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Abstract

:

Bromelain is a mixture of proteolytic enzymes derived from pineapple (Ananas comosus) fruit and stem possessing several beneficial properties, particularly anti-inflammatory activity. However, the molecular mechanisms underlying the anti-inflammatory effects of bromelain are unclear. This study investigated the anti-inflammatory effects and inhibitory molecular mechanisms of crude and purified rhizome bromelains on lipopolysaccharide (LPS)-induced inflammation in RAW 264.7 macrophage cells. RAW264.7 cells were pre-treated with various concentrations of crude bromelain (CB) or purified bromelain (PB), and then treated with LPS. The production levels of pro-inflammatory cytokines and mediators, including nitric oxide (NO), interleukin (IL)-6, and tumor necrosis factor (TNF)-α were determined by Griess and ELISA assays. The expressions of inducible nitric oxide synthetase (iNOS), cyclooxygenase (COX)-2, nuclear factor kappa B (NF-κB), and mitogen-activated protein kinases (MAPKs)-signaling pathway-related proteins were examined by western blot analysis. The pre-treatment of bromelain dose-dependently reduced LPS-induced pro-inflammatory cytokines and mediators, which correlated with downregulation of iNOS and COX-2 expressions. The inhibitory potency of PB was stronger than that of CB. PB also suppressed phosphorylated NF-κB (p65), nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha, extracellular signal-regulated kinases, c-Jun amino-terminal kinases, and p38 proteins in LPS-treated cells. PB then exhibited potent anti-inflammatory effects on LPS-induced inflammatory responses in RAW264.7 cells by inhibiting the NF-κB and MAPKs-signaling pathways.
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1. Introduction


Bromelainis a mixture of proteolytic enzymes obtained from the fruit and stem of pineapple (Ananas comosus) [1,2] and is composed of different thiol endopeptidases and other components, such as phosphatases, glucosidases, peroxidase, cellulase, glycoprotein, and several protease inhibitors [3,4,[5,6]]. The biological properties of bromelain include antimicrobial, antithrombotic, anticancer, and anti-inflammatory effects [3,6]. Several studies have revealed that bromelain reduced the secretion of inflammatory cytokines, including interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α in mouse macrophage cells [6,7]. Furthermore, bromelain potentially induces apoptosis in tumor cells by upregulation of p53 expression and initiation of the mitochondrial apoptotic pathway via increased Bax expression and cytochrome c release [8,9]. Additionally, bromelain inhibits nuclear factor-κB (NF-κB) translocation via G2/M arrest to apoptosis in human epidermoid carcinoma and melanoma cells [10]. Treatment of bromelain decreased the levels of cyclooxygenase-2 (COX-2) and vascular endothelial growth factor in hepatocellular carcinoma cells, resulting in reduced tumor neo-capillary density relative to that of untreated cells [11]. It has been reported that bromelain exhibited anti-inflammatory effects in lipopolysaccharide (LPS) on human U937 macrophages by suppressing pro-inflammatory cytokines, chemokines, and the cyclooxygenase pathway [12].



Inflammation is a complex process that has a pivotal role in the development of several diseases, including arthritis, cardiovascular diseases, diabetes mellitus, metabolic syndromes, and cancers [13,14]. In the inflammatory process, the overproduction of pro-inflammatory cytokines, and inflammatory mediators, such as TNF-α, IL-6, nitric oxide (NO), and prostaglandin E2 (PGE2) secreted from macrophage cells, are involved in the pathogenesis of inflammatory diseases [15,16,17]. Inducible nitric oxide synthase (iNOS) andCOX-2 are the key regulator enzymes associated with the production of NO and PGE2, respectively [18,19,20]. The expression of these pro-inflammatory cytokines is mostly regulated by two main pathways: The mitogen-activated protein kinases (MAPKs) and NF-κB-signaling pathways [21,22,23] and are also known as the myeloid differentiation factor 88 (MyD88)-dependent pathway, and MyD88-independent pathway [24,25], respectively. Commonly, these two pathways are stimulated by LPS in macrophage cells and are downstream of toll-like receptor (TLR) 4 signaling. NF-κB, a transcription factor composed of p65 and p50 subunits, regulates the transcription of multiple genes of pro-inflammatory mediators and cytokines [26,27]. In a normal status, NF-κB is bound with the inhibitory kappa B (IκB) to form the NF-κB–IκB complex in the cytoplasm. In the case of inflammatory responses, NF-κB is phosphorylated, translocated into the nucleus, and bound to the promoter regions of pro-inflammatory genes, including iNOS, COX-2, IL-1β, IL-6, and TNF-α [28,29,30]. The MAPKs pathway includes extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 [31] and controls the expression of pro-inflammatory mediators and cytokines by sequential phosphorylation [32,33]. Therefore, inhibitors of the NF-κB and MAPKs pathways might be used as therapeutic agents for treatment of inflammatory diseases.



Normally, the fruit of pineapple is used as food, whereas the stem and rhizome are a waste product and inexpensive. The pineapple stem contains a high amount of bromelain. During pineapple processing, the crown, stem, and rhizome are cut off before peeling, large amounts of waste are not utilized. Pineapple wastes are observed to have potential as raw materials that can be converted into value-added products. Therefore, the possibility of utilizing their wastes is worthy of investigation. Additionally, there have been only few studies on the molecular inhibitory effect of bromelain through the NF-κB and MAPKs pathways. Therefore, the present study aimed to explore the anti-inflammatory effects and molecular mechanisms underlying the inhibitory effects of crude and purified rhizome bromelains on LPS-induced inflammation in RAW 264.7 macrophages.




