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Abstract:

 PURPOSE: Piperine, a major alkaloid of black pepper (Piper nigrum) and long pepper (Piper longum), was shown to have anti-inflammatory activity through the suppression of cyclooxygenase (COX)-2 gene expression and enzyme activity. It is also reported to exhibit anti-platelet activity, but the mechanism underlying this action remains unknown. In this study, we investigated a putative anti-platelet aggregation mechanism involving arachidonic acid (AA) metabolism and how this compares with the mechanism by which it inhibits macrophage inflammatory responses; METHODS: Rabbit platelets and murine macrophage RAW264.7 cells were treated with piperine, and the effect of piperine on the activity of AA-metabolizing enzymes, including cytosolic phospholipase A2 (cPLA2), COX-1, COX-2, and thromboxane A2 (TXA2) synthase, as well as its effect on AA liberation from the plasma membrane components, were assessed using isotopic labeling methods and enzyme immunoassay kit; RESULTS: Piperine significantly suppressed AA liberation by attenuating cPLA2 activity in collagen-stimulated platelets. It also significantly inhibited the activity of TXA2 synthase, but not of COX-1, in platelets. These results suggest that piperine inhibits platelet aggregation by attenuating cPLA2 and TXA2 synthase activities, rather than through the inhibition of COX-1 activity. On the other hand, piperine significantly inhibited lipopolysaccharide-induced generation of prostaglandin (PG)E2 and PGD2 in RAW264.7 cells by suppressing the activity of COX-2, without effect on cPLA2; CONCLUSION: Our findings indicate that piperine inhibits platelet aggregation and macrophage inflammatory response by different mechanisms.
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1. Introduction

Platelet aggregation is a complex, rapidly progressing phenomenon that culminates in the formation of hemostatic plugs and arterial thrombi, which are recognized as potential sources of thromboembolic complications manifesting as atherosclerosis, heart attack, stroke, and peripheral vascular disease. Platelets are activated by various agonists, such as collagen and platelet-activating factor, and undergo a cascade of events that results in the enzymatic metabolism of arachidonic acid (AA) [1,2,3]. AA is derived from the plasma membrane by the action of phospholipase A2 (PLA2), and undergoes further metabolism by cyclooxygenases (COX) and TXA2 synthase to form eicosanoid products such as prostaglandins (PGs), thromboxanes (TX), and other oxygenated derivatives [3,4]. Similarly, activated macrophages participate in the inflammatory response by, among other roles, producing eicosanoid pro-inflammatory mediators through the stimulation of the same AA metabolic cascade that controls the platelet aggregation. Therefore, the modulation of eicosanoid mediators by targeting the enzymes involved in AA metabolism is regarded as a promising therapeutic approach for the treatment of thrombosis and chronic inflammatory diseases [5,6,7,8].

Piperine is a primary alkaloid constituent in black and long pepper (Piper nigrum and Piper longum, respectively), and has been shown to exhibit diverse biological actions, including anti-cancer, anti-angiogenesis, anti-oxidant, and anti-degenerative properties, as well as to enhance drug bioavailability [9,10,11,12,13,14,15]. Recent studies have demonstrated that piperine also possesses anti-inflammatory properties, elicited by the inhibition of PGE2 generation through suppression of COX-2 gene transcription and protein expression [16,17,18,19,20,21,22]. With regard to putative anti-platelet activity, piperine and piperine-enriched ethanol extract of Piper longum L. have been reported to inhibit platelet aggregation in vitro [23,24,25], but the underlying mechanism is currently poorly understood.

In this study, we investigated a putative anti-platelet aggregation mechanism involving AA metabolism by assessing the effect of piperine on the activity of AA-metabolizing enzymes, including cPLA2, COX-1 (an isoform of COX-2), and TXA2 synthase, as well as its effect on AA liberation from the plasma membrane components. Furthermore, we evaluated the differences in the inhibitory action of piperine on the activities of AA-metabolizing enzymes in platelet aggregation and macrophage inflammatory responses.



2. Materials and Methods


2.1. Materials

Piperine was obtained from Sigma-Aldrich (St. Louis, MO, USA). Collagen and AA were purchased from Chrono-Log Co. (Havertown, PA, USA). TXB2, PGD2, PGE2, and methyl-arachidonyl-fluorophosphonate (MAFP) were purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). [3H]AA (100 Ci/mmol) and 1-stearoyl-2-[3H]arachidonoyl-sn-glycero-3-phosphocholine ([3H]SAPC, 172 Ci/mmol) were purchased from PerkinElmer, Inc. (Waltham, MA, USA). Cell culture materials were purchased from Gibco-BRL (Rockville, MD, USA). Bacterial lipopolysaccharide (LPS) from Escherichia coli, NS-398 [N-(2-cyclohexyloxy-4-nitrophenyl) methanesulfonamide], indomethacin, and imidazole were obtained from Sigma-Aldrich.



