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Pomegranate peel polyphenols inhibits inflammation in LPS-induced RAW264.7 macrophages via the suppression of TLR4/NF-κB pathway activation
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Popular scientific summary


	PPPs, PC and EA have obvious anti-inflammatory effect.

	PPPs, PC and EA can inhibit ROS production and TLR4 expression in LPS-induced RAW264.7 macrophages.

	The molecular mechanism is associated with the inhibiting the activation of NF-κB pathway, by blocking LPS-induced phosphorylation and degradation of IκBα, and subsequently, p65 nuclear translocation.

	The anti-inflammatory effect of PC was much better than EA, and PC was the main effective component among PPPs in anti-inflammation.





Abstract

Backgrounds: Inflammatory response mediated by activated immune cells is a vital process in host defense system while responding to various stresses. Our previous studies have indicated that pomegranate peel polyphenols (PPPs) and their main components punicalagin (PC) and ellagic acid (EA) decreased pro-inflammatory cytokines and inflammatory mediators by regulating the mitogen-activated protein kinases (MAPKs) pathway, but whether these tested polyphenols play an important role in NF-κB signaling pathway, another crucial pathway of inflammation, remains unclear.

Objective: In this study, we analyzed the anti-inflammatory effect of these polyphenols via TLR4-NF-κB pathway in lipopolysaccharide (LPS)-induced RAW264.7 macrophages.

Methods: Different concentrations of PPPs, PC, and EA were pre-incubated with RAW264.7 macrophages and then stimulated with LPS (1 μg/mL), and the effects of reactive oxygen species and TLR4 were investigated. Moreover, NF-κB p65 nuclear translocation and phosphorylation, and degradation of IκB were measured by Western blot. Furthermore, the influence of pro-inflammatory cytokines was detected by enzyme-linked immunosorbent assay (ELISA).

Results: Our data showed that PPPs, PC, and EA inhibited LPS-induced intracellular ROS production and suppressed the mRNA and protein expression levels of TLR4 in a dose-dependent manner. Moreover, the anti-inflammatory mechanism was involved in blocking LPS-induced phosphorylation, degradation of IκB, and nuclear translocation of p65. Additionally, PPPs and PC exhibited a stronger anti-inflammatory effect than that of EA.

Conclusion: The results indicated that PPPs possess potent anti-inflammatory effect, and PC was the main effective component in PPPs, which provided new insights into the utilization of PPPs to prevent inflammation-associated disorders.
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Inflammatory response plays an important role in both normal physiology and pathology (1). Prolonged inflammation can lead to many chronic diseases, including diabetes, cardiovascular disease, cancer, arthritis, and neurodegenerative diseases (2). The activation of inflammatory cascade produces various inflammatory mediators, such as nitric oxide (NO), prostaglandin E2 (PGE2), and pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 (3).

The production of reactive oxygen species (ROS) by phagocytic leukocytes (neutrophils, monocytes, macrophages, and eosinophils) is one of the most important characteristics in the inflammatory process. ROS activation could act as a significant and adverse participant in abnormal inflammatory diseases, and studies have shown that various antioxidants are able to prevent NF-κB activation (4, 5) and intracellular ROS generation (6).

The nuclear factor-kappa B (NF-κB) pathway has been identified as a key mediator of inflammation and serves as an important target for drug development (7). In normal cells, inactivated NF-κB is bound to inhibitor of κB (IκB) in the cytoplasm. In terms of cell stimulation, NF-κB is activated by the phosphorylation of IκB, which further leads to ubiquitination and proteasome degradation of IκB (8). The resulted free NF-κB translocates to the nucleus, where it binds to κB-binding sites in the promoter regions of target genes and induces the transcription of pro-inflammatory mediators and cytokines (9, 10).