2. Results


2.1. Characterization of Bromelain Extracts


The pineapple rhizome bromelain extracts were subjected to protein quantitative determination and protease activity assay. The results showed the protease activity of crude bromelain (CB) (2767.09 CDU/g) and purified bromelain (PB) (78,934.74 CDU/g), which clearly corresponded with the protein concentrations (0.09 g/g and 0.98 g/g, respectively). The molecular weights of CB and PB determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) were approximately 25 KDa (Figure 1). The band intensity of the single PB was more intense than that of the CB, which indicated that most of the protein impurities were removed in the purification step and thus gave a single band for the PB on SDS–PAGE.




2.2. Cytotoxic Effects of Bromelain Extracts on RAW264.7 Cells


The effects of bromelain extracts on RAW264.7 cell viability are shown in Figure 2. The results showed that both PB (10–40 µg/mL) and CB (20–80 µg/mL) with, or without, LPS (100 ng/mL) had no effect on the viability of RAW264.7 macrophage cells (% cell survival > 80%). On the other hand, treatment of LPS in a combination with PB or CB (100–200 µg/mL) exhibited the toxic effect on RAW264.7 cells (cell viability < 70%) and 10% DMSO treatment (toxic control) decreased the viability of RAW264.7 cells to 27.5% (data not shown). Therefore, these optimal concentrations of bromelain extracts were used in the subsequent experiment.




2.3. Effects of Bromelain Extracts on LPS-Induced NO Production and Expressions of iNOS and COX-2 in RAW264.7 Cells


To investigate the anti-inflammatory activity of bromelain extracts, we first measured the production of NO in LPS-stimulated RAW264.7 cells. As shown in Figure 3A, the NO level in the LPS-treated group showed a marked increase relative to that in the control group. The release of NO was inhibited by PB in a dose-dependent manner. However, the level of NO in CB was significantly decreased only at the concentration of 80 µg/mL relative to that in the LPS-treated group (Figure 3B). The production of NO is directly related to upregulation of iNOS expression. Therefore, the effect of bromelain extracts on LPS-induced iNOS protein expression was examined by performing western blot analysis. In a similar pattern, the iNOS protein level was significantly increased by LPS stimulation, and bromelain extracts suppressed the expression of iNOS protein in a dose-dependent manner (Figure 3C–E). Moreover, downregulation of COX-2 protein expression, a key regulation enzyme in the production of PGE2, was also observed after treatment with different concentrations of PB and CB in a dose-dependent manner (Figure 3F,G).




2.4. Effects of Bromelain Extracts on LPS-Induced IL-6 and TNF-α in RAW264.7 Cells


As the treatment of bromelain extracts inhibited expressions of the pro-inflammatory mediators NO and iNOS, the effects of bromelain extracts on the pro-inflammatory cytokines, including IL-6 and TNF-α, were examined by ELISA. The results showed that the levels of IL-6 and TNF-α were significantly higher in the LPS-treated group than in the control group (Figure 4). Pre-treatment with various doses of PB significantly decreased LPS-stimulated IL-6 and TNF-α production in a dose-dependent manner (Figure 4A,C). The produced level of IL-6 was dramatically reduced by CB relative to that in the LPS-treated group in a concentration-dependent manner (Figure 4B). However, the production level of TNF-α was not changed (Figure 4D).




2.5. Effects of Bromelain Extracts on LPS-Induced Expression of NF-κB Pathway-Related Proteins


To investigate the molecular mechanism underlying the inhibitory effect of bromelain on LPS-stimulated inflammation in RAW264.7 macrophage cells, the expression of NF-κB, an important transcription factor associated with inflammatory signaling transduction, was measured by using western blot analysis. As shown in Figure 5A, the total expression levels of the NF-κB pathway-related proteins, NF-κB (p65 subunits) and inhibitor of κB (IκB)-α, in the LPS-treated group were not changed relative to those in the control group. Interestingly, the phosphorylation of p65 and IκB-α were markedly inhibited by treatment with various concentrations of PB (10–40 µg/mL) in a dose-dependent manner (Figure 5B,D). On the other hand, CB did not inhibit LPS-induced phosphorylation of p65 and IκB-α (Figure 5C,E)




2.6. Effects of Bromelain Extracts on LPS-Induced Phosphorylation of the MAPKs Pathway


MAPKs-signaling is involved in LPS-stimulated iNOS and COX-2 expression in activated macrophages and has a critical role in the activation of NF-κB [30]. The MAPKs pathway, including ERK1/2, JNK, and p38, were investigated in this study. As presented in Figure 6, the total expression levels of ERK1/2, JNK, and p38 were unchanged by CB and PB relative to those in the LPS-treated group. The phosphorylation of ERK1/2, JNK, and p38 were increased by LPS stimulation. Treatment of purified bromelain dose-dependently attenuated LPS-induced phosphorylation of ERK1/2, JNK, and p38. In contrast, CB had no effect on the phosphorylation of ERK1/2 and JNK, while phosphorylation of p38 was suppressed in LPS-induced inflammation.





