe3 may form hepoxilins from 12(R)-HpETE generated by

Alox12b. These observations underscore the crucial importance of developing more selective inhibitors of 12/15-LOX isozymes, such as those

recently developed at NIH for the human ALOX12 (49) and ALOX15 (50). Constitutive gene deletion has yielded complex and sometimes

confounding effects in models of inflammation or neuropathy (51,–53), perhaps, in part, due to potential differences in peripheral and central roles of

12/15-LOX enzymes, as well as simultaneous disruption of proresolution metabolites, such as lipoxins and resolvins (54–55). Thus, targeted spinal

delivery of selective 12-LOX inhibitors or hepoxilin analogs (56) should be advantageous for evaluating the roles of 12/15-LOX isozymes in central

nociceptive processing, and perhaps serve as useful in pain states that are less responsive or even refractory to treatment with COX inhibitors (57, 58).

Furthermore, such agents also may offer significant clinical utility for the study and treatment of other diseases in which 12-LOX metabolites may

play a role, such as IBD, cancer, hypertension, atherogenesis, psoriasis, and diabetes (2, 56, 59, 60).
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