2.2. Preparation of Platelets

Two-month-old male New Zealand white rabbits were purchased from Samtako Bio Korea Inc. (Osan, Korea) and acclimated for 1 week at a temperature of 24 ± 11 °C and a humidity of 55% ± 5%. The animals had free access to a standard rabbit pellet diet and drinking water before experiments. Fresh blood was collected from the ear artery of New Zealand White rabbits and the anti-coagulant 1% EDTA was added in the ratio 1:9 (v/v, anti-coagulant/whole blood). Platelet-rich plasma (PRP) was obtained by centrifugation at 230× g for 10 min at room temperature. The platelets separated from the PRP were washed twice with HEPES buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 5.6 mM glucose, 3.8 mM HEPES, 0.4 mM ethylene glycol tetraacetic acid [EGTA], 0.35% bovine serum albumin [BSA], pH 6.5), as described previously [26]. The platelets were counted by Coulter counter (Beckman Coulter Inc., Brea, CA, USA) and adjusted to the cell concentration of 3 × 108 platelets/mL in HEPES buffer (pH 7.4) for subsequent experiments. All animal studies were carried out at Soonchunhyang University. This study was conducted in accordance with the ethical guideline of the Soonchunhyang University Institutional Animal Care and Use Committee.



2.3. Cell Culture

RAW264.7 cells, obtained from American Type Culture Collection (Manassas, VA, USA), were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco-BRL) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL of penicillin, and 100 μg/mL streptomycin at 37 °C under humidified air containing 5% CO2 inside a CO2 incubator. Cells were plated in 35-mm culture dishes at 6 × 105 cells for the following experiments.



2.4. Platelet Aggregation Assay

Platelet aggregation was measured using the turbidimetric method with a four-channel aggregometer (470-vs, Chrono-log Co.) as described previously [26]. Briefly, platelets were incubated at 37 °C for 3 min in the aggregometer with piperine at a range of concentrations (100, 200, and 300 μM) in the presence of 1 mM CaCl2. Platelet aggregation was induced by the sequential addition of collagen (1 μg/mL), AA (100 μM), and U46619 (1 μM). The maximal platelet aggregation rate was recorded over 10 min with continuous stirring. The percentage of platelet aggregation (% of vehicle-treated control) following incubation with each inducing agent was calculated by the following formula: (Xmax piperine-treated × 100)/Xmax vehicle-treated, where Xmax is the maximum aggregation rate of vehicle- or piperine-treated platelets in each aggregation assay. IC50 values (inhibition of 50% of the aggregation) were determined from the concentration-response curves of logarithmic plots of test substance concentration vs. % inhibition of aggregation).



2.5. Measurement of Arachidonic acid Liberation

For the measurement of AA liberation, isotopic labeling methods for platelets and macrophages were used as described previously [26,27]. Briefly, PRP or RAW264.7 cells were incubated with [3H]AA (1 μCi/mL) at 37 °C for 1.5 h or 24 h, respectively. Following incubation, labeled platelets were washed with HEPES buffer, while RAW264.7 cells were washed with PBS containing 0.01% BSA. In order to assess the effect of piperine on AA liberation, labeled platelets were treated with 100, 200, and 300 μM piperine for 3 min in HEPES buffer containing 1 mM CaCl2, while RAW264.7 cells were treated with 10, 50, and 10 μM piperine for 24 h with DMEM containing 0.01% BSA in the presence of 100 μM BW755C (3-amino-1-[m-(trifluoromethyl) phenyl]-2-pyrozoline, an inhibitor of both COX and lipoxygenase [28]). The platelets were treated with collagen (10 μg/mL) for 10 min, while RAW264.7 cells were incubated with LPS (1 μg/mL) for 12 h to stimulate AA liberation. The reaction was terminated by the addition of ice-cold chloroform/methanol/HCl (200:200:1, v/v/v). Lipids were extracted and separated by thin-layer chromatography (TLC) on Silica Gel G plates using petroleum ether/diethyl ether/acetic acid (40:40:1, v/v/v) as the developing system. The area corresponding to free fatty acids and other lipids (diacylglycerol, tricylglycerol, and phospholipids) was scraped off the TLC plate, and the radioactivity of each fraction was determined by liquid scintillation counting. The radioactivity signal corresponding to the liberated [3H]AA was corrected by adjusting the total radioactivity.



2.6. cPLA2 Activity Assay

For the cPLA2 assay, the PRP and RAW264.7 cells were treated with a range of concentrations of piperine as described above. To assess the effect of piperine on cPLA2 activity in collagen-stimulated platelets, piperine-pretreated PRP was stimulated by incubation with collagen (10 μg/mL) for 1.5 h, and the mixture was centrifuged and lysed as described by Hashizume et al. [29]. The lysates were subsequently centrifuged at 100,000× g at 4 °C for 1 h, and the cPLA2 activity in the resultant supernatant (cytosol fraction) was determined as previously described [29]. Briefly, the supernatant was incubated with a mixture of [3H]SAPC and unlabeled SAPC (250 Ci/mol, 2 μM) at 37 °C for 15 min in the presence of 5 mM dithiothreitol, a secretory PLA2 inhibitor. After lipid extraction, liberated [3H]AA was analyzed as described above, and the enzyme activity was calculated.

To assess the effect of piperine on cPLA2 activity in LPS-stimulated macrophages, piperine-pretreated RAW264.7 cells were stimulated by 1 μg/mL for 1 h, and the cells were collected and lysed as described previously [30]. The lysates were centrifuged and the cPLA2 activity in the resultant supernatant was determined as described above.