3. Discussion


The inhibition of inflammatory mediators and cytokines is considered to be an effective therapeutic strategy for the treatment of inflammatory diseases. Recently, bromelain was shown to be a major constituent derived from pineapple (A. comosus) [1,2] and potentially has biological properties, particularly anti-inflammatory activity [6]. However, the inhibitory mechanism of bromelain on LPS-induced inflammation is unclear. In the present study, we examined the inflammatory effects of CB and PB extracted from pineapple rhizomes, and the molecular mechanisms underlying the anti-inflammatory effect of bromelain on LPS-stimulated RAW264.7 cells were determined. Macrophages are innate immune cells that have a vital role in the inflammatory process [34,35]. They promote immune responses by increasing the production of inflammatory mediators and pro-inflammatory cytokines, including TNF-α, IL-6, IL-1β, NO, and PGE2 [15,16,17]. For anti-inflammatory agent screening, the model of LPS-induced inflammatory responses in RAW264.7 cells has been commonly used [36].



The excessive expression of pro-inflammatory cytokines from macrophages is directly linked to the pathogenesis of inflammatory diseases [16,17,37]. IL-6, a potential pro-inflammatory cytokine, triggers numerous important physiological functions, particularly acute and chronic inflammation [38]. TNF-α has a major role in regulating immune responses and inflammation through activation of TNF receptors and related pathways, such as NF-κB and MAPKs [39]. The activation of NF-κB leads to phosphorylation and translocation of NF-κB into the nucleus and binding to the promoter regions of pro-inflammatory genes, including iNOS, COX-2, IL-1β, IL-6, and TNF-α [40,41,42]. Upregulated expressions of iNOS and COX-2 genes result in increased production of NO, and PGE2, respectively [43]. Bromelain has been shown to cause decreased secretion of IL-1β, IL-6, and TNF-α under the condition of inflammation-induced overproduction of cytokines [6,7]. Additionally, bromelain downregulated the expression of COX-2 and PGE2 levels in murine microglial cells and human monocytic leukemia cell lines [44]. In the present study, we showed that LPS significantly increased production of NO, IL-6, and TNF-α in RAW264.7 macrophage cells. PB that contains high protease activity significantly suppressed the levels of LPS-induced cytokines and production of mediators, including NO, IL-6, and TNF-α, in a dose-dependent manner, which correlated with downregulation of iNOS and COX-2 expressions. However, the effects of CB on the reduction level of pro-inflammatory cytokines and mediators were observed to be less than those of PB. The levels of NO and IL-6, but not TNF-α were significantly decreased when treated with CB. The composition of bromelain was based on the source and purification method. Compared with fruit-derived bromelain, stem-derived bromelain contains a higher amount of protease [6]. The proteolytic action has been reported to be responsible for numerous pharmacological activities [3,45]. A previous study has shown that bromelain, a mixture of cysteine proteases from pineapple stems, inhibited ERK-2 activation in T cells and the inhibitory activity of bromelain was dependent on its proteolytic activity [46]. Additionally, the beneficial effects of bromelain may not be due to a single proteolytic fraction, and is probably due to multiple factors [45]. Our results indicated that bromelain has a protective effect on LPS-induced inflammation in RAW264.7 cells. The anti-inflammatory activity of PB was more potent than that of CB, and the inhibitory effect of bromelain on NO production depended on reduction of iNOS expression.



Although the anti-inflammatory effects of bromelain have been reported, the underlying mechanisms remain unclear. Therefore, the anti-inflammatory effect of bromelain on related pathways in LPS-induced RAW264.7 cells were investigated in this study. Pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α are directly associated with the intracellular-signaling pathways, NF-κB and MAPKs [47,48]. The transcription factor, NF-κB, is a heterodimer consisting of p50/p65. Stimulation of NF-κB in macrophages results in degradation of IκB and dissociation of NF-κB from its inhibitory complex. The free form of NF-κB is then translocated into the nucleus and promotes transcription of the corresponding pro-inflammatory genes, including COX-2, iNOS, IL-1β, IL-6, and TNF-α [27,49,50]. Our results revealed that only PB reduced phosphorylation of NF-κB p65 and IκB-α in LPS-induced RAW264.7 cells. We suggest that PB could decrease the levels of pro-inflammatory cytokines and mediators through inhibition of NF-κB activation. MAPKs are serine/threonine protein kinases, composed of three major sub-families, including ERK1/2, JNK, and p38. LPS activated the MAPK-signaling pathway in macrophages by binding to TLR4 [51]. Several studies have demonstrated that activation of MAPKs by LPS is involved in increasing the level of inflammatory mediators through stimulation of NF-κB [52]. The present study demonstrated that PB significantly decreased expression of phosphorylated ERK, JNK, and p38 in LPS-activated RAW264.7 cells, which indicated that bromelain-mediated inhibition of inflammatory responses might be accomplished by downregulating expression of MAPK pathway-related proteins. Taken together, PB showed strong anti-inflammatory effects against LPS-induced inflammation in RAW264.7 cells via the NF-κB and MAPKs-signaling pathways.




