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Abstract

:

Dimethyl sulfoxide (DMSO), an amphipathic molecule composed of one highly polar sulfinyl group and two nonpolar methyl groups, is considered an excellent solvent due to its capability to dissolve many polar and nonpolar compounds. Therefore, DMSO is widely used to solubilize drugs for therapeutic applications. DMSO is reported to possess anti-inflammatory, anticancer, and antioxidative capacities, and the anti-inflammatory efficacy of DMSO has been intensively studied in various cell lines and animal models. An in vitro model of mouse macrophage RAW 264.7 cells has been widely used, among several experimental designs, for evaluation during the development of new anti-inflammatory drugs. DMSO, which is used to dissolve samples, is also prone to experimental errors because of its anti-inflammatory properties. Therefore, we systematically confirmed the cytotoxic and anti-inflammatory effects of DMSO and the related signaling pathways in RAW 264.7 cells. The results show that DMSO at 0.25% to 1.5% did not result in cellular toxicity, with results comparable to the control group where DMSO is absent; at concentrations 2.0%, however, it inhibited the viability of RAW264.7 cells (13.25%). The results demonstrate that pretreatment with DMSO profoundly attenuates the lipopolysaccharide (LPS)-stimulated levels of nitric oxide (NO) and prostaglandin (PG)E2, as well as the levels of pro-inflammatory cytokines, cyclooxygenase-2 (COX-2) protein, and inducible nitric oxide synthase (iNOS). Collectively, the DMSO pretreatments appear to notably alleviate LPS-induced damage by reducing phosphorylation of p38, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase proteins (ERKs), nuclear factor-kappa-B (NF-κB) in addition to NF-κB/p65 nuclear translocation. Taken together, the results clearly show that DMSO attenuates the inflammatory response in LPS-induced RAW264.7 cells by regulating the activation of the MAPK and NF-κB signaling pathways. These results contribute to potentially reducing experimental errors or misjudgments when using the LPS-induced RAW 264.7 macrophage cell model for evaluation during the development of new anti-inflammatory drugs.
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1. Introduction


Dimethyl sulfoxide (DMSO), a polar aprotic compound with high water affinity, is commonly used as a solvent in biological experiments because it is low in toxicity, can dissolve both polar and nonpolar substances, and easily penetrates hydrophobic barriers such as plasma membranes. These properties make it an ideal vehicle for in vivo and in vitro experiments, especially for studies on pharmacological compounds acting at the intracellular level [1]. DMSO has been used for cryopreservation of cells in research and clinical applications over many years because it reduces cell death by preventing ice crystal formation [2]. DMSO is also reported to possess anticancer, anti-inflammatory, and hepatoprotective activities [3,4]. Conversely, DMSO has detrimental effects on the morphology and viability of mesenchymal stem cells, with toxic effects due to reduced collagen I expression in stem cells derived from intraoral areas [5]. Bini et al. suggested that treatment with DMSO can be used to modulate the expression of NF-κB and heat shock protein 70 after hemorrhagic shock (HS) in rats. This modulation may have potential effects on HS through inhibition of the NF-κB-dependent production of pro-inflammatory mediators [6]. Kelly et al. reported that DMSO decreases the level of NF-κB activation in J774 macrophage-like cells, correlating with the decreased expression of cytokine mRNAs and tumor necrosis factor bioactivity [7]. Further research has shown that a low concentration of DMSO significantly accelerates skin wound healing by Akt/mTOR-mediated cell proliferation and migration in diabetic mice [8]. Alongside its various applications, DMSO is most commonly used as a chemical solvent, and it is known to be miscible in a wide range of organic solvents, as well as in water.