The pomegranate (Punica granatum L.) originated from the Middle East is now widely cultivated and consumed throughout the world. Currently, as a kind of polyphenol-rich fruit, it has potentially anti-inflammatory, anti-diabetic, anti-microbial, anti-obesity, anti-oxidative anti-cancer, and hypolipidemic effect in vivo and in vitro (11–17). PC is a unique and major polyphenolic component of pomegranate fruits, especially rich in the peel (18), which can release EA upon hydrolysis (19). Our laboratory analysis has shown that PPPs, PC, and EA have remarkable contributions in anti-oxidant (20, 21), anti-cancer (22), inhibition lipid accumulation, and enhancement cholesterol efflux (23–25). Our previous studies have shown that PPPs and their main components PC and EA exert significant anti-inflammatory effects, which reduced the pro-inflammatory cytokines release by inhibiting MAPK activation. In addition, toll-like receptors (TLRs) play a crucial role in the molecular mechanisms of inflammatory processes (26). TLR4, a pattern-recognition receptor (PRR), emerges as a key player in the initiation and activation of inflammation and innate immune responses, leading to intracellular signaling cascade initiation. The study has shown that TLR4 signaling is responsible for MAPKs activation and NF-κB translocation (27). Thus, in order to further clarify the specific mechanisms of PPPs on regulating inflammatory response, and to further clarify the different efficacies among these pomegranate active components, we applied our current research.

Materials and methods

Chemicals

Pomegranate fruits were obtained from Lintong, Shaanxi province of China, and the extraction and purification of PPPs were performed in our laboratory (20, 21). Detailed methods and results have been presented in the previous article (28). The polyphenol content of PPPs was 57.09%. The main polyphenol compounds were gallic acid, punicalagin (punicalagin-α and punicalagin-β), catechin, chlorogenic acid, epicatechin, and ellagic acid. The yielding of PC, which is a major component of PPPs, was 464.48 mg/g, and the yielding of EA was 71.50 mg/g. The concentration of the other components of PPPs – catechin, gallic acid, epicatechin, and chlorogenic acid – was 45.14, 38.24, 35.28, and 8.85 mg/g, respectively.

Punicalagin, ellagic acid, and LPS (Escherichia coli 055:B5) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell culture reagents and fetal bovine serum were purchased from Gibco BRL (Rockville, MD, USA). TAK-242 was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Bay11-7082, MG-132, ROS, and NO assay kits were purchased from Beyotime Biotechnology (Beijing, China). TLR4, P65, p-IκBα, IκBα, histone 1, and β-actin primary antibodies for Western blot analysis were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA).

Cell culture

Murine macrophage cell line RAW264.7 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and was cultured in DMEM supplemented with 10% FBS, 1% streptomycin/penicillin at 37 °C in a 5% CO2 incubator. The cells were sub-cultured every 2 days at 1:3 split ratios.

Measurement of intracellular ROS

Intracellular ROS release was measured by detecting the fluorescence intensity of the oxidant-sensitive probe 2’, 7’-dichlorfluorescein-diacetate (DCFH-DA). RAW264.7 macrophages (3 × 105 cells/well in 12-well culture plate) were incubated with different concentrations of PC (1, 10, and 50 μM), EA (1, 10, and 50 μM), and PPPs (1, 10, and 100 μg/mL) for 1 h before exposure to LPS (1 μg/mL) for 24 h at 37 °C (5% CO2). Then, with additional 10 μM DCFH-DA, they were incubated at 37 °C for 25 min. The cells were washed three times with PBS, and then one part of the cells was evaluated by using a fluorescence microscope (Leica DMIL LED, Leica, Germany), and another part of the cells was harvested and detected by a fluorescence microplate reader with excitation at 488 nm and emission at 525 nm.

Reverse transcription and quantitative real-time PCR

RAW264.7 macrophages were plated at 4 × 105 cells/well in 6-well plates and incubated overnight. The cells were then treated with the tested polyphenols or vehicle [0.2% dimethyl sulfoxide (DMSO) for 1 h prior to the stimulation with LPS (1 μg/mL)]. After 24 h of LPS treatment, the cells were collected, and the total RNA was extracted by Total RNA Kit I (Omega, Norcross, GA, USA). Reverse transcription was performed with 1 μg of total RNA using Revert Aid TM First Strand cDNA Synthesis Kit (Thermo, Boston, MA, USA). Real-time Polymerase Chain Reaction (PCR) was performed using Maxima SYBR Green/Fluorescein qPCR Master Mix (Thermo, Boston, MA, USA). The PCR primers were synthesized by Sangon Biotech Co., Ltd (Shanghai, China), and the primer sequences are listed in Table 1.

