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Abstract 



The inducible cyclooxygenase (COX)-2 and prostaglandin (PG)E2 production are distinctly 

regulated by several kinase pathways, most of which mediated by the NF-κB activation, in 

peritoneal macrophages stimulated by the snake venom secreted phospholipase A2 (sPLA2) 

myotoxin (MT)-III.  However, the mechanism by which this group IIA sPLA2  exerts its 

inflammatory effect on macrophages is not fully understood. Increasing evidence suggest that 12-

HETE, a product from arachidonic acid metabolism by 12-LO activation, is implicated in 

amplifying inflammation by regulating cell functions. In the present study the crosswise link 

between 12-HETE and MT-III-induced COX-2 and PGE2 release, associated to signaling pathways 

mediated by p38MAPK, PKC, ERK and NF-κB, were investigated. Results demonstrated that 

stimulation of isolated macrophages with MT-III cause activation of 12-LO in a time-dependent 

manner, with significant release of 12-HETE and without modification of 12-LO protein levels. The 

involvement of 12-HETE in MT-III-induced COX-2 expression and PGE2 production was 

demonstrated by using the selective 12-LO inhibitor baicalein. A significant decrease in the 

phosphorylation levels of MT-III-induced ERK1/2, but not of p38MAPK nor PKC, was observed in 

macrophages pre-incubated with the 12-LO inhibitor. In turn, MT-III-induced COX-2 protein 

expression and PGE2 release, but not NF-κB activation, were attenuated by pre-treating cells with 

PD98059, indicating the involvement of distinct pathways mediated by ERK in isolated 

macrophages. These results suggest that, in macrophages, MT-III-induced COX-2 protein 

expression and PGE2 release are distinctly and sequentially mediated through 12-HETE followed by 

ERK pathway activation, but are independent on NF-κB activation. Taken together, our findings 

highlight an unprecedented mechanism by which 12-HETE regulates one of the distinct signaling 

pathways for MT-III-induced COX-2 expression and PGE2 release in macrophages. These results 

provide new knowledge on the proinflammatory mechanisms of action of group IIA sPLA2 from 

snake venom. 
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1.Introduction 

 

Secreted phospholipases A2  (sPLA2) are a group of enzymes with several biological functions, 

including transduction of signals encompassing the synthesis of lipid compounds and membrane 

repair, up to the generation of second messengers [Valentin, 2000; Brown et al., 2003]. These 

enzymes are abundant in nature and have been classified into 10 distinct groups, on the basis of their 

source, amino acid sequences and biochemical characteristics (IB, IIA, IIC, IID, IIE, IIF, III, V, X, 

XIIA and XIIB) [Murakami et al., 2010 and 2015]. The sPLA2s hydrolyze the membrane 

phospholipids at the sn-2 position generating free fatty acids such as arachidonic acid (AA). AA is a 

substrate for various enzymatic pathways, mediated by  cyclooxygenases (COX) and lipoxygenases 

(LO), whose activities lead to the production of diverse inflammatory lipid mediators, such as 

prostaglandins (PG), leukotrienes (LT), hydroxyeicosatetraenoic (HETE), among others [W.S. 

Powell, J. Rokach, 2015; D. Sacerdoti et al., 2015]. These, in turn, are capable of regulating a 

variety of cell functions [Powell and Rokach, 2015; K. Kawahara et al., 2015, K]. Among  the 

secreted PLA2s, group IIA PLA2s have been considered clinically relevant due to their involvement 

in several inflammatory human diseases and envenomation by viperid snake venoms [J.S. Rana et 



al., 2009; P. Gałecki et al., 2012; M. Menschikowski et al., 2013; M. Chacur et al., 2004; Teixeira et 

al., 2003; Chaves et al., 1998].  

