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Abbreviations
ALA  α-Linolenic acid
BSA  Bovine serum albumin
DHA  Docosahexaenoic acid
DMEM  Dulbecco’s modified Eagle’s medium
FBS  Foetal bovine serum
EPA  Eicosapentaenoic acid
ERK  Extracellular signal regulated kinase
JNK  c-jun N terminal kinase
iNOS  Inducible nitric oxide synthase
IκB  Inhibitor of κB
LDH  Lactate dehydrogenase
LPS  Lipopolysaccharide
MAPK  Mitogen-activated protein kinases
MTT  3-(4,5-Dimethyl thiazol 

2-yl)-2,5-diphenyltetrazolium
NO  Nitric oxide
NFκB  Nuclear factor κB
n-3 PUFA  Omega-3 polyunsaturated fatty acids
PBS  Dulbecco’s phosphate-buffered saline
SDA  Stearidonic acid

Introduction

Dietary omega-3 polyunsaturated fatty acids (n-3 PUFA), 
primarily eicosapentaenoic acid (EPA; 20:5) and doco-
sahexaenoic acid (DHA; 22:6), are beneficial in preventing 
chronic inflammatory diseases, including cardiovascular 
disease, coronary artery disease, and rheumatoid arthritis 
[1, 2]. Most epidemiological studies show a strong asso-
ciation between higher levels of plasma n-3 PUFA and 
lower in the levels of inflammatory mediators in the plasma 
[3–5]. It was reported that EPA and DHA reduced TNF-α 
and IL-1β in LPS-activated human monocytes and murine 
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macrophages [6, 7]. Fish oils are the major dietary source 
of EPA and DHA; however, overfishing or pollution of the 
marine environment has warranted the search for alterna-
tive plant-based n-3 PUFA [8, 9].

Stearidonic acid (SDA; 18:4, Fig.  1a) is a plant-based 
n-3 PUFA, which recently has received much attention 
because of its various physiological functions in the human 
body [10]. SDA has been reported to be more effective as 
a protecting agent in tumorigenesis of breast cancer cells 
than another plant-based PUFA, α-linolenic acid (18:3) 
[11]. Oils derived from the members of the Boraginaceae 
family, including Echium (viper’s bugloss) are rich in 
SDA. Echium oil is an alternative natural source of n-3 
PUFA, particularly SDA, which accounts for approxi-
mately 15–22% of total fatty acids [12]. However, the 
effect of SDA on inflammatory responses and its underly-
ing molecular mechanism in LPS-stimulated RAW 264.7 

macrophage cells have not been investigated. Therefore, 
this study aimed to investigate the anti-inflammatory effects 
of SDA isolated from echium oil.

Materials and methods

Materials

SDA (purity >99%) isolated from echium oil was provided 
by Dr. Inhwan Kim from Korea University (Seoul, Korea) 
[13]. DHA, fatty acid-free bovine serum albumin (BSA), 
LPS, 3-(4,5-dimethyl thiazol 2-yl)-2,5-diphenyltetrazolium 
(MTT), dimethyl sulfoxide (DMSO), and Griess reagent 
were purchased from Sigma (St. Louis, MO, USA). Dul-
becco’s modified Eagle’s medium (DMEM), Dulbecco’s 
phosphate-buffered saline (PBS), foetal bovine serum 
(FBS), penicillin–streptomycin, and Lipofectamine 2000 
were obtained from Invitrogen (Carlsbad, CA, USA). Anti-
bodies for inducible nitric oxide synthase (iNOS), nuclear 
factor-kappa B (NFκB), proliferating cell nuclear antigen 
(PCNA), and β-actin were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-phospho or total 
antibodies to extracellular signal regulated kinase (ERK) 
1/2, c-jun N terminal kinase (JNK), and p38 were pur-
chased from Cell Signaling Technology Inc. (Danvers, MA, 
USA). Peroxidase-conjugated secondary antibodies, NE-
PER® nuclear extraction kit and  SuperSignal® West Pico 
chemiluminescent substrate were obtained from Thermo 
Scientific (Tewksbury, MA, USA).