 


Table 1. Primer information


	Primer name
	Forward (5’-3’)
	Reverse (5’-3’)
	Size (bp)





	TLR4
	GGC CAA TTT TGT CTC CAC AG
	GCA TGG CTT ACA CCA CCT CT
	124



	NF-κB
	ATG TAG TTG CCA CGC ACA GA
	GGG GAC AGC GAC ACC TTT TA
	181



	β-actin
	GTG CTA TGT TGC TCT AGA CTT CG
	ATG CCA CAG GAT TCC ATA CC
	174





Nitric oxide determination

RAW264.7 macrophages were plated at 4 × 105 cells/well in 6-well plates and pre-incubated with PC (1, 10, and 50 μM), EA (1, 10, and 50 μM), PPPs (1, 10, and 100 μg/mL) or vehicle (0.2% DMSO) for 1 h and then were incubated with LPS (1 μg/mL) for 24 h. The amount of nitrite in the culture media was detected by NO assay kits. The absorbance at 540 nm was measured with the NaNO2 standard curve, and nitrite production was determined.

Enzyme-linked immunosorbent assay

RAW264.7 macrophages were seeded in 6-well plates at a density of 4 × 105 cells/well and then pretreated with the tested compounds or vehicle (0.2% DMSO) for 1 h prior to the stimulation with LPS (1 μg/mL) for 24 h. The concentrations of PGE2, TNF-α, IL-1β, and IL-6 released into the medium were detected by enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.

Western blot analysis

RAW264.7 macrophages (1 × 106 cells/well) were plated in 6-cm dishes, incubated overnight, and were then treated with the tested polyphenols or vehicle (0.2% DMSO) for 1 h prior to LPS (1 μg/mL). Proteins of the NF-κB signaling pathway (including p65, IκB, and p-IκB) were collected 20 min after LPS treatment, while TLR4 protein was collected after 24 h of LPS treatment. Whole cell extracts, cytosolic and nuclear proteins were extracted, respectively, by extraction kits from Solarbio Life Sciences (Beijing, China) according to the manufacturer’s instructions. Samples (30 μg of protein) were separated on 10% SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). Next, the membranes were blocked with 5% nonfat milk in TBST buffer for 1 h at room temperature and then probed with primary antibodies at 4 °C overnight. The membranes were washed and incubated at room temperature for 1 h with secondary antibodies (Jackson Immuno Research, West Grove, PA, USA). Blots were detected by enhanced chemiluminescence (ECL) detection kits (Fdbio Science, China) and analyzed using Bio-1D software.

Statistical analysis

The results were shown as mean ± SD from three independent experiments. A one-way analysis of variance (ANOVA) followed by a Dunnett’s t-test was applied to assess the statistical significance of the differences between the study groups (SPSS 13.0). Values with P < 0.05 were considered significant.

Results

Cytotoxicity of PPPs on RAW264.7 macrophages

Previously, we examined the cytotoxicity of PPPs, PC, and EA by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide] assay. The results showed that the cell viability was slightly affected within 100 μg/mL (PPPs), 100 μM (PC), and 50 μM (EA) for 25 h. Therefore, the concentration range of EA and PC was determined between 1 and 50 μM, and the range of 1–100 μg/mL to PPPs was adopted in the subsequent experiments.

Inhibition of PPPs on LPS-induced TLR4 mRNA and protein expression

To assess the inhibition of the polyphenols on the expression of TLR4, which is known as the LPS receptor, total RNA and protein were extracted to perform RT-PCR and Western blot analysis, respectively. Figure 1a depicted that LPS (1 μg/mL) stimulation for 24 h significantly increased the TLR4 mRNA expression by 3.12 times in comparison with control group. EA, PC, and PPPs pretreatment all significantly reduced LPS-induced TLR4 mRNA expression in a dose-dependent manner. EA had the lowest inhibitory effect on TLR4, which exerted significant inhibition only at 50 μM (P < 0.05). PC and PPPs significantly inhibited the mRNA expression of TLR4 at each concentration (P < 0.05). Furthermore, the inhibitory effect of PC (50 μM) was similar to that of TAK-242 (inhibitor of TLR4) and close to the control level. Moreover, the trend of TLR4 protein expression (Fig. 1b) was similar to that of the mRNA level. The tested polyphenols significantly prevented the elevated TLR4 protein expression induced by LPS (P < 0.001) at high concentration, and it was ranked as PC > PPPs > EA. The inhibition of the pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6; Fig. 1c) and inflammatory mediators (NO and PGE2; Fig. 1d) by these tested polyphenols was also consistent with the results of TLR4.