Previous studies have shown that lipid mediators derived from AA are involved in the 

local inflammatory response induced by a group IIA snake venom sPLA2, named myotoxin-III 

(MT-III), isolated from Bothrops asper venom [Chaves et al., 1998; Chacur et al., 2003; Moreira et 

al., 2008]. Studies in in vivo experimental models have shown that MT-III promotes acute 

inflammatory response such as edema, pain and leukocyte accumulation at the site of injection by 

enhancing the production of inflammatory mediators including eicosanoids (Chaves et al., 1998; 

Chacur et al., 2003; Zuliani et al., 2005; Moreita et al., 2008]. Among these latters, PGE2 is a major 

lipid mediator involved in MT-III-induced proinflammatory events (Moreira et al., 2008; 2014), and 

its involvement in vasodilation, nociception and increased vascular permeability has been well 

established (Hata et al., 2004; K. Kawahara et al., 2015, K. Omori et al., 2014]. Investigation using 

isolated macrophages and neutrophils have previously demonstrated that stimulation with MT-III 

resulted in COX-2-dependent release of PGE2 (Moreira et al., 2008; 2011). In macrophages, these 

effects were characterized by a prominent release of AA and activation of distinct protein kinases, 

including those of the MAPK family (p38MAPK or ERK), PI3K and PKC, as well as, nuclear 

factor kappa B (NF-κB) [Moreira et al., 2008; 2014]. However, the signal transduction pathways 

leading to sPLA2 MT-III-promoted protein expression of COX-2 and production of AA and PGE2 

levels in macrophages are still poorly understood. It is known that membrane cleavage products 

generated by sPLA2s are important bioactive mediators involved in the induction and release of 

COX-2 and PGE2, respectively, by activating intracellular signaling mechanisms in various cells 

(Ruipérez et al., 2007; Kim et al., 2008; Hughes-Fulford et al., 2001; Oh detal., 2000 ).  

Some studies have shown that 12-HETE, the main product generated from the AA 

metabolism by 12-LO, is associated with amplification of inflammatory processes [C.C. Hedrick et 

al., 1999; J. Shin et al., 2002, Powell and Rokach, 2015, Duchez et al., 2015; D.A. Taylor-Fishwick 



et al., 2015]. 12-LO and 12-HETE play important regulatory role on iNOS expression and NO 

production in interleukin-1β-stimulated vascular smooth muscle cells [T. Hashimoto et al., 2003]. 

There are increasing lines of evidence demonstrating that 12-HETE regulates expression of COX-2 

and generation of its major product PGE2 [X. Han et al., 2002; Woo et al., 2006, Xu et al., 2006, 

Niknami et al., 2010). Moreover,  the regulatory effects exerted by this12-LO metabolite involve 

activation of protein kinases, such as p38MAPK, ERK and PI3K [S. Agarwal et al., 2009, X.Z. 

Ding et al., 2001, R.A. Stockton, B.S. Jacobson, 2001, Y. Wen Y et al., 2008]. However, there is no 

information about the roles played by 12-LO and 12-HETE in sPLA2 MT-III-induced COX-2 

expression and release of PGE2. Taking into account the above information and the fact that AA 

released by the action of PLA2s is metabolized by diverse enzymatic pathways, including COX and 

LOXs, we investigated the involvement of 12-LO and 12-HETE in sPLA2 MT-III-induced COX-2 

protein expression and PGE2 release, and the role of NF-κB activation and other signaling pathways 

such as p38 MAPK, PKC or ERK. 

   

2. Material and Methods 

 

2.1 Reagents 

12-HETE and PGE2 enzyme immunoassay kits, rabbit polyclonal anti-murine 12-LO and 

COX-2, and baicalein compound were purchased from Cayman Chemicals (Ann Arbor, MI, USA); 

mouse monoclonal anti-β-actin was from Sigma Aldrich Co. (St. Louis, MO, USA); peroxidase-

conjugated secondary sheep anti-mouse or donkey anti-rabbit antibodies were from GE Healthcare 

(Buckinghamshire, UK). PD98059 was purchased from Calbiochem-Novabiochem (La Jolla, CA, 

USA). Antibodies phospho-ERK (p-p44/42 MAPK) and ERK (p44/42 MAPK) were from Cell 

Signalling Technology (Danvers, MA). RPMI 1640 was purchased from Sigma-Aldrich. Ethanol 

grade was obtained from Merck (Darmstadt, Germany). The salts used were purchased from Merck, 

GE Healthcare (Buckinghamshire, UK) and Bio-Rad (Hercules, CA). 