Cell Culture and Treatment

RAW 264.7 cells (Koran Cell Line Bank, Seoul, Korea) 
were grown in DMEM supplemented with 10% FBS, 
50  μg/mL streptomycin, and 100 unit/mL penicillin and 
incubated at 37 °C in a humidified atmosphere of 5%  CO2. 
SDA (10 mM) or DHA (10 mM) as a positive control [7] 
were conjugated to 10% fatty acid-free BSA to ensure an 
even distribution in the cell culture media and were used 
for the treatment of cells. All stock solutions were filtered 
through a 0.2 µm syringe filter and stored at −20 °C.

Cell Viability and Cytotoxicity

To determine cell viability, after treatment with SDA and 
DHA in the presence or absence of LPS (1 µg/mL) for 18 h, 
cells were incubated in DMEM medium containing 0.5 mg/
mL MTT for an additional 4  h at 37  °C; subsequently, 
DMSO was added to dissolve formazan. The absorbance 
was measured using a microplate reader (BioTek, Inc., 
Winooski, VT, USA). To measure cytotoxicity, the con-
centration of lactate dehydrogenase (LDH) was estimated 

Fig. 1  Effect of stearidonic acid (SDA) on the cell viability and cyto-
toxicity in RAW 264.7 macrophages. a Chemical structure of SDA 
and docosahexaenoic acid (DHA). b RAW 264.7 cells were treated 
with different concentrations of SDA in the absence or presence of 
1 µg/mL lipopolysaccharide (LPS) for 18 h. DHA (100 µM) was used 
as a positive control. Cell viability and cytotoxicity were determined 
using the MTT and LDH assays, respectively. Each value is presented 
as the mean  ±  standard error (n  =  3). NS not significant. Different 
letters among groups indicate significant differences obtained using 
Duncan’s test (P < 0.05)
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using an LDH cytotoxicity detection kit (Roche Applied 
Science, IN, USA).

Cellular Fatty Acid Analysis

Total lipids in RAW 264.7 cell lysates were extracted with 
chloroform/methanol (2:1, v/v). Fatty acid methyl esters 
by  BF3-catalyzed transesterification were separated and 
quantified with a Hewlett-Packard 6890 gas chromatograph 
equipped with a fused-silica capillary column (SP-WAX, 
60 m × 0.25 mm i.d., Supelco, Bellefonte, PA, USA), auto 
injector, and flame-ionization detector (Hewlett-Packard, 
Anondale, PA, USA), as previously described [14].

Nitrite Determination

The levels of nitrite, a stable metabolite of NO, was meas-
ured using a colorimetric assay based on the Griess reac-
tion, as previously described [15].

Western Blotting

To obtain whole cell extracts, the cells were washed with 
PBS and lysed in a Pro-Prep™ sample buffer (iNtRON 
Biotechonology, Seongnam, Korea). For nuclear extraction, 
cells were prepared using the NE-PER® nuclear extraction 
kit according to the manufacturer’s guidelines. The protein 
concentration was quantified using the Take3™ Multivol-
ume Plate (BioTek, Inc., Winooski, VT, USA) and equal 
amounts of proteins were electrophoretically transferred 
onto a nitrocellulose membrane following separation on a 
10% sodium dodecylsulphate (SDS)-polyacrylamide gel. 
The membranes were blocked with 5% non-fat milk in Tris-
buffered saline-Tween 20 (TBST) and subsequently incu-
bated with various primary antibodies followed by addition 
of horseradish peroxidase-conjugated secondary antibod-
ies. Protein bands were visualized on an X-ray film acti-
vated by chemiluminescence.