4. Materials and Methods


4.1. Chemicals and Reagents


Lipopolysaccharide (LPS) from Escherichia coli serotype (O111:B4) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum, streptomycin, and penicillin were obtained from Invitrogen Gibco (Grand Island, NY, USA). Griess reagent was purchased from Invitrogen, Thermo Fisher Scientific, Inc. (Eugene, Oregon, USA). TNF-α and IL-6 enzyme-linked immunosorbent assay (ELISA) kits were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). Purchases of iNOS, COX-2, p-NF-κB p65, NF-κB p65, pI-κB, I-κB, p-ERK, ERK, p-JNK, JNK, p-p38, p38, and β-actin antibodies were made from Cell Signaling Technology (Beverly, MA, USA) and Thermo Fisher Scientific, Inc. (Rockford, IL, USA).




4.2. Preparation of Bromelain Extracts from Pineapple Rhizome


Pineapple (A. comosus) rhizome, used as a raw material for bromelain preparation, was kindly provided from the canned pineapple manufacturer in Chonburi Province, Thailand. Pineapple rhizome was chopped into small pieces and blended with water (1:1 w/v) to obtain a pineapple slurry. The crude and purified bromelain were prepared following protocols 1, and 2, respectively, shown below.



Protocol 1: the finely powdered ammonium sulfate was added gradually into a pineapple slurry to obtain 50% saturation with continuous stirring for 1 hand aging at 4 °C overnight. The crude bromelain (CB) precipitate was recovered by centrifugation at 10,000× g for 30 min at 4 °C and dried.



Protocol 2: the finely powdered ammonium sulfate was added gradually into a pineapple slurry to obtain 40–80% saturation with continuous stirring for 1 hand aging at 4 °C overnight. The purified bromelain (PB) precipitate was recovered by centrifugation at 10,000× g for 30 min at 4 °C and dried. Finally, 7.6 g of dry protein was obtained. The protein content of the separated fraction reached 99%, the purity by electrophoresis of the obtained fraction was 100%, and the activity recovery was 95.5%.




4.3. Characterization of Bromelain Extracts


Protein content determination in bromelain extracts was performed by using the Lowry method [53]. The protein content was calculated by using bovine serum albumin as a standard. Protease activity in the bromelain extracts was quantitatively determined according to Ketnawa et al. (2009) by using the casein digestion unit (CDU) method with tyrosine as a standard [54]. The reaction mixture contained 5.0 mL 0.6% casein (w/v) and 1 mL enzyme appropriately diluted in 0.3 M l-cysteine and 0.006 M EDTA. The mixture was incubated at 37 °C for 10 min before starting the reaction by adding casein solution. The reaction was stopped by adding 5.0 mL of trichloroacetic acid. Precipitated protein was removed by centrifugation at 7100× g for 20 min. The absorbance of the clear supernatant was measured at 275 nm. One unit of protease activity was defined as the amount of enzyme-releasing product equivalent to 1 μg of tyrosine min−1 mL−1 under the assay conditions.



The molecular weight of extracted bromelain was determined by SDS–PAGE according to the method of Laemmli (1970) [55]. The sample was mixed at a ratio of 1:1 with the sample buffer (0.5 M Tris-HCl, pH 6.8, containing 4% SDS and 20% glycerol). For the reduction condition, 10% of β-mercaptoethanol was added to the sample buffer. The samples (20 µg of protein) were loaded into the polyacrylamide gel (10% running and 4% stacking gels) and subjected to electrophoresis at a constant current of 15 mA/gel. After separation, the protein was stained with staining solution (0.02% Coomassie Brilliant Blue R-250) and de-stained with an acetic-acid–methanol solution.




4.4. Cell Culture


RAW264.7 mouse macrophage cell line was obtained from American Type Culture Collection (ATCC® number TIB-71) and cultured in DMEM supplemented with 10% fetal bovine serum and 100 units/mL penicillin–streptomycin under a humidified (95%) atmosphere of 5% CO2 at 37 °C. Cells from passages 3–7 were used in the experiments. The cells were pre-treated with various concentrations of PB (10, 20, and 40 µg/mL) or CB (20, 40, and 80 µg/mL) for 2 h and then treated with 100 ng/mL LPS. After 24 h treatment, the cell viability and expressions of protein were determined. The levels of NO, IL-6, and TNF-α in culture supernatants were determined.




4.5. Cell Viability Assay


The cytotoxicity of bromelain extracts to RAW264.7 cells was measured by performing the MTT assay. RAW264.7 macrophage cells were seeded into a 96-well plate at a density of 2 × 104 cells/well (cell viability > 95%). After 24 h, the cells were pre-treated with various concentrations of PB or CB for 2 h and subsequently treated with100 ng/mL LPS for 22 h. Next, the cells were incubated with MTT solution at the final concentration of 0.5 mg/mL for 4 h at 37 °C. Then, the supernatant was removed, 100 µL of dimethyl sulfoxide was added to dissolve the formazan crystals, and absorbance at 540 nm was determined by using a microplate reader. Untreated cells with a cell viability of 100% were used as the control. The cell viability of the treated wells was calculated relative to that of the control as a percentage.