 

2.2. Animals 

Male Swiss mice (18-20 g) were used. These animals were housed in temperature-controlled rooms, 

with a relative humidity of 65.3 ± 0.9% and 12 h dark-light period, and received water and food ad 

libitum. The animals and research protocols used in this study followed the guidelines of the Ethical 

Committee for use of animals of Instituto Butantan, SP, Brazil (CEUAIB, protocol number 

1323/14) and international policies of experimental animal care. All efforts were made to minimize 

the number of animals used and their suffering. 

 
2.3. Phospholipase A2 MT-III  

MT-III was isolated by ion-exchange chromatography on CM-Sephadex C-25 from Bothrops asper 

venom (Gutiérrez & Lomonte, 1989). A final purification step by high-performance liquid 

chromatography (HPLC) on a C8 column was introduced. Homogeneity was demonstrated by 

analytical reverse phase HPLC. The absence of endotoxin contamination in the MT-III preparation 

was demonstrated by the quantitative Limulus amebocyte lysate (LAL) test (Takayama et al., 1994), 

which revealed undetectable levels of endotoxin (<0.125 EU/mL).    

 

2.4. Resident peritoneal macrophages collection and culture 

Resident peritoneal macrophages were harvested by washing peritoneal cavities of mice with 2 mL 

of apyrogenic saline solution. Aliquots of the washes were used to count total cell numbers in a 

Neubauer´s chamber after dilution (1:20, v/v) in Turk solution. Aliquots of either 1x106 or 5x106 

cells/mL were preincubated in 24- and 6-well polystyrene culture plates, respectively, for 3 h, with 

RPMI 1640 medium supplemented with 1% of L-glutamine and 100 µg/mL of gentamicine, at 37°C 

and 5% CO2 atmosphere. Non-adherent cells were removed by three washes with RPMI medium. 

After cell adhesion, peritoneal cells, which were initially composed of 40-50% of F4/80 positive 

cells and more than 30% of CD19 positive cells, became enriched in F4/80 positive cells (more than 



90% of the cells), as demonstrated by performing flow cytometry using the F4/80-fluorescein 

isothiocyanate (Clone A3–1, Serotec) and CD19-phycoerythrin antibodies (Clone 1D3, BD 

Bioscience) and a FACSCalibur flow cytometer (Becton & Dickinson, San Jose, CA, USA). MT-III 

(0.4 µM) was added and, after 4.5 h, the cell suspension was harvested and centrifuged at 500 g for 

6 min at 22°C. The supernatants were stored at -80ºC and later used for determination of 12-HETE 

or PGE2 by EIA kit, whereas the cell pellets were used to determine the protein expression of COX-

2, 12-LO, p-ERK and ERK by western blotting or nuclear translocation of NF-κB by 

electrophoretic mobility shift assay (EMSA). Where appropriate, the following inhibitors were 

used: 40 µM of baicalein (Peng et al., 2008; Qi et al., 2013) an inhibitor of 12-LO and 50 µM of 

PD98059 (S. Nishimoto, E. Nishida, 2006), selective inhibitor of ERK phosphorylation. Cells 

treated with either inhibitors or MT-III or both were analyzed for viability by measuring lactate 

dehydrogenase (LDH) release and by the tetrazolium-based (MTT) colorimetric assay. No 

significant changes in cell viability were observed with the above agents or vehicle at their 

respective concentrations (data not shown). 

 
 
2.5. Quantification of PGE2 and 12-HETE concentration 

Concentrations of PGE2 and 12-HETE were determined by enzyme immunoassays, using 

commercial kits. In brief, 50 µL aliquots of cell supernatant were incubated with the eicosanoids 

conjugated with acetylcholinesterase and the specific rabbit antiserum in 96-well plates coated with 

anti-rabbit IgG mouse monoclonal antibody. After addition of the substrate, the absorbance of the 

samples was recorded at 405 nm in a microplate reader (Labsystem Multiscan), and concentrations 

of PGE2 or 12-HETE were estimated from standard curves. 