Luciferase Assay

RAW 264.7 macrophages were transferred using the Lipo-
fectamine 2000 and pNFκB-Luc reporter plasmid. Briefly, 
cells (1.5 × 105 cells/well) were seeded in a black 96-well 
plate. After the transfection, cells were treated with SDA or 
DHA in the presence or absence of LPS. We subsequently 
evaluated the luciferase activities by a Dual-Glo Luciferase 
assay kit (Promega, Madison, CA, USA) and a luminom-
eter (Panomics, Fremont, CA, USA).

Statistical Analysis

The results are reported as mean  ±  standard error (SE). 
Statistical comparisons were made using one-way analysis 
of variance (ANOVA) using SAS version 9.4 (SAS Insti-
tute, Cary, NC, USA), followed by Duncan’s multiple com-
parison test. A p value <0.05 was considered statistically 
significant for all analyses.

Results and Discussion

Effects of SDA on Cell Viability and Cytotoxicity 
in LPS‑Stimulated RAW 264.7 Cells

The MTT assay measures the mitochondrial activity of 
cells, which is an indicator of cell viability. The LDH 
leakage assay indicates membrane integrity, and this 
assay has been used as an indicator of cytotoxicity in 
various cell lines [16]. In this study, treatment with SDA 
did not affect the viability and did not induce cytotox-
icity in RAW 264.7 macrophages (Fig.  1b). Although 
treatment with 200  µM SDA and 100  µM DHA in the 
presence of LPS induced a significant decrease in the 
cell viability of RAW 264.7 cells, the percentage of via-
ble cells was more than 80%, and; thus, this treatment 
was non-cytotoxic [17]. Previous studies reported that 
the n-3 PUFA, such as DHA and SDA, were not cyto-
toxic at concentrations up to 200  μM in various cell 
culture systems [12, 18]. In addition, it was reported 
that 400 μM of SDA was non-cytotoxic to healthy dog 
peripheral blood mononuclear cells [19]. Similar dietary 
fatty acids such as EPA and DHA in humans could attain 
up to 500 uM in plasma after oral intake in diet [20, 
21]. Thus, the effects of using SDA at 200 μM can be 
expected in vivo.

Effects of SDA on NO Production and iNOS Protein 
Expression in LPS‑Stimulated RAW 264.7 Cells

Inflammation is a crucial body defense against patho-
gen invasion or endotoxin exposure. However, aber-
rant inflammatory responses contribute to the patho-
genesis of various chronic inflammatory diseases [22]. 
iNOS-derived NO is one of the important mediators of 
macrophage-mediated inflammation [23]. We investi-
gated the inhibitory effects of SDA on iNOS-derived NO 
production in LPS-stimulated RAW 264.7 macrophages 
and compared them with those obtained using DHA, a 
well-known anti-inflammatory n-3 PUFA. NO produc-
tion and iNOS protein levels were markedly higher in 
cells treated with LPS than in the untreated control cells. 
However, treatment with SDA at 50–200 μM significantly 
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reduced the LPS-induced NO production and iNOS pro-
tein levels (Fig.  2). Also, DHA at 100  μM significantly 
decreased LPS-induced NO production and iNOS protein 
levels. These results indicated that the inhibitory effects 
of SDA on LPS-induced NO production could be due to 
the downregulation of iNOS expression.

Effects of SDA on Nuclear Translocation 
and Transcription Activity of NFκB in LPS‑Stimulated 
RAW 264.7 cells

NFκB is a key transcription factor that regulates the expres-
sion of genes involved in the immune and inflammatory 
responses. iNOS expression is closely related to the upregu-
lation of NFκB in LPS-stimulated macrophages [24]. NFκB 
normally exists in the cytoplasm as the p50/p65 heterodi-
mers complexed with the inhibitor of κB (IκB) proteins. 
Upon activation by inflammatory stimuli such as LPS, 
NFκB subunits are released from IκBα and translocate to 
the nucleus, where they bind to the promoters of inflamma-
tion-related genes, which ultimately leads to the transcrip-
tion of target genes, including iNOS [25]. Treatment with 
LPS increased the nuclear protein expression of p65 and 
p50 NFκB subunits and the promoter activity, while SDA 
markedly inhibited the LPS-induced NFκB translocation 
and the promoter activation (Fig. 3). SDA and DHA have 
similar effects on the protein expression levels of NFκB at 
the same concentration of 100 μM. Furthermore, DHA also 
significantly decreased the nuclear translocation of NFκB 
and the promoter activity in LPS-stimulated macrophages. 
These results suggested that the suppression of the NFκB 
pathway by SDA might be a pivotal mechanism governing 
the regulation of pro-inflammatory mediators.