2.7. Measurement of Prostaglandin Generation

RAW264.7 cells were cultured for 24 h, and then labeled with [3H]AA (1 μCi/mL) at 37 °C for 24 h as described above. In order to assess the effect of piperine on PGs generation in LPS-stimulated RAW264.7 cells, labeled cells were treated with piperine at a range of concentrations (10, 50, and 100 μM) for 24 h, and then stimulated by 1 μg/mL LPS for 12 h. Lipids in the medium and cells were extracted and separated by TLC using an upper phase of ethyl acetate/isooctane/acetic acid/water (9:5:2:10, v/v/v/v) as the developing system. The area corresponding to each PG was scraped off, and the radioactivity of each fraction determined by liquid scintillation counting.



2.8. COX Activity Assay

We measured the conversion of exogenous AA to TXB2, PGE2, and PGD2 as an index of COX activity as described previously [6,26,31,32]. In order to assess the effect of piperine on platelet COX-1 activity, PRP was treated with piperine at a range of concentrations (100, 200, and 300 μM) for 3 min in the presence of 1 mM CaCl2, and subsequently incubated with a mixture of [3H]AA (1 μCi/mL) and unlabeled AA (2 μM) for 10 min. The reaction was terminated by the addition of a stop solution (2.6 mM EGTA containing 130 μM BW755C). Lipids were extracted and the radioactivity corresponding to [3H]TXB2 and [3H]PGD2 was measured as described previously [26]. To assess the effect of piperine on macrophage COX-2 activity, RAW264.7 cells were treated with piperine at a range of concentrations (10, 50, and 100 μM) for 24 h. The cells were stimulated with LPS in the presence of a mixture of [3H]AA (1 μCi/mL) and unlabeled AA (2 μM) for 1 h. Following the extraction of lipids from the medium and cells, the radioactivity of [3H]PGE2 and [3H]PGD2 were determined as described above.



2.9. TXA2 Synthase Activity Assay

In platelets, TXA2 synthase catalyzes the conversion of PGH2 to TXA2, a potent inducer of aggregation. Because TXA2 is highly unstable, we measured the concentration of the stable metabolite TXB2 formed from PGH2 in rabbit platelets as described previously [26]. In order to assess the effect of piperine on platelet TXA2 synthase activity, PRP was treated with piperine at a range of concentrations (100, 200, and 300 μM) for 3 min in the presence of 50 μM COX inhibitor indomethacin in an aggregometer cuvette, and subsequently incubated with 5 μM PGH2 for 3 min. The reaction was terminated by the addition of a 2 mM EGTA stop solution containing 0.1 M KCl and placing the mixture on ice. The content of the cuvette was transferred to an Eppendorf tube and centrifuged at 13,000× g at 4 °C for 4 min. TXB2 concentration in the supernatant was measured using an enzyme immunoassay kit (Amersham Pharmacia Biotech Inc., Buckinghamshire, UK).



2.10. Statistical Analysis

Data are as means ± standard deviation (S.D.) of the indicated number of experiments. Student’s t-test was used for statistical analysis. A p value less than 0.05 was considered statistically significant.




3. Results


3.1. Piperine Inhibited Platelet Aggregation Induced by Collagen and AA, but Not U46619

We have previously reported that piperine isolated from Piper longum L. exerts anti-platelet activity [24]. To investigate a possible mechanism of action, the current study investigated the anti-platelet activity of this new piperine compound. Piperine (Figure 1a) inhibited collagen- and AA-induced platelet aggregation in a concentration-dependent manner, with IC50 values of 158.0 and 134.2 μM, respectively (Figure 1b). However, piperine showed only a mild inhibitory effect on platelet aggregation induced by TXA2 receptor agonist U46619 [33] (IC50 > 300.0 μM) (Figure 1b).

Figure 1. Piperine inhibited the induction of platelet aggregation by collagen and arachidonic acid, but not U46619. (a) Chemical structure of piperine; (b) Piperine-dependent inhibition of platelet aggregation. Washed platelets (3 × 108 platelets/mL) were pre-incubated with piperine for 3 min in the presence of 1 mM CaCl2 and stimulated with 1 μg/mL collagen (red circles), 100 μM AA (blue squares), or 1 μM U46619 (green triangles) in an aggregometer. The change in light transmission of the platelet suspension following 10 min of stimulation with each agonist was normalized to the light transmission of suspensions treated without piperine (taken as 100%). Each point represents the mean ± S.D. of three separate experiments.
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3.2. Piperine Inhibited Prostaglandin Generation in Lipopolysaccharide-Stimulated RAW264.7 Cells

PGs are as one of the major inflammatory mediators [4,5,34,35]. Therefore, we measured the generation of PGs, focusing on PGE2 and PGD2, in murine macrophages as a marker of pro-inflammatory processes. In our efforts to identify the optimal conditions for the induction of PGs generation in [3H]AA-labeled RAW264.7 cells, a time-course study showed that maximal generation of [3H]PGE2 and [3H]PGD2 occurred at 12 h post LPS stimulation, whereas PBS as a vehicle control was found to elicit no changes on the basal level of PGs (Figure 2a,b). In subsequent studies, we investigated the effect of piperine on PGs generation in LPS-stimulated RAW264.7 cells under experimental conditions determined to be optimal, i.e., stimulation with 1 μg/mL LPS for 12 h. Piperine significantly inhibited the generation of both PGE2 (Figure 2c) and PGD2 (Figure 2d) in a concentration-dependent manner, with IC50 values of 7.7 and 10.1 μM, respectively (Figure 2b). These results were similar to the findings reported by Ying et al. [22].