Macrophages, known as one of the immune cell types, secrete a variety of pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6, as well as inflammatory mediators such as nitric oxide (NO) and prostaglandin E2 (PGE2), through phosphorylation and activation of the transcription factors nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) [9]. At appropriate levels, pro-inflammatory cytokines and mediators secreted by macrophages act to protect the body from harmful external factors, but in excess, pro-inflammatory cytokines and mediators are known to cause chronic inflammation associated with human inflammatory diseases such as diabetes, inflammatory bowel diseases (IBD), asthma, rheumatoid arthritis, psoriasis, chronic hepatitis, cardiovascular diseases, and various cancers [10]. Macrophages play a crucial role in host defense and homeostasis during the inflammatory response, as they are activated by bacterial lipopolysaccharides (LPS), which are cell wall components of Gram-negative bacteria. Upon activation, macrophages express various inflammatory cytokines and mediators. Recent studies on inflammation have overwhelmingly identified that RAW264.7 cells induced by LPS represent the most popular model for in vitro studies. RAW264.7, a monocyte/macrophage-like cell line, is also most commonly used in in vitro studies for screening the anti-inflammatory activity of natural compounds [11]. Therefore, the regulation of pro-inflammatory cytokines and mediators in LPS-induced macrophage RAW 264.7 cells is regarded as a complementary strategy and model for studying inflammatory diseases in humans. However, as mentioned above, since DMSO itself has an anti-inflammatory effect, its use may result in experimental errors or erroneous scientific judgments. Therefore, the objective of this study is to evaluate the effects of DMSO on macrophage activation parameters. We investigate the anti-inflammatory effects of DMSO on pro-inflammatory responses and cytokine signaling pathways, which are activated in RAW264.7 cells through the LPS challenge. The levels of NF-κB- and MAPK-dependent activation, as well as TNFα, IL-6, and 1L-β induced by LPS, were determined. To the best of our knowledge, the impact of DMSO on anti-inflammatory effects in the RAW264.7 cell model has not been systematically and comprehensively investigated. In this study, we utilized LPS stimulation of RAW264.7 cells to create an inflammatory model, which was then used to evaluate the effectiveness of DMSO as an anti-inflammatory agent and investigate the underlying mechanisms.




2. Results and Discussion


2.1. Effects of DMSO on Cell Viability


DMSO toxicity was assessed in terms of the cell viability of RAW 264.7 macrophages determined by MTT assay. As displayed in Figure 1, when the concentration of DMSO is increased from 0.25% to 1.5%, the cell viability of the RAW 264.7 macrophages is marginally affected, indicating that DMSO can be safely used within these concentrations (0.25–1.5%). However, when the DMSO concentration was increased to 2.0%, the cell viability of RAW 264.7 macrophages decreased to 86.75%; thus, DMSO concentrations of 0.25–1.5% are considered safe [12]. In the interests of determining precise effects related to specific concentrations, DMSO concentrations of 0.25%, 0.5%, 1.0%, and 1.5% were tested.



Kloesch et al. [13] verified that C-28/I2 human chondrocyte cultures treated with different DMSO concentrations for 12 h showed reduced expression of IL-6 and IL-8 at concentrations higher than 1% v/v. Hollebeeck et al. [14] also reported that in vitro stimulation with an inflammatory cocktail and treatment with low concentrations of DMSO (0.1 to 0.5% v/v) reduces the expression of IL-6 and IL-1 in intestinal Caco-2, which does not align with the toxicity results in our present study. Wedner et al. [15] discovered that treatment of human peripheral blood lymphocytes with 40% v/v DMSO in vitro increased selectin expression and phosphorylation of proteins involved in intracellular activation pathways. Kloverpris et al. [16] found that up to 10% v/v DMSO could be used for a one-hour treatment of human peripheral blood mononuclear cell cultures without affecting culture viability. These studies suggest that different cell types respond differently to DMSO concentrations and stimulation conditions. However, a full understanding of the physiological and pharmacological effects of DMSO is still lacking, and further investigation is required to determine safe and reliable concentrations for its use.




2.2. Effects of DMSO on NO Release, PGE2 Production, and Protein Expression in LPS-Stimulated RAW 264.7 Macrophages


LPS and RAW 264.7 cells are commonly used as in vitro models for studying immune function. LPS, an endotoxin derived from Gram-negative bacteria, is a natural stimulator of immune and inflammatory responses. It activates signaling pathways that trigger the release of cytokines, NO, and PGE2 from cells [17,18,19]. To assess the pro-inflammatory response, the amount of nitrite, a stable NO metabolite, was measured in the cell medium. PGE2, an important lipid mediator, is synthesized in response to various stimuli and can act as an inflammatory mediator. The inhibition of PGE2 synthesis is considered an anti-inflammatory strategy. Thus, the level of pro-inflammatory mediators was measured using Griess reagent and ELISA kits in LPS-induced RAW 264.7 cells in this study.