Effects of SDA on MAPK Kinases in LPS‑Stimulated 
RAW 264.7 Cells

The mitogen-activated protein kinases (MAPK), including 
ERK1/2, JNK, and p38 subfamilies, are one of the intra-
cellular signaling cascades that play a critical role in the 
inflammatory process [26]. Activation of MAPK influences 
iNOS-derived NO production via control of the activation 
of NFκB in LPS-stimulated macrophages [27]. The phos-
phorylation levels of ERK1/2, JNK, and p38 increased after 
exposure to LPS, but SDA treatments effectively decreased 
this LPS-induced phosphorylation in the cells (Fig. 4). Fur-
ther, DHA significantly decreased the phosphorylation of 
ERK1/2, JNK, and p38 in LPS-stimulated macrophages. 
These results indicated that inhibition of activation of all 
three MAPK may be the mechanism underlying the anti-
inflammatory effect of SDA involved.

Effects of SDA on Cellular Fatty Acid Profile 
in LPS‑Stimulated RAW 264.7 Cells

Treatment of LPS-stimulated RAW 264.7 macrophages 
with 100  μM SDA demonstrated a significant increase in 
the concentrations of SDA (18:4n-3) and EPA (20:5n-3) 
in the cellular lipids (Table  1). Treatment with SDA did 
not result in significantly increased appearance of DHA 

Fig. 2  Effect of stearidonic acid (SDA) on the production of induci-
ble nitric oxide synthase (iNOS)-derived nitric oxide (NO) in lipopol-
ysaccharide (LPS)-stimulated RAW 264.7 macrophages. RAW 264.7 
cells were treated with different concentrations of SDA in the absence 
or presence of 1 µg/mL LPS for 18 h. In addition, docosahexaenoic 
acid (DHA, 100  µM) was used as a positive control. a No produc-
tion was determined by the level of nitrite formed in the medium 
using Griess reagent. b The expression of iNOS protein was meas-
ured using western blotting. The intensity of each band was quantified 
using Image J. The relative protein expression levels were normalised 
to those of β-actin, which was used as an internal control. Each value 
is presented as the mean  ±  standard error (n  =  3). Different letters 
among groups indicate significant differences obtained using Dun-
can’s test (P < 0.05)
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(22:6n-3) in LPS-induced RAW 264.7 cells, but treatment 
with 100  μM DHA had very high levels of DHA. In the 
metabolic pathway for n-3 PUFA synthesis, SDA is the 
metabolite of the rate-limiting Δ-6-desaturase (D6D) step 

Fig. 3  Effect of stearidonic acid (SDA) on the nuclear translocation 
and promoter activity of nuclear factor kappa B (NFκB) in lipopoly-
saccharide (LPS)-stimulated RAW 264.7 macrophages. a RAW 264.7 
cells were treated with different concentrations of SDA in the absence 
or presence of 1 µg/mL LPS for 1 h 30 min. Docosahexaenoic acid 
(DHA, 100 µM) was used as a positive control. Nuclear extracts were 
isolated, and the protein levels of the NFκB subunit were determined 
using western blotting. The intensity of each band was quantified 
using Image J. The relative protein expression levels were normalised 
to those of PCNA, which was used as an internal control. b NFκB 
promoter activity was determined by luciferase reporter assay. Each 
value is presented as the mean  ±  standard error (n  =  3). Different 
letters among groups indicate significant differences obtained using 
Duncan’s test (P < 0.05)