Figure 2. Piperine inhibited the generation of PGE2 and PGD2 in LPS-stimulated RAW264.7 cells. [3H]AA-labeled cells were treated with 1 μg/mL LPS (red circles) or PBS (blue circles), and an evaluation of the time-course of LPS-induced generation of PGE2 (a) and PGD2 (b) was performed by quantifying the radioactivity signal of metabolites. [3H]AA-labeled cells were treated with piperine (gray bars) or vehicle (DMSO, white and black bars) for 24 h, and stimulated with 1 μg/mL LPS for 12 h. We measured the radioactivity signal corresponding to [3H]PGE2 (c) and [3H]PGD2; (d). Data are expressed as means ± S.D. of three separate experiments. * p < 0.05 vs. vehicle controls (black bars).
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3.3. Piperine Suppressed AA Liberation by Attenuating cPLA2 Activity in Platelets, but Not in Macrophages

To investigate the possible mechanisms of suppression of platelet aggregation and anti-inflammatory activities, we tested the effect of piperine on AA liberation in collagen-stimulated platelets and LPS-stimulated RAW264.7 cells. In fully aggregated, collagen-stimulated platelets, AA liberation increased significantly by 6.7-fold, relative to the unstimulated control cells. Treatment of platelets with the same piperine concentrations (100 to 300 μM) used in the platelet aggregation assay significantly suppressed collagen-induced AA liberation in a concentration-dependent manner (Figure 3a). In contrast, treatment of RAW264.7 cells with 10 to 100 μM piperine, which showed a significant inhibition of prostaglandin generation (Figure 2c,d), did not affect LPS-induced AA liberation (Figure 3b). These results suggest that piperine may affect platelet aggregation and inflammation through different mechanisms of action. Since piperine was observed to suppress AA liberation in collagen-stimulated platelets, we further tested the effect of piperine on the activity of cPLA2, an enzyme that catalyzes the release of AA from the platelet membrane phospholipids [36,37]. We found that piperine significantly inhibited collagen-induced cPLA2 activity in a concentration-dependent manner (Figure 4a), while eliciting no effect on LPS-stimulated cPLA2 activity in RAW264.7 cells (Figure 4b). We further confirmed that, under our experimental condition, cPLA2 inhibitor MAFP [38] significantly suppressed cPLA2 activity in both platelets and RAW264.7 cells (Figure 4a,b). Taken together, these findings suggest that piperine attenuates cPLA2 activity and suppresses AA liberation during platelet aggregation, but not in macrophage inflammation.

Figure 3. Piperine suppressed the liberation of the arachidonic acid in collagen-stimulated platelets, but not in LPS-stimulated RAW264.7 cells. [3H]AA-labeled platelets and RAW264.7 cells were treated with a range of concentrations of piperine (gray bars) or vehicle (DMSO, white and black bars), as presented in the graphs. The liberation of [3H]AA in platelets stimulated by 10 μg/mL collagen (a) and in RAW264.7 cells stimulated by 1 μg/mL LPS (b) was determined by measuring the radioactivity. Data are expressed as means ± S.D. of three separated experiments. * p < 0.05 vs. vehicle controls (black bars).
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Figure 4. Piperine inhibited the activities of cPLA2 and TXA2 synthase in platelets, but not RAW264.7 cells. Platelets and RAW264.7 cells were treated with a range of concentrations of piperine (gray bars), vehicle (DMSO, white and black bars), or 10 μM MAFP (a cPLA2 inhibitor), as presented in the graphs. cPLA2 activity in platelets stimulated by 10 μg/mL collagen (a) and RAW264.7 cells stimulated by 1 μg/mL LPS (b) was measured as described in the Materials and Methods section. TXA2 synthase activity was quantified by measuring the production of TXB2; (c) TXA2 synthase activity in intact platelets was measured in the presence of piperine or 50 mM imidazole (a TXA2 synthase inhibitor). Data are expressed as means ± S.D. (n = 3). * p < 0.05 vs. vehicle controls (black bars).
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3.4. Piperine Inhibited Enzyme Activities of TXA2 Synthase and COX-2, but Not COX-1

Although previous studies have demonstrated that piperine inhibits inflammation through a suppression of COX-2 gene transcription and protein expression [16,20,22], the effect of piperine on the activity of other COX enzymes, particularly the COX-1 isozyme, remains unexplored. To address this knowledge gap, we evaluated the effect of piperine on COX activity by measuring the conversion of exogenous AA into metabolites such as TXB2 and prostaglandins, as an index of COX-1 and COX-2 activities. We found that the conversion of exogenous AA into TXB2 in platelets was significantly inhibited by piperine (Figure 5a), while the conversion of AA to PGD2 was not affected (Figure 5b). Both conversions were inhibited by indomethacin, a potent COX-1 inhibitor. Interestingly, we further found that TXA2 synthase activity was significantly inhibited by piperine (Figure 4c). These results indicate that piperine inhibits the generation of TXB2 from released AA in the platelets by the suppression of TXA2 synthase activity, but not through a direct suppression of COX-1 activity. In contrast, treatment of RAW264.7 cells with piperine significantly inhibited the conversion of AA into prostaglandins PGE2 (Figure 5c) and PGD2 (Figure 5d) in a concentration-dependent manner. Taken together, these findings demonstrate that piperine inhibits the generation of eicosanoids by suppressing the activities of COX-2 and TXA2 synthase, but does not affect COX-1 activity.