 

2.6. Western blotting  



COX-2 and 12-LO protein expression were detected in peritoneal leukocytes or 

macrophages by western blotting. Aliquots of 1x106 cells were lysed with 100 µL of sample buffer 

(0.5 M Tris-HCl, pH 6.8, 20% SDS, 1% glycerol, 1 M β-mercaptoethanol, 0.1% bromophenol blue) 

and boiled for 10 min. The samples were subjected to SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) on 10% bis-acrylamide gels overlaid with a 5% stacking gel. Proteins were then 

transferred to nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK) using a Mini Trans-

Blot® (Bio Rad Laboratories, Richmond, CA, USA). The membrane was blocked for 1 h with 5% 

w/v nonfat dry milk in Tris-buffered saline-Tween 20 (TTBS) (20 mM Tris, 100 mM NaCl and 

0.5% Tween 20), and incubated with primary antibodies against COX-2 (1:1,500) or 12-LO 

(1:5,000) and β-actin (1:2,000). To analyze the presence of p-ERK induced by MT-III, the 

membrane was blocked for 1 h in TTBS/5% w/v BSA and incubated with antibodies against p-

p44/42 MAPK or p44/42 MAPK at 4°C with gentle shaking, overnight. The membrane was then 

washed and incubated with appropriate secondary antibody conjugated to horseradish peroxidase. 

Detection was performed using the enhanced chemiluminescence method (GE Healthcare, 

Buckinghamshire, UK). Densities of the band were determined by a LAS Imager 3000 (GE 

Healthcare, Buckinghamshire, UK) using the image analysis software from Quantity One® (GE 

Healthcare, Buckinghamshire, UK).  

 
 

2.9. Electrophoretic Mobility Shift Assay (EMSA) 

NF-κB binding capacity was assessed by EMSA. Nuclear extracts from peritoneal adherent 

macrophages (3x106 cells/well) were obtained as previously described (Rong & Baudry, 1996), and 

protein concentration was determined by the Bradford method (Bradford et al., 1976). NF-κB 

binding capacity was evaluated as previously described (Vinolo et al., 2011). Briefly, end-labeled 

[γ-32P] ATP oligonucleotides containing an NF-κB consensus-binding site (5’ -

AGTTGAGGGGACTTTCCCAGGC–3’) were incubated for 20 min at room temperature with 5 µg 



of nuclear extract protein. DNA-protein complexes were then separated on a 5.5% non-denaturing 

polyacrylamide gel using a running buffer of 45 mM Tris, 45 mM borate and 1 mM EDTA buffer. 

The gels were vacuum dried (80°C) and subjected to autoradiography. The blots were analyzed by 

scanner densitometry (STORM 840, Dynamic Molecular, Sunnyvale, CA, USA), and the results 

were obtained through densitometric analysis. The results are expressed relative to the control 

condition (unstimulated control). 

 

2.10. Statistical analysis 

Results are expressed as mean ± SEM. Differences among groups were analyzed by one-

way analysis of variance (ANOVA) followed by Tukey´s range test. Values of probability lower 

than 5% (p< 0.05) were considered as significant. 

 
 
 
 
Results 
 
3.1. MT-III promotes 12-HETE production but does not induce expression of the 12-LOX protein 

 Considering that 12-LO is the key enzyme in the 12-HETE biosynthetic pathway, the effect of 

sPLA2 MT-III on this enzyme was assessed in isolated peritoneal macrophages. The concentration 

of sPLA2 MT-III (0.4 µM) used along this study was based from previous data showing the ability 

of MT-III to stimulate murine macrophages at this concentration (Moreira et al., 2008; 2011; 2014). 