We initially assessed the effects of DMSO on nitrite production in RAW264.7 cells induced by LPS using the Griess assay. We found that DMSO at 0.5, 0.75, 1.0, 1.25, and 1.5% reduced the amount of nitrite by 3.69, 12.44, 34.20, 55.89, and 78.27%, respectively, in the LPS-activated RAW264.7 macrophages (Figure 2a). DMSO at 0.5, 0.75, 1.0, and 1.25% reduced PGE2 production by 84.96, 89.56, 90.45, and 97.74%, respectively, in the LPS-activated RAW264.7 macrophages (Figure 2b). In addition, DMSO also reduced the expression levels of COX-2 and iNOS in the LPS-activated RAW264.7 macrophages (Figure 2c). Therefore, the above results confirm that DMSO possesses an anti-inflammatory action via the downregulation of COX and iNOS protein expression. Similar to our results, Elisia et al. [2] discovered that DMSO significantly suppressed the expression of various pro-inflammatory cytokines/chemokines and PGE2 in Human Blood Cells at concentrations ranging from 0.5% to 2%. Hollebeeck et al. [13] also reported that low concentrations (0.1–0.5%) of DMSO inhibited COX-2 expression in the Caco-2 cell model. However, it is important to note that the effective DMSO concentration varies for each cell line.




2.3. Effects of DMSO on Pro-Inflammatory Cytokine Secretion in LPS-Stimulated RAW 264.7 Cells


TNF-α is a pro-inflammatory cytokine that induces inflammation and triggers signaling events involved in cell necrosis and apoptosis, as well as the release of other cytokines such as IL-6 and IL-1β. Reducing levels of these cytokines can attenuate the immune response and decrease inflammation in inflammation models [20]. To assess the anti-inflammatory potential of DMSO, TNF-α secretion by macrophage cells was measured. Figure 3 demonstrates that LPS exposure increases TNF-α production significantly compared to untreated cells, while treatment with DMSO inhibits TNF-α secretion. Additionally, the inflammatory mediator IL-1β contributes to the initiation and escalation of inflammatory responses, leading to intestinal damage [21]. Figure 3a shows that TNF-α levels in the LPS group reached 27.0 times higher in the control group, while the TNF-α levels in the DMSO group were significantly inhibited. In addition, elevated IL-1β levels are considered a typical sign of an acute inflammatory response. LPS stimulated a significant increase in IL-1β production compared with the control group. As shown in Figure 3b,c, under LPS stimulation, the content of both IL-1β and IL-6 increased by 5.7-fold and 25.1-fold, respectively. Compared with the LPS group, the treatment with the DMSO inhibited LPS stimulation of IL-1β and IL-6 production in RAW 264.7 cells. At DMSO concentrations of 0.5–1.5%, IL-1β and IL-6 production in RAW264.7 cells was significantly lower than that of the LPS group. Taken together, these results suggest that DMSO exerts an anti-inflammatory action, which decreases the production of the pro-inflammatory cytokines.




2.4. Effects of DMSO on the NF-κB and MAPK Signaling Pathways


Pro-inflammatory mediators and cytokines are produced through the activation of the NF-κB and MAPK signaling pathways, with the latter being important for regulating the inflammatory response and activating NF-κB. These pathways mainly involve ERK, JNK, and p38-MAPK and are crucial for the TLR4-mediated immune response-associated gene expression [22]. After TLR4 recognizes the antigen, the activated TLR4 recruits the adapter protein MyD88, which in turn triggers a subsequent response by activating the MAPK signaling pathway [23]. To investigate whether the downregulation of TLR4, induced by DMSO, results in the inactivation of the MAPK signaling pathway, cells were treated with varying concentrations of DMSO, and the total phosphorylation levels of JNK, ERK, and p38 were assessed using Western blot analysis. As depicted in Figure 4, upon stimulation with LPS (1 μg/mL) alone, there was a significant upregulation of phosphorylation levels of p38, ERK, and JNK compared to the control group. However, intriguingly, pretreatment with DMSO led to a concentration-dependent downregulation of LPS-induced phosphorylation levels of p38, ERK, and JNK. The above results suggest that DMSO can suppress the phosphorylation of MAPKs in RAW264.7 macrophages stimulated by LPS.