4.6. Measurement of Nitric oxide and Cytokines Productions


RAW264.7 macrophage cells (2 × 104 cells/well) were seeded into a 96-well plate and treated with various concentrations of bromelain extracts. After 2 h of treatment, the cells were incubated with LPS (100 ng/mL) for 22 h. The level of NO production in the cell culture supernatant was measured by using a Griess reagent kit. Briefly, Griess reagent (0.1% N-(1-naphthyl) ethylenediamine dihydrochloride/1% sulfanilic acid in 5% phosphoric acid) was mixed with cell culture medium and incubated at room temperature in the dark for 30 min. The concentration of NO was determined by using a microplate reader to measure the absorbance at 542 nm. For the measurement of pro-inflammatory cytokines, the cells were seeded into a 6-well plate (2 × 106 cells/mL) and incubated in the presence of different concentrations of bromelain extracts for 2 h, followed by stimulation with LPS for 22 h. The levels of IL-6 and TNF-α were detected by using an ELISA assay kit (R&D Systems) following the manufacturer’s instructions. The absorbance at a wavelength of 450 nm was determined by using a microplate reader.




4.7. Western Blot Analysis


RAW264.7 macrophage cells were seeded into 6-well plates at a concentration of 2 × 106 cells/mL. After 24 h, the cells were treated with different concentrations of bromelain extracts for 2 h and subsequently treated with LPS (100 ng/mL) for 22 h. The cells were harvested and washed with cold phosphate buffer saline. Total proteins were extracted from cells using Laemmli lysis buffer (Bio-Rad Laboratories, Inc., CA, USA), and the protein concentration was quantified by using a Bradford assay kit (Thermo Fisher Scientific, Inc., IL, USA). Western blot analysis was performed according to a standard protocol. Briefly, 30 µg of proteins was separated by 10% SDS–PAGE and transferred to nitrocellulose membranes. The membranes were blocked in 5% non-fat dry milk in TRIS-buffered saline (TBS) and consequently incubated with primary rabbit monoclonal antibodies against iNOS, COX-2, p-NF-κB p65, NF-κB p65, pI-κB, I-κB, p-ERK, ERK, p-JNK, JNK, p-p38, p38, and β-actin, which served as a loading control at 4 °C overnight. The membranes were then washed three times with 0.05% Tween 20-TBS and incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. Protein bands were detected by using an enhanced chemiluminescence reagent (Bio-Rad Laboratories, Inc., CA, USA) and then exposed to X-ray film. Band intensity data was obtained by using ImageJ software (https://imagej.nih.gov/ij, accessed on 1 September 2020).




4.8. Statistical Analysis


The results were expressed as the mean ±SD from triplicate samples of three independent experiments. Differences between conditions were evaluated by one-way ANOVA analysis. Statistical significance was accepted for p values < 0.05.





5. Conclusions


Here, we demonstrated that rhizome bromelain extract, including CB and PB exert the inhibitory effects against LPS-stimulated inflammatory responses in RAW264.7 macrophage cells. PB exhibited more potent anti-inflammatory effects than CB. Inhibition of iNOS and COX-2 expression by PB reduced NO, IL-6, and TNF-α production. The anti-inflammatory effect of bromelain on LPS-induced inflammatory responses was associated with decreased expression of NF-κB and MAPKs-signaling pathway-related proteins. These results indicated that PB could be a potential therapeutic agent against inflammatory diseases.







Author Contributions


Conceptualization, writing—original draft preparation, writing—review and editing, project administration, and funding acquisition, P.V.; conceptualization, methodology and analyzed the data related to the anti-inflammatory effect, writing—original draft preparation, and writing—review and editing, O.I.; methodology and analyzed the data related to the anti-inflammatory effect, B.T., R.C., S.K., S.S., W.I., and P.P.; methodology and analyzed the data related to the bromelain preparation, P.J., W.A., and A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Kasetsart University and National Research Council of Thailand (NRCT) (Grant No. BEDO-NRCT 70/2562).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors are very thankful to the canned pineapple manufacturer in Chonburi Province, Thailand, for providing the pineapple rhizome samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bhattacharyya, B.K. Bromelain: An overview. Nat. Prod. Radiance 2008, 7, 359–363. [Google Scholar]

	



Ketnawa, S.; Chaiwut, P.; Rawdkuen, S. Pineapple wastes: A potential source for bromelain extraction. Food Bioprod. Process. 2012, 90, 385–391. [Google Scholar] [CrossRef]

	



Pavan, R.; Jain, S.; Kumar, A. Properties and therapeutic application of bromelain: A review. Biotechnol. Res. Int. 2012, 2012, 976203. [Google Scholar] [CrossRef] [PubMed]

	



Tochi, B.N.; Wang, Z.; Xu, S.-Y.; Zhang, W. Therapeutic application of pineapple protease (bromelain): A review. Pak. J. Nutr. 2008, 7, 513–520. [Google Scholar] [CrossRef]

	



Fitzhugh, D.J.; Shan, S.; Dewhirst, M.W.; Hale, L.P. Bromelain treatment decreases neutrophil migration to sites of inflammation. Clin. Immunol. 2008, 128, 66–74. [Google Scholar] [CrossRef] [PubMed]

	



Rathnavelu, V.; Alitheen, N.B.; Sohila, S.; Kanagesan, S.; Ramesh, R. Potential role of bromelain in clinical and therapeutic applications. Biomed. Rep. 2016, 5, 283–288. [Google Scholar] [CrossRef] [PubMed]