As demonstrated in Fig 1A, incubation of isolated macrophages with MT-III significantly increased 

12-HETE concentration in a time-dependent manner, with levels ranging from 21461± 11012 at 30 

min to 78093 ± 10333 pg/mL at 3h when compared to respective control cells (p<0.05), incubated 

with saline solution, which ranged from 2200 ± 541.5 to 7170 ± 4176 pg/mL (Fig. 1A). Maximal 

release occurred at 30 min with an 87% increase over levels of control cells. Because 12-LO is a 

key enzyme in the 12-HETE biosynthetic pathway, the effect of sPLA2 MT-III on  the expression of 



this protein was assessed in isolated macrophages by western blot. As shown in Figs 1B and C, the 

expression of 12-LO did not differ (p<0.05) between macrophages incubated with MT-III versus 

those incubated with only saline. 

 

 

                                                                                                         

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. Effect of MT-III on the release of 12-HETE and protein expression of 12-LO by 

macrophages. Cells (1x106) were incubated with MT-III (0.4 µM) or saline solution (Control) for 

15 min or 0.5, 1, 3 or 6 h. 12-HETE was quantified in culture supernatants by specific EIA (A); 

Western blotting of 12-LO and β-actin (loading control) (B); bar graph shows densitometric 

analysis of immunoreactive 12-LO in AU, normalized with β-actin (C). Results are expressed as 

mean ± SEM from 3 to 4 experiments. *p< 0.05 as compared to the corresponding macrophages 
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incubated with saline solution. #p< 0.05 as compared to macrophages incubated with MT-III at 15 

min or 1, 3 or 6 h. 

 

 

 

3.2. Baicalein inhibits COX-2 expression, as well as PGE2 and 12-HETE production induced by 

MT-III in macrophages  

We next examined the involvement of the 12-LO pathway on expression of COX-2 protein and 

PGE2 release induced by sPLA2 MT-III. Pretreatment of macrophages with baicalein (40 µM), an 

inhibitor of 12-LO, significantly reduced COX-2 protein expression by 47% and abrogated PGE2 

production induced by MT-III in isolated macrophages (Fig. 2A, B and C).  In addition, as shown in 

Fig 2D, pretreatment of macrophages with baicalein also abrogated MT-III-induced release of 12-

HETE, the main product from the 12-LO pathway, implicating 12-HETE as an important mediator 

regulating both COX-2 protein expression and PGE2 production induced by sPLA2 MT-III in 

isolated macrophages. 
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Figure 2. Effect of baicalein on COX-2 expression, PGE2 and 12-HETE production induced by MT-

III in isolated macrophages. Resident peritoneal macrophages (1x106 cells) were pretreated for 30 

min with baicalein (40 µM) and then incubated during 3 h with MT-III (0.4 µM). Western blotting 

of COX-2 and β-actin (loading control) of cells treated with MT-III (A); bar graph shows 

densitometric analysis of immunoreactive COX-2 in AU, normalized with β-actin (B); PGE2 and 

12-HETE were quantified in culture supernatants by specific EIA (C, D). Results are expressed as 

mean ± SEM from 3 to 4 experiments. *p< 0.05 as compared with macrophages incubated with 

saline solution. #p< 0.05 as compared with macrophages incubated with MT-III and vehicle. 

 

 

3.3 Baicalein inhibits ERK phosphorylation induced by MT-III in peritoneal macrophages 

It has been previously reported that protein kinases are activated by 12-LO metabolites in various 

cell types (S. Agarwal et al., 2009, X.Z. Ding et al., 2001, R.A. Stockton, B.S. Jacobson, 2001, Y. 

Wen Y et al., 2008). To evaluate the role of the 12-LO pathway in the actions of MT-III on kinase 

activation, we tested the effects of baicalein on MT-III-stimulated p38 MAPK, PKC and ERK 

phosphorylation.  MT-III-induced ERK (Fig 3D and 3C) but not PKC or p38MAPK protein 

phosphorylation was inhibited by baicalein when compared with macrophages treated either with 

MT-III alone or pretreated with vehicle.  Treatment of macrophages in culture with  sPLA2 MT-III 

(0.4 µM) increased ERK phosphorylation as early as 5 min, with a peak at 15 min, which was 

followed by a rapid decrease over time (Fig 4 A and B). This finding indicates that the principal 

product of 12-LOX catalytic activity, 12-HETE, is involved in ERK phosphorylation induced by  

MT-III in isolated macrophages. 