Fig. 4  Effect of stearidonic acid (SDA) on the phosphorylation of 
mitogen-activated protein kinases (MAPK) in lipopolysaccharide 
(LPS)-stimulated RAW 264.7 macrophages. RAW 264.7 cells were 
treated with different concentrations of SDA in the absence or pres-
ence of 1  µg/mL LPS for 30  min. Docosahexaenoic acid (DHA, 
100 µM) was used as a positive control. The protein levels of MAPK 
were determined using western blotting. The intensity of each band 
was quantified using Image J. The relative protein expression lev-
els were normalised to those of total MAPK. Each value is pre-
sented as the mean ± standard error (n = 3). Different letters among 
groups indicate significant differences obtained using Duncan’s test 
(P < 0.05)

Table 1  Fatty acid composition of RAW 264.7 macrophages cells 
treated with stearidonic acid (SDA) or docosahexaenoic acid (DHA)

Cells were coincubated for 18 h with 100 μM SDA or 100 μM DHA 
with 1 µg/mL lipopolysaccharide
All values are means of triplicate analysis
Concentration of fatty acids was expressed as g/100 g
1  Mean values in a row followed by different superscripts letters are 
significantly different by Duncan’s multiple range test (P < 0.05)

Fatty acids Treatment group

CON LPS LPS + SDA LPS + DHA

18:4n-3 – – 6.263 –
20:5n-3 0.903b,1 0.184b 2.776a 0.343b

22:6n-3 4.421b 1.612b 1.341b 23.230a
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in the biosynthesis from α-linolenic acid (ALA; 18:3) to 
EPA [27]. Several studies have suggested that SDA could 
be more effectively converted to EPA than ALA in the body 
because it does not require the initial step catalyzed by the 
D6D step [28]. In this study, our data indicated that SDA 
might be readily converted to EPA, but not DHA. However, 
this conversion may not achieve EPA levels adequate for 
anti-inflammatory effects.

Previous observational studies strongly support the effi-
cacy of the marine-based n-3 PUFA such as DHA for pre-
venting inflammation [29]. It has been reported particularly 
that DHA mediate its anti-inflammatory via the NFκB sign-
aling system in a macrophage study [7]. In this study, SDA, 
a plant-based n-3 PUFA, is as effective as DHA against 
inflammatory response in LPS-stimulated macrophages. 
Thus, our results suggest that SDA isolated from echium 
oil may be as an alternative to the fish-based fatty acids for 
preventing inflammatory diseases.

Conclusion

In conclusion, our results indicate that SDA alleviates 
LPS-induced inflammatory events by inhibiting the activa-
tion of NFκB and MAPK. This study provides a molecular 
basis for understanding the inhibitory effects of SDA on 
inflammation.

References

 1. Calder PC (2006) n-3 polyunsaturated fatty acids, inflammation, 
and inflammatory diseases. Am J Clin Nutr 83:1505S–1519S

 2. Marik PE, Varon J (2009) Omega-3 dietary supplements and the 
risk of cardiovascular events: a systematic review. Clin Cardiol 
32:365–372

 3. Farzaneh-Far R, Harris WS, Garg S, Na B, Whooley MA (2009) 
Inverse association of erythrocyte n-3 fatty acid levels with 
inflammatory biomarkers in patients with stable coronary artery 
disease: the heart and soul study. Atherosclerosis 205:538–543

 4. Ferrucci L, Cherubini A, Bandinelli S, Bartali B, Corsi A, Lau-
retani F, Martin A, Andres-Lacueva C, Senin U, Guralnik JM 
(2006) Relationship of plasma polyunsaturated fatty acids to 
circulating inflammatory markers. J Clin Endocrinol Metab 
91:439–446

 5. Rangel-Huerta OD, Aguilera CM, Mesa MD, Gil A (2012) 
Omega-3 long-chain polyunsaturated fatty acids supplementation 
on inflammatory biomakers: a systematic review of randomised 
clinical trials. Br J Nutr 107:S159–S170