Fig. 1.  The effect of the test polyphenols on LPS-induced TLR4 mRNA and protein expression, and the related inflammatory cytokines and mediators in RAW264.7 macrophages. Cells were pretreated with different concentrations of PPPs, PC, or EA for 1 h and then stimulated with LPS (1 μg/mL) for 24 h. The total RNA and protein were extracted to perform (a) real-time PCR and (b) Western blot analysis. (c) The levels of nitrite and the concentration of PGE2 were measured by Griess reagents, and (d) the concentrations of TNF-α, IL-1β, and IL-6 were measured by ELISA kit in the culture media. Data are expressed as mean ± SD. **P < 0.01 and ***P < 0.001 compared with LPS-stimulated group.
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Inhibition of PPPs on intracellular ROS production

The interaction of the cellular immune system with endogenous or exogenous inflammatory stimuli determines the generation of ROS, which causes the hyperactivation of inflammatory responses and leads to tissue damage and oxidative stress (29). Therefore, ROS activation could act as a significant and adverse participant in abnormal inflammatory diseases. Figure 2a and b showed the effects of the three tested polyphenols on intracellular ROS production in LPS-induced RAW264.7 macrophages. The cells stimulated with LPS (1 μg/mL) showed an intracellular ROS elevation in comparison to control group. Compared with the LPS group, EA, PC, and PPPs pretreated groups significantly reduced the levels of ROS in a dose-dependent manner. We also found that PC, EA, and PPPs in high concentration almost reversed the levels of ROS about 46.2, 41.4, and 41.2%, compared with LPS group, respectively.

Fig. 2.  The effect of the test polyphenols on LPS-induced ROS production in RAW264.7 macrophages. Cells were pretreated with different concentrations of PPPs, PC, or EA for 1 h and then stimulated with LPS (1 μg/mL) for 24 h. The cells were incubated with 10 μM DCFH-DA for an additional 25 min. The cells were washed three times with PBS, and then (a) one part of the cells was evaluated by using a fluorescence microscope, and (b) another part of the cells was harvested and detected by fluorescence microplate reader with excitation at 488 nm and emission at 525 nm. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with LPS-stimulated group.
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Inhibition of PPPs on NF-kB p65 activation in LPS-induced RAW264.7 macrophages

Accumulated evidence indicates that NF-κB is a major transcription factor that modulates the expression of COX-2, iNOS, and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) (1). ROS is also thought to be involved in inflammatory gene expression through redox-based activation of the NF-κB signaling pathway (30). In our previous studies, we found that these three tested polyphenols had obvious inhibitory effect on these inflammatory mediators and pro-inflammatory cytokines via regulating the MAPKs pathway (28). However, it still remains unclear whether these tested polyphenols also inhibit the activation of NF-κB pathway. Figure 3a suggested that the expression of p65 in nucleus was markedly increased upon exposure to LPS alone, but PPPs, PC, and EA inhibited LPS-induced increase of nuclear p65 in a dose-dependent manner. Additionally, PC had stronger inhibition in comparison to PPPs, followed by EA. The inhibition of NF-κB mRNA level (Fig. 3c) was similar to the expression of p65 protein. PC and PPPs could significantly inhibit the NF-κB mRNA expression at middle and high concentrations (P < 0.01), and EA had a significant inhibitory effect at high concentration (P < 0.01). Figure 3b showed that the three tested polyphenols inhibited LPS-induced phosphorylation and degradation of IκBα in a dose-dependent manner, which was similar to the results of nuclear p65. Overall, these results suggested that PPPs inhibited LPS-induced p65 activation via blocking of IκBα phosphorylation and degradation.