 
 
 
 
 
 



 
 
 
 
 
 
 
 

                     
 
  
 

 
 
 

 

Figure 3. Effect of baicalein on p-PKC, p-p38 MAPK and  p-ERK  protein expression induced by 

MT-III in macrophages. Resident peritoneal macrophages (1x106 cells) were pretreated for 30 min 

with baicalein (40 µM) or vehicle (control), and then incubated during 30 min with MT-III (0.4 µM) 

and. western blotting of p-PKC and PKC (A); p-p38MAPK and p38MAPK (B); p-ERK and ERK 

(C) and β-actin (loading control) of cells treated with MT-III; bar graph shows densitometric 

analysis of immunoreactive bands of p-ERK and ERK in AU, both normalized with β-actin (D and 

E). Results are expressed as mean ± SEM from 3 experiments. *p< 0.05 as compared with 

macrophages incubated with saline solution. #p< 0.05 as compared with macrophages incubated 

with MT-III and vehicle. 
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Figure 4. ERK phosphorylation induced by MT-III in isolated macrophages. Resident peritoneal 

macrophages (1x106 cells) were incubated during 1, 5, 15 and 30 min with MT-III (0.4 µM). 

Western blotting of p-ERK and ERK and β-actin (loading control) (A); Densitometric analysis of 

immunoreactive bands of p-ERK and ERK in AU, both normalized with β-actin (D and E). Results 

are expressed as mean ± SEM from 3 experiments. *p< 0.05 as compared with macrophages 

incubated with time zero. 

 

 

 

3.4 PD98059 inhibits COX-2 expression and PGE2 production, but not NF-κB activation induced 

by MT-III in macrophages 

We have shown that protein kinases participate to the signaling triggered by snake venom sPLA2s 

group IIA  in isolated macrophages (Moreira et al., 2013, 2014). To assess the role of ERK kinases 

in MT-III-induced PGE2, we investigated the effects of the specific inhibitors of ERK 

phosphorylation (PD98059) on MT-III-induced COX-2 expression and PGE2 release.  Fig. 5 A, B 

and C depict MT-III-induced COX-2 protein expression and PGE2 levels in macrophages pretreated 

with PD98059 or with vehicle. Unstimulated macrophages showed a weak basal COX-2 protein 
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expression and PGE2 release when pretreated with or without inhibitors of kinases (Fig.5A and B). 

Previous findings have shown that stimulation of resident macrophages with MT-III resulted in 

increased expression of COX-2 and PGE2 production, which was dependent on NF-κB activation 

(Moreira et al., 2014). Therefore, to determine whether activation of NF-κB is mediated by ERK 

signaling pathway, we used the same specific inhibitor PD98059 and evaluated the translocation of 

NF-κB to the macrophage nucleus. Fig 5D shows that pretreatment of resident macrophages with 

PD 98059 did not alter MT-III-induced activation of NF-κB. Taken together, these results suggest 

that MT-III- stimulates COX-2 expression and PGE2 release through a process independent of  NF-

κB and ERK signaling pathways. 
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Figure 5. Effect of PD98059 on COX-2 protein expression, PGE2 release and NF-κB activation 

induced by MT-III in isolated macrophages. MT-III activates NF-κB in macrophages in culture. 

(A,C) Nuclear extracts were prepared and assayed for κB probe activity with 32P-labeled double-

stranded oligonucleotide κB using EMSA. (B,D) Densitometric analysis of NF-κB band intensities. 

Results are expressed as mean ± SEM from 3 experiments. *p< 0.05 as compared with control 

value. NS=Non specific band; V=Vehicle; NC=Negative control.  