Figure 5. Piperine inhibited the activity of COX-2, but not COX-1. The conversion of exogenous AA to thromboxane and prostaglandins were measured as a reflection of COX activity. Platelets and RAW264.7 cells were treated with a range of concentrations of piperine, DMSO (vehicle), 50 μM indomethacin (a COX-1 inhibitor), or 1 μM NS-398 (a COX-2 inhibitor), as presented in the graphs. Platelets and RAW264.7 cells were subsequently incubated with a mixture of [3H]AA and the unlabeled AA for 10 min. The radioactivity corresponding to [3H]TXB2 (a) and [3H]PGD2 (b) measured in platelets was an index of COX-1 activity, while [3H]PGE2 (c) and [3H]PGD2 (d) signal measured in RAW264.7 cells corresponded to COX-2 activity. Data are expressed as means ± S.D. (n = 3). * p < 0.05 vs. vehicle controls (black bars).
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4. Discussion

Collectively, our results demonstrate that piperine is a bioactive alkaloid compound that exhibits activity against platelet aggregation and the macrophage inflammatory response through the regulation of the AA-metabolizing enzymes. Additionally, we demonstrated that piperine suppresses the enzyme activity of cPLA2 and TXA2, but not COX-1, in collagen-stimulated platelets. Conversely, piperine was shown to suppress the activity of COX-2, but not cPLA2, in LPS-stimulated RAW264.7 macrophage cell line.

Piperine is an alkaloid from the Piper species that has been reported to inhibit platelet aggregation. However, the mechanism of the anti-platelet aggregation action of piperine remains unknown. Piperine has been previously shown to inhibit the expression of COX-2, a key enzyme in the AA metabolic pathway, resulting in a decreased production of PGE2 in the inflammatory responses. We therefore investigated a possible anti-platelet mechanism of piperine through the modulation of the AA metabolic pathway. Moreover, we compared the effects of piperine on the liberation of AA and the activities of AA-metabolizing enzymes in collagen-stimulated platelets and LPS-stimulated RAW264.7 cells. In our study, piperine inhibited collagen- and AA-induced platelet aggregation but did not affect the response to U46619. These findings suggest that the anti-platelet activity of piperine may be mediated through the inhibition of collagen- and AA-stimulated platelet activation cascades, rather than through direct antagonism of the TXA2 receptor. Additionally, piperine was found to inhibit the generation of PGE2 and PGD2 in LPS-stimulated RAW264.7 cells. We also found that piperine has different ranges of effective concentration on platelet aggregation (100 to 300 μM) and macrophage inflammatory responses (10 to 100 μM), respectively. Comparing the anti-platelet aggregation and anti-inflammatory activities of piperine, our results showed that the IC50 values for the inhibition of platelet aggregation (ranging from 134.2 to 158.0 μM) were higher than those determined for the inhibition of macrophage inflammatory response (ranging from 7.7 to 10.1 μM). This suggests that the murine macrophages RAW264.7 cells are more sensitive to piperine than rabbit platelets, but the pharmacological basis of this difference is unclear. Previous studies have demonstrated that the active concentrations of piperine vary, depending on the cell type and animal species in which its effects are assessed [39,40]. Therefore, through further mechanism studies, we evaluated the activity of piperine at concentrations that exhibited inhibitory activity in each of the platelet aggregation assay and RAW264.7 prostaglandin-generation experiments.

AA, which is released from the membrane phospholipids by the action of PLA2, is a substrate for the generation of eicosanoids through further enzymatic metabolism. We demonstrated that the increased liberation of AA in collagen-stimulated platelets and stimulation of RAW264.7 cells by LPS was suppressed by piperine in platelets, but not in RAW264.7 cells. Furthermore, piperine significantly inhibited the collagen-induced activity of cPLA2 in platelets, with the inhibitory effect corresponding to the suppression of AA liberation and platelet aggregation. Conversely, piperine did not affect LPS-induced cPLA2 activity in macrophages. These results indicated that piperine may selectively inhibit cPLA2 activity depend on the stimulus response pathway. This suggests that piperine may affect collagen-induced platelet aggregation and LPS-stimulated macrophage inflammatory response through distinct mechanisms.

COX is the key enzyme required for the conversion of AA to eicosanoids, and two isoforms COX-1 and COX-2 are well known and characterized. COX-1 is constitutively expressed in most of tissues and functions in normal cell physiology, and the other inducible COX-2 is expressed in response to inflammatory stimuli such including LPS [41,42,43]. A recent study demonstrated that COX-1 expression and activity is not significantly regulated by LPS stimulation in macrophages, although basal level of COX-2 is expressed [44]. In contrast, the amount of COX-2 in platelets exists at very low amounts [45].This suggests that platelets and macrophages differentially express COX-1 or COX-2 in different physiological situations [46]. In our current study, we showed that piperine effectively inhibits the conversion of exogenous AA into PGE2 and PGD2 in RAW264.7 cells, which is a reflection of its effect on COX-2 activity. This finding is consistent with previous observations demonstrating that piperine decreases the production of pro-inflammatory mediators by inhibiting the COX-2 gene transcription and protein expression in vitro and in vivo. COX-1, a COX isozyme constitutively expressed in the platelets, mediates the synthesis of eicosanoids, including TXA2 and PGD2, responsible for platelet activation and aggregation. Since the effect of piperine on COX-1 has not been studied yet, we investigated the effect of piperine on the activity of this isozyme in platelets. We found that piperine significantly inhibited the conversion of exogenous AA into TXB2, but not PGD2, a metabolite formed by COX-1 activity. This result indicates that the inhibition of TXB2 generation from AA by piperine is not dependent on COX-1 activity.