 6. Lo CJ, Chiu KC, Fu M, Lo R, Helton S (1999) Fish oil decreases 
macrophage tumor necrosis factor gene transcription by altering 
the NFkappaB activity. J Surg Res 82:216–221

 7. Mullen A, Loscher CE, Roche HM (2010) Anti-inflammatory 
effects of EPA and DHA are dependent upon time and dose-
response elements associated with LPS-stimulation in THP-1-de-
rived macrophages. J Nutr Biochem 21:444–450

 8. Chakraborty M, Bhattacharya S, Mishra R, Saha SS, Bhattacha-
rjee P, Dhar P, Mishra R (2015) Combination of low dose major 

n3 PUFAs in fresh water mussel lipid is an alternative of EPA-
DHA supplementation in inflammatory conditions of arthritis 
and LPS stimulated macrophages. PharmaNutrition 3:67–75

 9. Venegas-Caleron M, Sayanova O, Napier JA (2010) An alterna-
tive to fish oils: metabolic engineering of oil-seed crops to pro-
duce omega-3 long chain polyunsaturated fatty acids. Prog Lipid 
Res 49:108–119

 10. Guil-Guerrero JL (2007) Stearidonic acid (18:4n-3): metabo-
lism, nutritional importance, medical uses and natural sources. 
Eur L Lipid Technol 109:1226–1236

 11. Horia E, Watkins BA (2005) Comparison of stearidonic acid and 
α-linolenic acid on PGE2 production and COX-2 protein levels 
in MDA-MB-231 breast cancer cell cultures. J Nutr Biochem 
16:184–192

 12. Guil-Guerrero J (2007) Stearidonic acid: metabolism, nutritional 
importance, medical uses and natural sources. Eur J Lipid Sci 
Technol 109:1226–1236

 13. Baik JY, Kim NH, Oh SW, Kim IH (2015) Preparation of highly 
purified stearidonic acid from echium oil via an enzymatic 
method combined with preparative high performance liquid 
chromatography. J Oleo Sci 64:729–736

 14. Lee JH, Shin JA, Lee JH, Lee KT (2004) Production of lipase-
catalyzed structured lipids from safflower oil with conjugated 
linoleic acid and oxidation studies with rosemary extracts. Food 
Res Int 37:967–974

 15. Guo W, Wong S, Xie W, Lei T, Luo Z (2007) Palmitate modu-
lates intracellular signaling, induces endoplasmic reticulum 
stress, and causes apoptosis in mouse 3T3-L1 and rat primary 
preadipocytes. Am J Physiol Endocrinol Metab 293:E576–E586

 16. Sung J, Lee J (2015) Anti-inflammatory activity of butein and 
luteolin through suppression of NFκB activation and induction 
of heme oxygenase-1. J Med Food 18:557–564

 17. Fotakis G, Timbrell JA (2006) In vitro cytotoxicity assays: com-
parison of LDH, neutral red, MTT and protein assay in hepatoma 
cell lines following exposure to cadmium chloride. Toxicol Lett 
160:171–177

 18. Lopez-Garcia J, Lehocky M, Humpolicek P, Saha P (2014) 
HaCaT keratinocytes response on antimicrobial atelocollagen 
substrates: extent of cytotoxicity, cell viability and proliferation. 
J Funct Biomater 5:43–57

 19. Pondugula SR, Ferniany G, Ashraf F, Abbot KL, Smith BF, 
Goleman ES, Mansour M, Bird RC, Smith AN, Karthikeyan C, 
Trivedi P, Tiwari AK (2015) Stearidonic acid, a plant-based die-
tary fatty acid, enhances the chemosensitivity of canine lymphoid 
tumor cells. Biochem Biophys Res Commun 460:1002–1007

 20. Anderton MJ, Manson MM, Verschoyle R, Gescher A, Steward 
WP, Williams ML, Mager DE (2004) Physiological modeling of 
formulated and crystalline 3,3′-diindolylmethane pharmacokinet-
ics following oral administration in mice. Drug Metab Dispos 
32:632–638