 

Discussion 
 
Since the production of lipid mediators is highly regulated by a variety of extracellular stimuli, it is 

relevant to study the mechanisms involved in the ability of  group IIA sPLA2s from snake  venom 

targets  to produce PGE2 and regulate COX-2 expression. 

 
 
 
We show here that peritoneal macrophages produce an early and sustained release of 12- (S)-

hydroxy-eicosatetraenoic (12-HETE) when stimulated with the snake venom sPLA2 MT-III. 

D 

E 



Previous work demonstrated that bee venom (Apis mellifera) and snake venom (Bungarus 

multicinctus) sPLA2s also stimulate production of 12- (S)-hydroxy(peroxy)eicosatetraenoic (12-

H(P)ETE) by platelets (Coffey et al., 2004), indicating that various venom sPLA2s can activate  12-

LO. Furthermore, studies have shown an association between mammalian PLA2s and 12-LO during 

the inflammatory response (Balboa et al., 2003;Coffey et al., 2004; Duchez et al., 2015). More 

specifically, PLA2s from groups IV and IIA have been shown to provide arachidonic acid to 12-LO, 

causing an increase of 12-HETE levels, thereby contributing  to inflammatory injury (Coffey et al., 

2004; Duchez et al., 2015). To the best of our knowledge, this is the first demonstration that a snake 

venom group IIA sPLA2 is capable of increasing the activity of 12-LO in macrophages. Three 

isoforms of 12-LO have been described in mice: platelet-type 12-LO; macrophage or leukocyte-

type 12-LO and epidermal-type 12-LO (Yoshimoto, Y. Takahashi 2002). 12-HETE, which is the 

main product generated by leukocyte-type 12-LO, has been shown to induce inflammatory events, 

such as vasodilation, increased adhesion molecule expression, induction of monocyte migration, 

and release of inflammatory mediators, such as CCL2, IL-6, TNF-α (Patricia et al., 1999, Reilly et 

al., 2004; Faulkner et al., 2015, Giunti et al., 2008; Wen et al., 2007 and 2008).  Previous work of 

our group has shown that MT-III displays inflammatory activity at the site of  injection (Zuliani et 

al., 2005; Moreira et al., 2008), inducing a prominent release of PGE2 from macrophages by up-

regulating COX-2 expression, which is dependent on activation of distinct protein kinases (Moreira 

et al. 2014). The involvement of 12-LOX as the mechanism underlying MT-III- induced up-

regulation of COX-2 expression was further confirmed by inhibiting COX-2 protein expression by 

baicalein ( Tong et al., 2002b,Yoshimura et al., 2004a; XU et al., 2012). Thus, MT-III activates 

downstream pathways required for up-regulation of COX-2 expression and PGE2 production 

through activation of 12-LO and release of 12-HETE. Our data are in agreement with findings that 

12-HETE or 12-LO activity are involved in COX-2 and PGE2 induction in pancreatic or mesangial 

cells (Di Mari et al., 2007, Han et al., 2002; Xu et al., 2006). To our knowledge, this is the first 



demonstration of a link between 12-HETE and group IIA sPLA2-induced expression of COX-2 and 

production of PGE2. 

 12-HETE stimulates signaling pathways involving protein kinases that play regulatory roles 

on the route of cyclooxygenase and production of lipid mediators (Chakrabarti  et al., 2009; 

Szekeres et al., 2000; Chen et al., 2008; Xu et al., 2006, Han et al., 2002).  It has been shown that 

12-HETE can activate p38 mitogen-activated protein kinases (p38MAPK), protein kinase C (PKC) 

and extracellular-signal-regulated kinases (ERK) to up-regulate inflammatory effects in various 

types of cells (Di Mari et al., 2007; Wen et al., 2008 and 2007; Garcia-Verdugo et al., 2012). We 

thus investigated the mechanisms by which 12-HETE regulates MT-III-induced COX-2 protein 

expression and PGE2 release. Results show that inhibition of 12-HETE reduced ERK activation, but 

not p38MAPK nor PKC. Our previous work demonstrated that MT-III is able to activate 

phosphorylation of p38MAPK and PKC in isolated macrophages (Moreira et al., 2014). However, 

we have demonstrated that sPLA2 MT-III-induced COX-2 protein expression and PGE2 release 

were regulated by p38MAPK and PKC signaling proteins. The present findings  evidenced that 

activation of both p38MAPK and PKC phosphorylation by MT-III is largely independent on 12-LO 

up-regulation in isolated macrophages. This finding highlights that the up-regulation of 12-LO by 