TXA2 synthase is an important AA-metabolizing enzyme, which converts PGH2 into TXA2 following the generation of PGH2 by COX-1 from AA in the platelets [4,35]. Interestingly, we found that TXA2 synthase activity was significantly inhibited by piperine, indicating that piperine inhibits TXB2 generation from AA in platelets by the suppression of TXA2 synthase activity, rather than through the suppression of COX-1 activity. While our results do not rule out the possibility of the involvement of other piperine-targeted enzymes (e.g., PGE2 and PGD2 synthases), our findings clearly demonstrate that piperine inhibits the generation of eicosanoid mediators from AA by the suppression of TXA2 synthase in platelets and selective inhibition of COX-2 in macrophages.



5. Conclusions

In conclusion, as summarized in Figure 6, piperine inhibits platelet aggregation by inhibiting cPLA2 and TXA2 activities but does not affect COX-1. In contrast, piperine inhibits macrophage inflammatory response by inhibiting COX-2 activity without effects on cPLA2. This demonstrates that piperine inhibits both platelet aggregation and macrophage inflammatory response via regulation of the AA-metabolizing pathways, but by different inhibitory effects on the metabolic enzymes. Further studies are warranted to determine the exact mechanism of inhibition of the activities of AA-metabolizing enzymes of piperine, and to investigate how it can be used in anti-thrombotic and anti-inflammatory therapies.

Figure 6. Scheme of the proposed mechanism by which piperine inhibits platelet aggregation and macrophage inflammatory processes. This study demonstrated that piperine (Figure 1a) inhibits both platelet aggregation (Figure 1b) and macrophage inflammatory responses (Figure 2). Treatment with piperine was shown to suppress AA liberation (Figure 3a) through the inhibition of cPLA2 activity (Figure 4a) in platelets, but not in macrophages (Figure 3b and Figure 4b). Additionally, piperine inhibits the activities of TXA2 synthase (Figure 4c) and COX-2 (Figure 5c,d), but not COX-1 (Figure 5a,b). Piperine inhibits cPLA2 and TXA2 activities, suppressing platelet aggregation through decreased TXA2 generation. Piperine-dependent inhibition of COX-2 activity results in a suppression of the macrophage inflammatory response through decreased prostaglandin generation.



[image: Nutrients 06 03336 g006 1024]












Acknowledgments

This work was supported by the Soonchunhyang University Research Fund. The authors gratefully acknowledge Takashi Sato, a professor emeritus at Kyoto Pharmaceutical University, for his support and comments.



Author Contributions

D.J.S. and S.A. designed and performed the experiments and wrote the manuscript. D.J.S., S.A., J.T.H., Y.P.Y. and S.Y.H. analyzed and interpreted data. Y.H.P. and S.E.L. supervised the overall research, secured funding, designed experiments and interpreted results and had primary responsibility for the final content. Y.H.P. and S.E.L. contributed equally to the manuscript. All authors approved the final version of the manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Hirsh, J. Hyperactive platelets and complications of coronary artery disease. N. Engl. J. Med. 1987, 316, 1543–1544. [Google Scholar] [CrossRef]

	2. 
Armstrong, R.A. Platelet prostanoid receptors. Pharmacol. Ther. 1996, 72, 171–191. [Google Scholar] [CrossRef]

	3. 
Siess, W. Molecular mechanisms of platelet activation. Physiol. Rev. 1989, 69, 58–178. [Google Scholar]

	4. 
Kuehl, F.A., Jr.; Egan, R.W. Prostaglandins, arachidonic acid, and inflammation. Science 1980, 210, 978–984. [Google Scholar]

	5. 
Frolov, A.; Yang, L.; Dong, H.; Hammock, B.D.; Crofford, L.J. Anti-inflammatory properties of prostaglandin E2: Deletion of microsomal prostaglandin E synthase-1 exacerbates non-immune inflammatory arthritis in mice. Prostaglandins Leukot. Essent. Fat. Acids 2013, 89, 351–358. [Google Scholar] [CrossRef]

	6. 
Panara, M.R.; Renda, G.; Sciulli, M.G.; Santini, G.; di Giamberardino, M.; Rotondo, M.T.; Tacconelli, S.; Seta, F.; Patrono, C.; Patrignani, P. Dose-dependent inhibition of platelet cyclooxygenase-1 and monocyte cyclooxygenase-2 by meloxicam in healthy subjects. J. Pharmacol. Exp. Ther. 1999, 290, 276–280. [Google Scholar]