The key transcription factor NF-κB p65 regulates the transcription of several genes that are involved in inflammation, including those that encode pro-inflammatory enzymes such as iNOS and COX-2, as well as cytokines such as TNF-α, IL-6, and IL-1β. IκBα acts as an endogenous inhibitor of NF-κB and binds to cytosolic NF-κB p65 in an unstimulated state. However, upon stimulation, IκBα undergoes phosphorylation and subsequent degradation via the ubiquitin-proteasome pathway. Thereafter, NF-κBp65 is again released, translocated from the cytoplasm to the nucleus, and then accumulates in the nucleus to regulate the expression of target genes [24]. Furthermore, as a significant downstream component of the MAPK signaling pathway, the phosphorylated form of NF-κB p65, induced by MAPK activation, stimulates the expression of genes encoding pro-inflammatory cytokines. Therefore, further investigation explored whether the inactivation of the MAPK signaling pathway, induced by DMSO, could contribute to the inactivation of the NF-κB signaling pathway. As shown in Figure 5a,c,d, after the RAW264.7 cells were incubated with DMSO, the expression levels of IκB-α increased remarkably, and those of p-IκB decreased significantly. Furthermore, an increased level of cytosolic p65 and a decreased level of p65 in the nucleus were observed, which suggests that DMSO treatment inhibits the nuclear translocation of p65 in RAW264.7 cells (Figure 5b,e,f).





3. Materials and Methods


Thermo Fisher Scientific (Waltham, MA, USA) supplied DMEM and penicillin-streptomycin (P/S), while Merck Millipore (Burling, VT, USA) supplied FBS for cell culture. Lipopolysaccharide (LPS) from Escherichia coli O111:B4 and Griess reagent used for cell experiments were purchased from Sigma–Aldrich (St. Louis, MO, USA). Biosesang (Seongnam, Gyeonggi-do, Republic of Korea) supplied MTT, DMSO, PBS, TBS, SDS, RIPA buffer, and ECL kit. Thermo Fisher Scientific (Waltham, MA, USA) provided the nuclear/cytoplasmic extraction reagents, BCA protein assay kit, and 0.5% trypsin−ethylenediaminetetraacetic acid (10×), while Bio-Rad (Hercules, CA, USA) supplied Tween 20 and 2× Laemmli sample buffer. Skim milk was obtained from BD Difco (Sparks, MD, USA), and ELISA kits for PGE2 were purchased from Abcam (Cambridge, EN, UK), while the primary antibody COX-2, cytokine kits (IL-1β, IL-6, and TNF-α) were purchased from BD Biosciences (Franklin Lakes, NJ, USA). Cell Signaling Technology (Danvers, MA, USA) provided the primary antibody iNOS, p-ERK, ERK, p-p38, p38, p-JNK, JNK, p-IκB-α, IκB-α, p65, lamin B, and β-actin antibodies, as well as the anti-mouse and anti-rabbit secondary antibodies. Additionally, Cayman (Ann Arbor, Michigan) provided L-NIL and NS 398.



3.1. Cell Culture


We obtained the RAW 264.7 murine macrophage cells from the Korea Cell Line Bank in Seoul, Republic of Korea. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin under a humidified atmosphere containing 5% CO2 at a temperature of 37 °C.




3.2. Cell Viability


Cytotoxicity was assessed by MTT assay. RAW 264.7 macrophage cells were plated at a density of 1.5 × 105 cells/well in a 24-well plate and allowed to adhere overnight. The cells were treated with DMSO at different concentrations (0.25, 0.5, 1.0, 1.5, and 2.0%) and LPS (1 μg/mL) for 24 h [25,26]. Following this, the medium was completely removed and replaced with MTT dye (0.2 mg/mL) and incubated for 3 h, after which the insoluble formazan crystals were solubilized in dimethyl sulfoxide. Absorbance was measured at 570 nm using a microplate reader (Biotek; Winooski, VT, USA).




3.3. Determination of NO Production


The Griess assay is utilized to quantify the levels of nitrite, which is the ultimate outcome of the NO oxidation process. The levels of nitrite were evaluated in the cell culture supernatant, and the Griess reaction was used to determine them as an indicator of NO production. Initially, RAW 264.7 macrophage cells were seeded in a 24-well plate at a density of 1.5 × 105 cells/well and permitted to adhere overnight before the analysis. The cells were treated with DMSO at different concentrations (0.5, 0.75, 1.0, 1.25, and 1.5%) and LPS (1 μg/mL) for 24 h [25,26]. We used the iNOS-specific inhibitor L-NIL (40 μM) for the positive control group. Cell culture supernatants were mixed with an equal volume (100 μL) of Griess reagent and incubated in a 96-well plate for 10 min at room temperature. Absorbance was measured at 540 nm using a microplate reader (Biotek; Winooski, VT, USA).