	



Engwerda, C.R.; Andrew, D.; Ladhams, A.; Mynott, T.L. Bromelain modulates T cell and B cell immune responses in vitro and in vivo. Cell. Immunol. 2001, 210, 66–75. [Google Scholar] [CrossRef]

	



Tysnes, B.B.; Maurert, H.R.; Porwol, T.; Probst, B.; Bjerkvig, R.; Hoover, F. Bromelain reversibly inhibits invasive properties of glioma cells. Neoplasia 2001, 3, 469–479. [Google Scholar] [CrossRef] [PubMed]

	



Bhui, K.; Prasad, S.; George, J.; Shukla, Y. Bromelain inhibits COX-2 expression by blocking the activation of MAPK regulated NF-kappa B against skin tumor-initiation triggering mitochondrial death pathway. Cancer Lett. 2009, 282, 167–176. [Google Scholar] [CrossRef]

	



Baez, R.; Lopes, M.T.; Salas, C.E.; Hernandez, M. In Vivo antitumoral activity of stem pineapple (Ananas comosus) bromelain. Planta Med. 2007, 73, 1377–1383. [Google Scholar] [CrossRef]

	



Manosroi, A.; Chankhampan, C.; Manosroi, W.; Manosroi, J. Toxicity reduction and MMP-2 stimulation of papain and bromelain loaded in elastic niosomes. J. Biomed. Nanotechnol. 2012, 8, 720–729. [Google Scholar] [CrossRef]

	



Kasemsuk, T.; Vivithanaporn, P.; Unchern, S. Anti-inflammatory effects of bromelain in Lps-induced human U937 macrophages. Chiang Mai J. Sci. 2018, 45, 299–307. [Google Scholar]

	



Rea, I.M.; Gibson, D.S.; McGilligan, V.; McNerlan, S.E.; Alexander, H.D.; Ross, O.A. Age and age-related diseases: Role of inflammation triggers and cytokines. Front. Immunol. 2018, 9, 586. [Google Scholar] [CrossRef]

	



Khansari, N.; Shakiba, Y.; Mahmoudi, M. Chronic inflammation and oxidative stress as a major cause of age-related diseases and cancer. Recent Pat. Inflamm. Allergy Drug Discov. 2009, 3, 73–80. [Google Scholar] [CrossRef]

	



Mosser, D.M.; Gonçalves, R. Activation of murine macrophages. Curr. Protoc. Immunol. 2015, 111, 14.12.1–14.12.8. [Google Scholar] [CrossRef]

	



Wirtz, P.H.; von Känel, R. Psychological stress, inflammation, and coronary heart disease. Curr. Cardiol. Rep. 2017, 19, 111. [Google Scholar] [CrossRef]

	



McInnes, I.B.; Schett, G. Pathogenetic insights from the treatment of rheumatoid arthritis. Lancet 2017, 389, 2328–2337. [Google Scholar] [CrossRef]

	



Sharma, L. The role of varus and valgus alignment in knee osteoarthritis. Arthritis Rheum. 2007, 56, 1044–1047. [Google Scholar] [CrossRef]

	



Prescott, S.M.; Fitzpatrick, F. Cyclooxygenase-2 and carcinogenesis. Biochim. Biophys. Acta 2000, 1470, M69–M78. [Google Scholar] [CrossRef]

	



Aktan, F. iNOS-mediated nitric oxide production and its regulation. Life Sci. 2004, 75, 639–653. [Google Scholar] [CrossRef]

	



Guha, M.; Mackman, N. LPS induction of gene expression in human monocytes. Cell Signal. 2001, 13, 85–94. [Google Scholar] [CrossRef]

	



Manzoor, Z.; Koh, Y.-S. Mitogen-activated protein kinases in inflammation. J. Bacteriol. Virol. 2012, 42, 189–195. [Google Scholar] [CrossRef]

	



Cameron, N.E.; Cotter, M.A. Pro-inflammatory mechanisms in diabetic neuropathy: Focus on the nuclear factor kappa B pathway. Curr. Drug Targets 2008, 9, 60–67. [Google Scholar] [CrossRef]

	



Akira, S.; Hoshino, K. Myeloid differentiation factor 88-dependent and -independent pathways in toll-like receptor signaling. J. Infect. Dis. 2003, 187, S356–S363. [Google Scholar] [CrossRef]

	



Biswas, S.K.; Tergaonkar, V. Myeloid differentiation factor 88-independent Toll-like receptor pathway: Sustaining inflammation or promoting tolerance? Int. J. Biochem. Cell Biol. 2007, 39, 1582–1592. [Google Scholar] [CrossRef] [PubMed]

	



Vermeulen, L.; De Wilde, G.; Notebaert, S.; Berghe, W.V.; Haegeman, G. Regulation of the transcriptional activity of the nuclear factor-κB p65 subunit. Biochem. Pharmacol. 2002, 64, 963–970. [Google Scholar] [CrossRef]

	



Shih, R.-H.; Wang, C.-Y.; Yang, C.-M. NF-kappa B signaling pathways in neurological inflammation: A mini review. Front. Mol. Neurosci. 2015, 8, 77. [Google Scholar] [CrossRef] [PubMed]

	