 21. Kuriki K, Nagaya T, Tokudome Y, Imaeda N, Fujiwara N, Sato J, 
Goto C, Ikeda M, Maki S, Tajima K, Tokudome S (2003) Plasma 
concentrations of (n-3) highly unsaturated fatty acids are good 
biomarkers of relative dietary fatty acid intakes: a cross-sectional 
study. J Nutr 133:3643–3650

 22. De Boer AA, Monk JM, Robinson LE (2014) Docosahexaenoic 
acid decreases pro-inflammatory mediators in an in vitro murine 
adipocyte macrophage co-culture model. PLoS One 9:1–12

 23. Chen HG, Xie KL, Han HZ, Wang WN, Liu DQ, Wang GL, Yu 
YH (2013) Heme oxygenase-1 mediates the anti-inflammatory 
effect of molecular hydrogen in LPS-stimulated RAW 264.7 
macrophages. Int J Surg 11:1060–1066

 24. Leyva-Lopez N, Nair V, Bang WY, Cisneros-Zevallos L, Heredia 
JB (2016) Protective role of terpenes and polyphenols from three 
species of Oregano (Lippia graveolens, Lippia palmeri and Hede-
oma patens) on the suppression of lipopolysaccharide-induced 



787Lipids (2017) 52:781–787 

1 3

inflammation in RAW 264.7 macrophage cells. J Ethnopharma-
col 187:302–312

 25. Chen H, Sohn J, Zhang L, Tian J, Chen S, Bjeldanes LF (2014) 
Anti-inflammatory effects of chicanine on murine macrophage 
by down-regulating LPS-induced inflammatory cytokines in 
IkappaBalpha/MAPK/ERK signaling pathways. Eur J Pharmacol 
724:168–174

 26. Srisook K, Palachot M, Mongkol N, Srisook E, Sarapusit S 
(2011) Anti-inflammatory effect of ethyl acetate extract from 
Cissus quadrangularis Linn may be involved with induction of 
heme oxygenase-1 and suppression of NF-kappaB activation. J 
Ethnopharmacol 133:1008–1014

 27. Kaminska B (2005) MAPK signalling pathways as molecular tar-
gets for anti-inflammatory therapy from molecular mechanisms 
to therapeutic benefits. Biochim Biophys Acta 1754:253–262

 28. Walker CG, Jebb SA, Calder PC (2013) Stearidonic acid as 
a supplemental source of ω-3 polyunsaturated fatty acids to 
enhance status for improved human health. Nutrition 29:363–369

 29. Jeong DH, Kim KB, Kim MJ, Kang BK, Ahn DH (2016) Skip-
jack tuna (Katsuwonus pelamis) eyeball oil exerts an anti-inflam-
matory effect by inhibiting NF-kappaB and MAPK activation in 
LPS-induced RAW 264.7 cells and croton oil-treated mice. Int 
Immunopharmacol 40:50–56


	Anti-Inflammatory Effects of Stearidonic Acid Mediated by Suppression of NF-κB and MAP-Kinase Pathways in Macrophages
	Abstract 
	Introduction
	Materials and methods
	Materials
	Cell Culture and Treatment
	Cell Viability and Cytotoxicity
	Cellular Fatty Acid Analysis
	Nitrite Determination
	Western Blotting
	Luciferase Assay
	Statistical Analysis

	Results and Discussion
	Effects of SDA on Cell Viability and Cytotoxicity in LPS-Stimulated RAW 264.7 Cells
	Effects of SDA on NO Production and iNOS Protein Expression in LPS-Stimulated RAW 264.7 Cells
	Effects of SDA on Nuclear Translocation and Transcription Activity of NFκB in LPS-Stimulated RAW 264.7 cells
	Effects of SDA on MAPK Kinases in LPS-Stimulated RAW 264.7 Cells
	Effects of SDA on Cellular Fatty Acid Profile in LPS-Stimulated RAW 264.7 Cells

	Conclusion
	References