Fig. 3.  The effect of the test polyphenols on LPS-induced activation of P65, degradation and phosphorylation of IκBα, and the mRNA level of NF-κB. Cells were pretreated with different concentrations of PPPs, PC, or EA for 1 h and then stimulated with LPS (1 μg/mL) for 20 min. The nuclear P65 (a), degradation and phosphorylation of IκBα (b) were subjected by Western blot analysis. Cells were pretreated with different concentrations of PPPs, PC, or EA for 1 h and then stimulated with LPS (1 μg/mL) for 24 h. The total RNA was extracted to perform real-time PCR (c). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with LPS group.
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Effect of PPPs on LPS-induced NF-kB nuclear translocation and the productions of pro-inflammatory mediators and cytokines in RAW264.7 macrophages

Bay11-7082 is an inhibitor of IκBα phosphorylation, which can inhibit the translocation of NF-κB to the nucleus by blocking the phosphorylation of IκBα. In Fig. 4a, the nuclear protein expression of p65 is downregulated by 24.5% with Bay11-7082 pretreatment compared with the LPS-treated group, while in combination of Bay11-7082 and the tested polyphenols, the p65 expression in nucleus declined by 44.3% (PC), 30% (EA), and 33% (PPPs), respectively. The trend of p65 expression in cytosol was opposite to that of the nucleus (Fig. 4b). Moreover, the combined inhibitory effects of Bay11-7082 and the three tested polyphenols were more pronounced (P < 0.05) than Bay11-7082’s effect alone. So, PPPs, PC, and EA had inhibitory effects on the translocation of NF-κB to the nucleus by blocking the phosphorylation of IκBα. In parallel with the result of Western blot analysis, the combination of Bay11-7082 and the three tested polyphenols significantly prevented LPS-induced production of the pro-inflammatory cytokines (Fig. 4c and d).

Fig. 4.  The effect of test polyphenols on LPS-induced NF-κB p65 translocation (a, b), the production of NO/PGE2 (c), and pro-inflammatory cytokines (d) in RAW264.7 macrophages. Cells were pretreated with different concentrations of PPPs, PC, EA, or Bay11-7082 (5 μM) for 1 h and then stimulated with LPS (1 μg/mL) for 20 min. The total lysates of the proteins were subjected to Western blot analysis, and the culture media were collected for NO and ELISA detections. Data are expressed as mean ± SD. **P < 0.01 and ***P < 0.001 compared with LPS-stimulated group.
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Effect of ubiquitin proteasome inhibitor and PPPs on LPS-induced IkBa-mediated degradation and NF-kB translocation in RAW264.7 macrophages

NF-κB is normally sequestered in the cytoplasm by the inhibitor molecule IκB. Once activated, the translocation of NF-κB into nuclear is proceeded by the phosphorylation, ubiquitination, and degradation of IκBα (31). We had confirmed that PPPs, PC, and EA could inhibit the phosphorylation of IκBα. Therefore, we attempted to find whether these tested polyphenols could inhibit the ubiquitination and proteolytic degradation of IκBα. The results showed that the significant decrease in IκBα induced by LPS was significantly reversed by MG-132 pretreatment, an inhibitor of ubiquitin-proteasome (Fig. 5a). In addition, the combination of MG-132 and the tested polyphenols further increased the protein expression of IκBα, which indicated that the tested polyphenols had significant inhibitory effect on ubiquitination and proteolytic degradation of IκBα, like an inhibitor of ubiquitin-proteasome. The protein expression of p-IκBα was opposite to IκBα. Phosphorylation, ubiquitination, and proteolytic degradation of IκBα cause the release of NF-κB and its translocation from cytosol to the nucleus. MG-132 decreased nuclear protein levels of p65 and increased cytoplasmic p65 in LPS-stimulated RAW264.7 macrophages, and the inhibitory effect was further strengthened in the combination of MG-132 and the tested polyphenols (Fig. 5b). Moreover, the production of the inflammatory mediators and pro-inflammatory cytokines in the downstream of NF-κB also confirmed the above results; the combination of MG-132 and the three tested polyphenols significantly prevented LPS-induced production of the pro-inflammatory cytokines (Fig. 5c and d).