Karin, M.; Ben-Neriah, Y. Phosphorylation meets ubiquitination: The control of NF-κB activity. Annu. Rev. Immunol. 2000, 18, 621–663. [Google Scholar] [CrossRef]

	



Ben-Neriah, Y.; Schmitz, M.L. Of mice and men: Meeting on the biology and pathology of NF-κB. EMBO Rep. 2004, 5, 668–673. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.E.; Ayoub, N.; Agrawal, D.K. Mesenchymal stem cells and cutaneous wound healing: Novel methods to increase cell delivery and therapeutic efficacy. Stem Cell Res. Ther. 2016, 7, 1–8. [Google Scholar] [CrossRef]

	



Johnson, G.L.; Lapadat, R. Mitogen-activated protein kinase pathways mediated by ERK, JNK, and p38 protein kinases. Science 2002, 298, 1911–1912. [Google Scholar] [CrossRef]

	



Roux, P.P.; Blenis, J. ERK and p38 MAPK-activated protein kinases: A family of protein kinases with diverse biological functions. Microbiol. Mol. Biol. Rev. 2004, 68, 320–344. [Google Scholar] [CrossRef]

	



Thalhamer, T.; McGrath, M.; Harnett, M. MAPKs and their relevance to arthritis and inflammation. Rheumatology 2008, 47, 409–414. [Google Scholar] [CrossRef]

	



Heinsbroek, S.E.; Gordon, S. The role of macrophages in inflammatory bowel diseases. Expert Rev. Mol. Med. 2009, 11, e14. [Google Scholar] [CrossRef]

	



Fujiwara, N.; Kobayashi, K. Macrophages in inflammation. Curr. Drug Targets Inflamm. Allergy 2005, 4, 281–286. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Lee, H.S.; Chong, Y.H.; Kang, J.L. p38 Mitogen-activated protein kinase up-regulates LPS-induced NF-κB activation in the development of lung injury and RAW 264.7 macrophages. Toxicology 2006, 225, 36–47. [Google Scholar] [CrossRef]

	



Esser, N.; Legrand-Poels, S.; Piette, J.; Scheen, A.J.; Paquot, N. Inflammation as a link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res. Clin. Pract. 2014, 105, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Jones, S.A.; Jenkins, B.J. Recent insights into targeting the IL-6 cytokine family in inflammatory diseases and cancer. Nat. Rev. Immunol. 2018, 18, 773–789. [Google Scholar] [CrossRef]

	



Blaser, H.; Dostert, C.; Mak, T.W.; Brenner, D. TNF and ROS crosstalk in inflammation. Trends Cell Biol. 2016, 26, 249–261. [Google Scholar] [CrossRef] [PubMed]

	



Yodkeeree, S.; Ooppachai, C.; Pompimon, W.; Limtrakul, P. O-methylbulbocapnine and dicentrine suppress LPS-induced inflammatory response by blocking NF-κB and AP-1 activation through inhibiting MAPKs and Akt signaling in RAW264. 7 macrophages. Biol. Pharm. Bull. 2018, 41, 1219–1227. [Google Scholar] [CrossRef]

	



Moynagh, P.N. The NF-κB pathway. J. Cell Sci. 2005, 118, 4589–4592. [Google Scholar] [CrossRef]

	



Lawrence, T.; Bebien, M.; Liu, G.Y.; Nizet, V.; Karin, M. IKKα limits macrophage NF-κB activation and contributes to the resolution of inflammation. Nature 2005, 434, 1138–1143. [Google Scholar] [CrossRef]

	



Hori, M.; Kita, M.; Torihashi, S.; Miyamoto, S.; Won, K.-J.; Sato, K.; Ozaki, H.; Karaki, H. Upregulation of iNOS by COX-2 in muscularis resident macrophage of rat intestine stimulated with LPS. Am. J. Physiol.-Gastr. Liver Physiol. 2001, 280, G930–G938. [Google Scholar] [CrossRef]

	



Desser, L.; Rehberger, A.; Paukovits, W. Proteolytic enzymes and amylase induce cytokine production in human peripheral blood mononuclear cells in vitro. Cancer Biother. Radiopharm. 1994, 9, 253–263. [Google Scholar] [CrossRef]

	



Maurer, H.R. Bromelain: Biochemistry, pharmacology and medical use. Cell. Mol. Life Sci. 2001, 58, 1234–1245. [Google Scholar] [CrossRef]

	



Mynott, T.L.; Ladhams, A.; Scarmato, P.; Engwerda, C.R. Bromelain, from pineapple stems, proteolytically blocks activation of extracellular regulated kinase-2 in T cells. J. Immunol. 1999, 163, 2568–2575. [Google Scholar] [PubMed]

	



Liu, H.-S.; Pan, C.-E.; Liu, Q.-G.; Yang, W.; Liu, X.-M. Effect of NF-κB and p38 MAPK in activated monocytes/macrophages on pro-inflammatory cytokines of rats with acute pancreatitis. World J. Gastroenterol. 2003, 9, 2513. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Y.Q.; Malcolm, K.; Worthen, G.S.; Gardai, S.; Schiemann, W.P.; Fadok, V.A.; Bratton, D.L.; Henson, P.M. Cross-talk between ERK and p38 MAPK mediates selective suppression of pro-inflammatory cytokines by transforming growth factor-β. J. Biol. Chem. 2002, 277, 14884–14893. [Google Scholar] [CrossRef]