3.4. Determination of the PGE2, IL-1β, IL-6, and TNF-α Levels


We determined the levels of PGE2 and cytokines (IL-1β, IL-6, and TNF-α) in culture supernatants using cytokine-detection ELISA kits, following the manufacturer’s instructions. RAW 264.7 macrophage cells were plated at a density of 1.5 × 105 cells/well in a 24-well plate and allowed to adhere overnight. The cells were treated with DMSO at different concentrations (0.5, 0.75, 1.0, 1.25, and 1.5%) and LPS (1 μg/mL) for 24 h. We used the COX-2 specific inhibitor NS 398 (100 nM) as a positive control for measuring PGE2 production. Protein levels were determined by measuring absorbance at 405 or 450 nm using a microplate reader (Biotek; Winooski, VT, USA).




3.5. Preparation of Nuclear and Cytoplasmic Extracts


Nuclear and cytoplasmic extracts were isolated using reagent extraction kits. RAW 264.7 macrophage cells were plated at a density of 6.0 × 105 cells/dish in 60 mm cell culture dishes and allowed to adhere overnight. The cells were treated with DMSO at different concentrations (0.5, 1.0, and 1.5%) and LPS (1 μg/mL) for 15 min. After incubation, the nuclear extract was obtained according to the manufacturer’s protocols of the extraction reagents kit.




3.6. Western Blotting


We plated RAW 264.7 macrophage cells at a density of 6.0 × 105 cells/dish in 60 mm cell culture dishes and allowed them to adhere overnight. The cells were treated with the DMSO at different concentrations (0.5, 1.0, and 1.5%) and LPS (1 μg/mL) for each protein expression time point. To prepare the cells for analysis, they were washed with a solution of 1× PBS, and then treated with a lysis buffer containing RIPA and a protease inhibitor cocktail at a temperature of 4 °C for a duration of 20 min. The resulting lysate was then centrifuged at a speed of 15,000 rpm and a temperature of −8 °C for 20 min to obtain the supernatant, which was then quantified using a BCA protein assay kit to adjust the protein concentration to 30 μg/mL. To prepare loading samples for further analysis, the protein was mixed with 2× Laemmli sample buffer in a 1:1 ratio and heated at a temperature of 100 °C for a duration of 5 min. The samples were then separated by size using SDS-polyacrylamide gels through a process called electrophoresis. Once separated, the proteins were transferred to a PVDF membrane and blocked for 2 h in a solution of 5% skim milk dissolved in TBS-T (Tris-buffered saline with 1% Tween 20). The membrane was washed with 1× TBS−T and then incubated in a solution of primary antibody, diluted at a ratio of 1:2000, overnight at 4 °C for reaction. After washing the primary antibody, horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000) was added onto the membrane for interaction with the respective primary antibody for 2 h at room temperature. After washing the antibody, the protein band signals were visualized with the ECL chemiluminescence reagents and fusion solo S (24 rue de Lamirault, 77090 Collégien, France). The band images were analyzed using ImageJ software (NIH, Bethesda, MD, USA).




3.7. Statistical Analyses


The experimental results are presented as the mean ± standard deviation (SD) of three repeated experiments. Statistical significance was assessed using Student’s t-test, with p-values indicated as follows: # p < 0.001 vs. unstimulated control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. LPS alone.