	7. 
Moscardo, A.; Valles, J.; Latorre, A.; Madrid, I.; Santos, M.T. Reduction of platelet cytosolic phospholipase A2 activity by atorvastatin and simvastatin: Biochemical regulatory mechanisms. Thromb. Res. 2013, 131, e154–e159. [Google Scholar] [CrossRef]

	8. 
Knijff-Dutmer, E.A.; Kalsbeek-Batenburg, E.M.; Koerts, J.; van de Laar, M.A. Platelet function is inhibited by non-selective non-steroidal anti-inflammatory drugs but not by cyclo-oxygenase-2-selective inhibitors in patients with rheumatoid arthritis. Rheumatology 2002, 41, 458–461. [Google Scholar] [CrossRef]

	9. 
Meghwal, M.; Goswami, T.K. Piper nigrum and piperine: An update. Phytother. Res. PTR 2013, 27, 1121–1130. [Google Scholar]

	10. 
Doucette, C.D.; Hilchie, A.L.; Liwski, R.; Hoskin, D.W. Piperine, a dietary phytochemical, inhibits angiogenesis. J. Nutr. Biochem. 2013, 24, 231–239. [Google Scholar]

	11. 
Lin, Y.; Xu, J.; Liao, H.; Li, L.; Pan, L. Piperine induces apoptosis of lung cancer a549 cells via p53-dependent mitochondrial signaling pathway. Tumour Biol. J. Int. Soc. Oncodevel. Biol. Med. 2013. [Google Scholar] [CrossRef]

	12. 
Samykutty, A.; Shetty, A.V.; Dakshinamoorthy, G.; Bartik, M.M.; Johnson, G.L.; Webb, B.; Zheng, G.; Chen, A.; Kalyanasundaram, R.; Munirathinam, G. Piperine, a bioactive component of pepper spice exerts therapeutic effects on androgen dependent and androgen independent prostate cancer cells. PLoS One 2013, 8, e65889. [Google Scholar]

	13. 
Lai, L.H.; Fu, Q.H.; Liu, Y.; Jiang, K.; Guo, Q.M.; Chen, Q.Y.; Yan, B.; Wang, Q.Q.; Shen, J.G. Piperine suppresses tumor growth and metastasis in vitro and in vivo in a 4T1 murine breast cancer model. Acta Pharmacol. Sin. 2012, 33, 523–530. [Google Scholar] [CrossRef]

	14. 
Do, M.T.; Kim, H.G.; Choi, J.H.; Khanal, T.; Park, B.H.; Tran, T.P.; Jeong, T.C.; Jeong, H.G. Antitumor efficacy of piperine in the treatment of human HER2-overexpressing breast cancer cells. Food Chem. 2013, 141, 2591–2599. [Google Scholar] [CrossRef]

	15. 
Li, S.; Lei, Y.; Jia, Y.; Li, N.; Wink, M.; Ma, Y. Piperine, a piperidine alkaloid from piper nigrum re-sensitizes P-gp, MRP1 and BCRP dependent multidrug resistant cancer cells. Phytomed. Int. J. Phytother. Phytopharm. 2011, 19, 83–87. [Google Scholar]

	16. 
Vaibhav, K.; Shrivastava, P.; Javed, H.; Khan, A.; Ahmed, M.E.; Tabassum, R.; Khan, M.M.; Khuwaja, G.; Islam, F.; Siddiqui, M.S.; et al. Piperine suppresses cerebral ischemia-reperfusion-induced inflammation through the repression of COX-2, NOS-2, and NF-kappaB in middle cerebral artery occlusion rat model. Mol. Cell. Biochem. 2012, 367, 73–84. [Google Scholar] [CrossRef]

	17. 
Umar, S.; Golam Sarwar, A.H.; Umar, K.; Ahmad, N.; Sajad, M.; Ahmad, S.; Katiyar, C.K.; Khan, H.A. Piperine ameliorates oxidative stress, inflammation and histological outcome in collagen induced arthritis. Cell. Immunol. 2013, 284, 51–59. [Google Scholar] [CrossRef]

	18. 
Ying, X.; Chen, X.; Cheng, S.; Shen, Y.; Peng, L.; Xu, H.Z. Piperine inhibits IL-β induced expression of inflammatory mediators in human osteoarthritis chondrocyte. Int. Immunopharmacol. 2013, 17, 293–299. [Google Scholar] [CrossRef]

	19. 
Bang, J.S.; Oh da, H.; Choi, H.M.; Sur, B.J.; Lim, S.J.; Kim, J.Y.; Yang, H.I.; Yoo, M.C.; Hahm, D.H.; Kim, K.S. Anti-inflammatory and antiarthritic effects of piperine in human interleukin 1beta-stimulated fibroblast-like synoviocytes and in rat arthritis models. Arthritis Res. Ther. 2009, 11, R49. [Google Scholar] [CrossRef]

	20. 
Kim, H.G.; Han, E.H.; Jang, W.S.; Choi, J.H.; Khanal, T.; Park, B.H.; Tran, T.P.; Chung, Y.C.; Jeong, H.G. Piperine inhibits PMA-induced cyclooxygenase-2 expression through downregulating NF-kappaB, C/EBP and AP-1 signaling pathways in murine macrophages. Food Chem. Toxicol. 2012, 50, 2342–2348. [Google Scholar]