MT-III regulates ERK ½ phosphorylation in isolated macrophages. This effect suggests that 12-

HETE is an upstream activator of 12-HETE-induced ERK 1/2 activation in these cells, upon 

stimulation by sPLA2 MT-III. The sequential activation of 12-HETE and ERK has been associated 

with mucus secretion in pulmonary inflammatory diseases (Garcia-Verdugo et al., 2012), pancreatic 

cancer cell proliferation (Ding et al., 2001) and other type of tumors (Szekeres et al., 2000; Agarwal 

et al., 2009). 

Our results showed that MT-III induces the phosphorylation and activation of ERK,  this 

effect being consistent with other studies in which activation of ERK is a key link in inflammation, 

cell proliferation and lipid body formation induced by type IIA sPLA2s from both human [Martin et 



al., 2012; Yu et al., 2012; Hernandez et al., 2010; 1998] and Bothrops asper venom [Moreira et al., 

2013; Giannotti et al., 2013; Leiguez et al.2011].  In addition, in this study, we showed that the 

activation of macrophages by MT-III leading to PGE2 production and COX-2 expression are largely 

dependent on ERK phosphorylation. This finding is in agreement with previous reports that ERK 

activation is involved in the biogenesis of eicosanoids induced by sPLA2s [Kikawada et al., 2007, 

Han et al., 2003] and other inflammatory mediators [Trigianni et al., 2009, Carmo et al., 2014]. In 

light of evidence that the ERK-activated cPLA2 is responsible for the selective release of 

arachidonic acid in sPLA2-stimulated mast cells [Kikawada et al., 2007; Han et al., 2003], or sPLA2 

Lys-49-stimulated macrophage [Moreira et al., 2013; Giannotti et al., 2013] it is likely that 

activation of ERK is important for cPLA2-mediated PGE2 production induced by MT-III in isolated 

macrophages. In contrast, although we showed that blockade of MT-III function with ERK inhibitor 

is sufficient to suppress both PGE2 production and COX-2 expression, it was demonstrated that the 

same inhibitor did not suppress MT-III-induced NF-κB recruitment. It is hypothesized that there are 

other  signaling pathways activated by MT-III involving other regulatory factors, because this 

sPLA2 still induces the activation of NF-κB in the presence of ERK inhibitor. A similar effect was 

observed in relation to MT-III-induced PI3K phosphorylation, whose effect in PGE2 release and 

COX-2 protein expression in peritoneal macrophages was fully independent of NF-KB activation 

(Moreira et al., 2014). These observations reinforced that, besides NF-κB, MT-III could lead the 

activation of other types of transcription factors. In agreement with this observation, there are 

reports that ERK 1/2 is linked with activator protein-1 (AP-1) activation [Hseu et al., 2012] or is 

associated to cAMP-response element-binding protein (CREB) phosphorylation  (Eliopoulos et al., 

2002, Ueno and Fujimor, 2011) for downstream COX-2 protein expression by different stimuli. Our 

results have not identified selected downstream pathways activated by ERK in  the biosynthesis of 

COX-2 expression and PGE2 synthesis induced by MT-III. However, we observed  that 12-LO and 

its product 12-HETE play an important role in upstream cascades involved in sPLA2-induced ERK 



phosphorylation. These findings imply a new aspect of the effect of group IIA sPLA2 in 

macrophage inflammatory functions, in which distinct arachidonic acid metabolism products, 

produced by its catalytic activity, may positively regulate crosswise the sPLA2-induced-COX-2 up-

regulation in pathophysiological conditions. 
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