4. Conclusions


DMSO can dissolve both polar and nonpolar substances, and it is therefore used as a solvent for anti-inflammatory drugs during their evaluation and development. However, considering that DMSO itself has an anti-inflammatory effect in various cell lines, erroneous research results may be obtained when samples are dissolved at high concentrations. Therefore, we characterized the cytotoxic and anti-inflammatory effects of different concentrations of DMSO in RAW264.7 macrophages activated with LPS, a widely used model in anti-inflammatory drug research. In conclusion, this study confirms that the cell viability was reduced by 9.98% and 13.25% for 1.5% and 2% DMSO concentrations in LPS-indued macrophage, respectively, and that DMSO inhibits NO, PGE2, and other cytokines through the inhibition of both NF-κB activation and MAPK phosphorylation in LPS-stimulated RAW 264.7 cells.
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Figure 1. The effects of DMSO on the viability of RAW 264.7 cells. Cells were treated with DMSO (0.25, 0.5, 1.0, 1.5, and 2.0%) and LPS (1 μg/mL) stimulation for 24 h. L-NIL (40 μM) was used as the positive control. The effects of DMSO on cell viability were evaluated using an MTT assay. Cell viability is expressed as percentages relative to untreated cells. The results are presented as the mean ± SD of three repeated experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. LPS alone. 
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Figure 2. Effects of DMSO on the production of pro-inflammatory mediators in LPS-induced RAW 264.7 cells. Cells were treated with DMSO (0.5, 0.75, 1.0, 1.25, and 1.5%) and LPS (1 μg/mL) stimulation for 24 h. L-NIL (40 μM) and NS 398 (100 nM) were used as the positive control. (a) The amount of nitric oxide in the medium was measured using the Griess reagent. (b) PGE2 production was determined using an ELISA kit. Western blot (c) and densitometric (d,e) analysis for iNOS/COX-2. Cells were treated with DMSO (0.5, 1.0, and 1.5%) and LPS (1 μg/mL) stimulation for 22 h. The results are presented as the mean ± SD of three repeated experiments. # p < 0.001 vs. unstimulated control group. ** p < 0.01, *** p < 0.001 vs. LPS alone. 
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Figure 3. Effects of DMSO on the production of pro-inflammatory cytokines in LPS-induced RAW 264.7 cells. Cells were treated with DMSO (0.5, 0.75, 1.0, 1.25, and 1.5%) and LPS (1 μg/mL) stimulation for 24 h. The (a) TNF-α production, (b) IL-1β production, and (c) IL-6 production were determined using an ELISA kit. The results are presented as the mean ± SD of two repeated experiments. # p < 0.001 vs. unstimulated control group. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. LPS alone. 






Figure 3. Effects of DMSO on the production of pro-inflammatory cytokines in LPS-induced RAW 264.7 cells. Cells were treated with DMSO (0.5, 0.75, 1.0, 1.25, and 1.5%) and LPS (1 μg/mL) stimulation for 24 h. The (a) TNF-α production, (b) IL-1β production, and (c) IL-6 production were determined using an ELISA kit. The results are presented as the mean ± SD of two repeated experiments. # p < 0.001 vs. unstimulated control group. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. LPS alone.



[image: Biochem 03 00007 g003]







[image: Biochem 03 00007 g004 550] 





Figure 4. Effects of DMSO on the MAPK signaling pathway in LPS-induced RAW 264.7 cells. Cells were treated with DMSO (0.5, 1.0, and 1.5%) and LPS (1 μg/mL) stimulation for 15 or 20 min. SP600125 (10 μM) is a JNK MAPK inhibitor. (a) Western blotting results, (b) p-ERK protein expression, (c) p-JNK protein expression, and (d) p-p38 protein expression. The results are presented as the mean ± SD of three repeated measurements using ImageJ. # p < 0.001 vs. unstimulated control group. *** p < 0.001 vs. LPS alone. 






Figure 4. Effects of DMSO on the MAPK signaling pathway in LPS-induced RAW 264.7 cells. Cells were treated with DMSO (0.5, 1.0, and 1.5%) and LPS (1 μg/mL) stimulation for 15 or 20 min. SP600125 (10 μM) is a JNK MAPK inhibitor. (a) Western blotting results, (b) p-ERK protein expression, (c) p-JNK protein expression, and (d) p-p38 protein expression. The results are presented as the mean ± SD of three repeated measurements using ImageJ. # p < 0.001 vs. unstimulated control group. *** p < 0.001 vs. LPS alone.



[image: Biochem 03 00007 g004]







[image: Biochem 03 00007 g005 550] 





Figure 5. Effects of DMSO on the NF-κB signaling pathway in LPS-induced RAW 264.7 cells. Cells were treated with DMSO (0.5, 1.0, and 1.5%) and LPS (1 μg/mL) stimulation for 15 or 20 min. (a) Western blotting results of IκB-α and p-IκB-α protein expression, (b) Western blotting results of NF-κB (p65) protein expression, (c) IκB-α protein expression, (d) p-IκB-α protein expression, (e) p65 (cytoplasm) protein expression, and (f) p65 (nucleus) protein expression. The results are presented as the mean ± SD of three repeated measurements using ImageJ. # p < 0.001 vs. unstimulated control group. *** p < 0.001 vs. LPS alone. 
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