Fig. 5.  The effect of ubiquitin proteasome inhibitor on LPS-induced IκBα Ub-mediated degradation (a), NF-κB translocation (b), the production of NO/PGE2 (c), and pro-inflammatory cytokines (d) in RAW264.7 macrophages. Cells were pretreated with different concentrations of PPPs, PC, EA, or MG-132 (2 μM) for 1 h and then stimulated with LPS (1 μg/mL) for 20 min. The total lysates of the proteins were subjected to Western blot analysis, and the culture media were collected for NO and ELISA detections. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with LPS-stimulated group.
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Discussion

Inflammation is a primary physiological defense process of the biological system and protects against injuries caused by harmful stimuli such as pathogens and poisons (11). Natural products have long been recognized as an invaluable source of the most active components of medicines for treating and preventing various human diseases, including inflammatory diseases. Many studies have shown that phytochemicals such as polyphenols have anti-inflammatory effects. Pomegranate peel extracts have been focused for their richness and unique compositions in polyphenols. In our previous work, PPPs and their main polyphenol components (PC and EA) had been shown to significantly inhibit the expression of pro-inflammatory mediators and inflammatory cytokines in LPS-induced RAW264.7 macrophages. The molecular mechanism was associated with the inhibition of MAPKs activation. In the present work, we found that PPPs, PC, and EA significantly inhibited LPS-induced mRNA and protein expression of TLR4. TLRs are an integral part of the molecular mechanisms of inflammation processes. LPS activates macrophage and microglia by selectively stimulating toll-like receptor 4 (TLR4) and triggering NF-κB and MAPK pathways (32) specifically, and eventually results in the excess production of a large array of cytotoxic factors such as IL-1β, IL-6, TNF-α, NO, ROS, iNOS, and COX-2 (33, 34). This result indicated that the decreased expression of TLR4 could inhibit the initiation of intracellular signaling cascades, which subsequently suppressed the activation of NF-κB and pro-inflammatory mediators.

The generation of ROS by phagocytic leukocytes (neutrophils, monocytes, macrophages, and eosinophils) is one of the most important characteristics in the inflammatory process. Excess ROS production is detrimental to cellular functions. It is well reported that ROS caused modification of biomolecules (35). In this study, the levels of ROS were significantly increased after the LPS treatment, and PPPs PC, EA, could effectively inhibit the increase of ROS in a dose-dependent manner. ROS is thought to be involved in inflammatory gene expression through the redox-based activation of the NF-κB signaling pathway. It has been shown that many antioxidants inhibited inflammatory gene expression and NO production by suppressing NF-κB activation through the removal of ROS. Therefore, ROS may play an important role in NF-κB activation and pro-inflammatory cytokine production in LPS-induced macrophages (6).

NF-κB is a transcription factor that plays an important role in the expression of genes in immune and inflammatory responses (36). The molecular mechanisms of NF-κB activation are involved in the activation of a cascade of cytoplasmic proteins and the nuclear translocation of the NF-κB p65 subunit (37). In unstimulated cells, NF-κB exists in the cytosol in quiescent form bound to its inhibitory protein, IκB protein. In response to inflammatory stimuli, such as LPS, the IκBα inhibitory protein is phosphorylated by IκBα kinases, resulting in its ubiquitination and subsequent degradation by proteasome (38). This result leads to the release and translocation of NF-κB to the nucleus. In the nucleus, NF-κB binds to the specific DNA sequence in the promoter region of target genes and modulates their transcription (39). Therefore, we examined the effect of these tested polyphenols on NF-κB activation. Western blot results revealed that PPPs, PC, and EA inhibited LPS-induced nuclear translocation of p65. Furthermore, we found that these three tested polyphenols inhibited the phosphorylation and degradation of IκB, and the effects were stronger when co-treated with IκBα phosphorylation inhibitor (Bay11-7082) or ubiquitin proteasome inhibitor (MG-132). These results suggested that PPPs and their main components might act as the inhibitors and inhibit the activation of NF-κB by blocking LPS-induced phosphorylation and degradation of IκB and nuclear translocation of p65.