	



Ahn, K.S.; Aggarwal, B.B. Transcription factor NF-κB: A sensor for smoke and stress signals. Annals N. Y. Acad. Sci. 2005, 1056, 218–233. [Google Scholar] [CrossRef]

	



Potoyan, D.A.; Zheng, W.; Komives, E.A.; Wolynes, P.G. Molecular stripping in the NF-κB/IκB/DNA genetic regulatory network. Proc. Natl. Acad. Sci. USA 2016, 113, 110–115. [Google Scholar] [CrossRef]

	



Lu, Y.-C.; Yeh, W.-C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [Google Scholar] [CrossRef]

	



Park, J.; Min, J.-S.; Kim, B.; Chae, U.-B.; Yun, J.W.; Choi, M.-S.; Kong, I.-K.; Chang, K.-T.; Lee, D.-S. Mitochondrial ROS govern the LPS-induced pro-inflammatory response in microglia cells by regulating MAPK and NF-κB pathways. Neurosci. Lett. 2015, 584191–584196. [Google Scholar] [CrossRef]

	



Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with folin phenol reagent. J. Biol. Chem. 1951, 193, 267–275. [Google Scholar] [CrossRef]

	



Ketnawa, S.; Sai-Ut, S.; Theppakorn, T.; Chaiwut, P.; Rawdkuen, S. Partitioning of bromelain from pineapple peel (Nang Lae cultv) by aqueous two phase system. Asian J. Food Agro-Ind. 2009, 2, 457–468. [Google Scholar]

	



LaemmLi, U.K. Cleavage of structural proteins during the assembly of the head ofbacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef]








[image: Cimb 43 00008 g001 550] 





Figure 1. SDS-PAGE of the 0.1 mg protein containing crude and purified extracts: Lanes 1 and 4, protein markers; Lane 2, crude bromelain (CB); Lane 3, purified bromelain (PB). 
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Figure 2. The effect of bromelain on the cell viability of RAW264.7 macrophage cells. The cells (2 × 104 cells/well) were pre-treated with indicated concentrations of (A): purified bromelain (PB) and (B): crude bromelain (CB) for 2 h and stimulated with or without LPS for 22 h. Cell viability was performed by MTT assay. The results are expressed as the mean ± SD (n = 3). 
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Figure 3. The effect of bromelain on the production of NO and the expressions of iNOS and COX-2 proteins in LPS-induced RAW264.7 macrophage cells. The cells were treated with various concentrations of bromelain for 2 h and stimulated with LPS (100 ng/mL) for 22 h. (A,B): The level of NO in cell culture supernatant was determined by Griess assay; (C–G): The expression levels of iNOS and COX-2 proteins were determined by western blot analysis, PB: purified bromelain, CB: crude bromelain. The results are expressed as the mean ± SD (n = 3). # p < 0.05 indicates a significant difference from the LPS-untreated cells, * p < 0.05, ** p < 0.005, and *** p < 0.001 indicate significant differences from the LPS alone. 
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Figure 4. The effect of bromelain on the production of pro-inflammatory cytokines in LPS-induced RAW264.7 macrophage cells. The cells (2 × 104 cells/well) were treated with various concentrations of bromelain for 2 h and stimulated with LPS (100 ng/mL) for 22 h. Cytokine levels of IL-6 and TNF-α in the culture supernatant were measured using an ELISA kit. (A,C): purified bromelain (PB); (B,D): crude bromelain (CB). The results are expressed as the mean ± SD (n = 3). # p < 0.05 indicates a significant difference from the LPS-untreated cells, *** p < 0.001 indicate significant differences from the LPS alone. 
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Figure 5. Inhibitory effect of bromelain on the expression of NF-κB pathway-related protein in LPS-induced RAW264.7 macrophage cells. The cells (2 × 106 cells/well) were treated with various concentrations of bromelain for 2 h and stimulated with LPS (100 ng/mL). (A): The protein levels of phospho and non-phospho forms of the NF-κB signaling molecules, including p65 and IκB were determined in cell lysates using western blot analysis; (B–E): Phosphorylation band densities of p65 and IκB relative to the total form in RAW264.7 macrophage cells; PB: purified bromelain, CB: crude bromelain. The results are expressed as the mean ± SD (n = 3). # p < 0.05 indicates a significant difference from the LPS-untreated cells, * p < 0.05 and ** p < 0.005 indicate significant differences from the LPS alone. 
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Figure 6. Inhibitory effect of bromelain on MAPK phosphorylation in LPS-induced RAW264.7 macrophage cells. The cells (2 × 106 cells/well) were treated with various concentrations of bromelain for 2 h and stimulated with LPS (100 ng/mL). (A): The protein levels of phospho and non-phospho forms of the MAPK signaling molecules, including ERK, JNK, and p38 were determined in cell lysates using western blot analysis; (B–G): Phosphorylation band densities of ERK, JNK, and p38 relative to the total form in RAW264.7 macrophage cells; PB: purified bromelain, CB: crude bromelain. The results are expressed as the mean ± SD (n = 3). # p < 0.05 indicates a significant difference from the LPS-untreated cells, ** p < 0.005 and *** p < 0.001 indicate significant differences from the LPS alone. 
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