Pomegranate (Punica granatum L.), a nutrient-rich unique fruit, has been used for centuries for the prevention and treatment of various inflammation-driven diseases (40). Pomegranate fruits contain abundant anthocyanin and polyphenol (41), and the peel possesses the highest polyphenol content among all parts of the pomegranate. The main benefit of the pomegranate has been attributed to its unique polyphenol composition (42). Indeed, pomegranate polyphenols have been shown to exhibit high antioxidant and anti-inflammatory capacities that are of interest for the prevention of several disorders (43, 44). Shah et al. (45) reported that P. granatum juice and purified PC reduced NF-κB mRNA levels in colitis SD rats. Previous studies have showed the anti-inflammatory effect of pomegranate and its extract. Ramlagan et al. (46) reported that pomegranate mesocarp extract significantly reduced ROS production and downregulated the overexpression of pro-inflammatory mediators NF-κB in 3T3-L1 preadipocytes in the presence of advanced glycation end products. Romier-Crouzet et al. (47) found that pomegranate extracts could inhibit NF-κB activity in IL-1β-induced Cao-2 cells. Dell’Agli et al. (48) transfected THP-1 human monocyte leukemia cells and found that the methanolic extract of the pomegranate rind and EA and PC inhibited the hemozoin-induced NF-κB promoter activity, which indicated that they could inhibit NF-κB-driven transcription. This result was consistent with our NF-κB western blot (WB) study.

Phenolic compounds often present high antioxidant activity (49). Many viewpoints considered that polyphenols have been showed with the anti-inflammatory effect largely attributed to the strong antioxidant ability. The efficiency of ellagitannins (ETs) and EA as antioxidant compounds in pomegranate greatly depends on their chemical structure. The presence of several hydroxyl functions in ortho position in ETs is responsible for the strong ability to donate a hydrogen atom and support the unpaired electron. In addition, the antioxidant efficiency of ETs and EA is directly correlated with their degree of hydroxylation, and polyphenols with high molecular weight were the major contributors of the antioxidant capacity (50). PC has stronger antiradical activity with the stable structure, which possesses more benzene ring and phenolic hydroxyl group, compared with low molecular weight of EA. Seeram (51) reported that PC, with the stronger antioxidant activity than EA, acted as the most potent antioxidant ingredient responsible for >50% of the pomegranate juice’s antioxidative potential. Similarly, in this study, the anti-inflammatory effect of PC was better than that of EA. Winand and Schneider (52) reported that pomegranate husk extract, PC and EA, could reduce pro-inflammatory cytokines secretion, and the effect of PC was better than that of EA, which was consistent with our finding. Mo et al. (53) found that pomegranate rind extract was more active as an anti-inflammatory agent than EA in the croton oil-induced mouse ear edema, the carrageenan-induced rat paw edema, and the CFA-induced polyarthritis model. Park (54) compared the effects of PC and EA on cell viability and cell adherence of THP-1 cells and found that PC would be more useful than EA as an anti-inflammatory agent against PM10. In addition, Lee (55) isolated four hydrolysable tannins from pomegranate and found that PC had the strongest effect against acne vulgaris. Our results also demonstrated that PPPs and PC had stronger anti-inflammatory effects than EA, which indicated that PC is the most bioactive component in PPPs.

Conclusion

This study showed that PPPs and their main components – PC and EA – could significantly inhibit LPS-induced intracellular ROS production in RAW264.7 macrophages in a dose-dependent manner. As an important receptor of LPS, the mRNA and protein expression of TLR4 was also inhibited by PPPs, PC, and EA, which is an initial step of intracellular signaling cascades in the LPS-stimulated cells. Besides the MAPK signaling pathway, the molecular mechanism of anti-inflammatory on PPPs is also associated with the NF-κB pathway. PPPs and their main components could inhibit NF-κB activation by blocking LPS-induced phosphorylation, ubiquitination, and degradation of IκB and, subsequently, could prevent p65 nuclear translocation. Therefore, PC should be carefully preserved during extraction to maintain its high anti-inflammatory effect because its hydrolytic form EA has a weaker effect. These results suggest that PPPs, a by-product of the pomegranate fruit juice industry, could be a useful and novel natural source for the prevention of inflammation-associated disorders.
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