	21. 
Liu, Y.; Yadev, V.R.; Aggarwal, B.B.; Nair, M.G. Inhibitory effects of black pepper (Piper nigrum) extracts and compounds on human tumor cell proliferation, cyclooxygenase enzymes, lipid peroxidation and nuclear transcription factor-kappa-B. Nat. Prod. Commun. 2010, 5, 1253–1257. [Google Scholar]

	22. 
Ying, X.; Yu, K.; Chen, X.; Chen, H.; Hong, J.; Cheng, S.; Peng, L. Piperine inhibits LPS induced expression of inflammatory mediators in raw 264.7 cells. Cell. Immunol. 2013, 285, 49–54. [Google Scholar] [CrossRef]

	23. 
Raghavendra, R.H.; Naidu, K.A. Spice active principles as the inhibitors of human platelet aggregation and thromboxane biosynthesis. Prostaglandins Leukot. Essent. Fat. Acids 2009, 81, 73–78. [Google Scholar]

	24. 
Park, B.S.; Son, D.J.; Park, Y.H.; Kim, T.W.; Lee, S.E. Antiplatelet effects of acidamides isolated from the fruits of Piper longum L. Phytomedicine 2007, 14, 853–855. [Google Scholar]

	25. 
Iwashita, M.; Saito, M.; Yamaguchi, Y.; Takagaki, R.; Nakahata, N. Inhibitory effect of ethanol extract of Piper longum l. On rabbit platelet aggregation through antagonizing thromboxane a2 receptor. Biol. Pharm. Bull. 2007, 30, 1221–1225. [Google Scholar] [CrossRef]

	26. 
Son, D.J.; Cho, M.R.; Jin, Y.R.; Kim, S.Y.; Park, Y.H.; Lee, S.H.; Akiba, S.; Sato, T.; Yun, Y.P. Antiplatelet effect of green tea catechins: A possible mechanism through arachidonic acid pathway. Prostaglandins Leukot. Essent. Fat. Acids 2004, 71, 25–31. [Google Scholar]

	27. 
Akiba, S.; Ohno, S.; Chiba, M.; Kume, K.; Hayama, M.; Sato, T. Protein kinase calpha-dependent increase in Ca2+-independent phospholipase A2 in membranes and arachidonic acid liberation in zymosan-stimulated macrophage-like P388D1 cells. Biochem. Pharmacol. 2002, 63, 1969–1977. [Google Scholar] [CrossRef]

	28. 
Provost, P.; Merhi, Y. BW755C, a dual lipoxygenase/cyclooxygenase inhibitor, reduces mural platelet and neutrophil deposition and vasoconstriction after angioplasty injury in pigs. J. Pharmacol. Exp. Ther. 1996, 277, 17–21. [Google Scholar]

	29. 
Hashizume, T.; Nakao, M.; Kageura, T.; Sato, T. Sphingosine enhances arachidonic acid liberation in response to U46619 through an increase in phospholipase A2 activity in rabbit platelets. J. Biochem. 1997, 122, 1034–1039. [Google Scholar] [CrossRef]

	30. 
Akiba, S.; Yoneda, Y.; Ohno, S.; Nemoto, M.; Sato, T. Oxidized LDL activates phospholipase A2 to supply fatty acids required for cholesterol esterification. J. Lipid Res. 2003, 44, 1676–1685. [Google Scholar] [CrossRef]

	31. 
Akiba, S.; Hatazawa, R.; Ono, K.; Kitatani, K.; Hayama, M.; Sato, T. Secretory phospholipase A2 mediates cooperative prostaglandin generation by growth factor and cytokine independently of preceding cytosolic phospholipase A2 expression in rat gastric epithelial cells. J. Biol. Chem. 2001, 276, 21854–21862. [Google Scholar]

	32. 
Jung, K.M.; Park, K.S.; Oh, J.H.; Jung, S.Y.; Yang, K.H.; Song, Y.S.; Son, D.J.; Park, Y.H.; Yun, Y.P.; Lee, M.K.; et al. Activation of p38 mitogen-activated protein kinase and activator protein-1 during the promotion of neurite extension of PC-12 cells by 15-deoxy-delta12,14-prostaglandin J2. Mol. Pharmacol. 2003, 63, 607–616. [Google Scholar] [CrossRef]

	33. 
Bertele, V.; di Minno, G.; de Gaetano, G. U-46619, a stable analogue of prostaglandin H2, induces retraction of human platelet-rich plasma clots. Thromb. Res. 1980, 18, 543–545. [Google Scholar] [CrossRef]

	34. 
Harris, S.G.; Padilla, J.; Koumas, L.; Ray, D.; Phipps, R.P. Prostaglandins as modulators of immunity. Trends Immunol. 2002, 23, 144–150. [Google Scholar] [CrossRef]

	35. 
Ricciotti, E.; FitzGerald, G.A. Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [Google Scholar] [CrossRef]

	36. 
Nozawa, Y.; Nakashima, S.; Nagata, K. Phospholipid-mediated signaling in receptor activation of human platelets. Biochim. Biophys. Acta 1991, 1082, 219–238. [Google Scholar]

	37. 
Mounier, C.; Faili, A.; Vargaftig, B.B.; Bon, C.; Hatmi, M. Secretory phospholipase A2 is not required for arachidonic acid liberation during platelet activation. Eur. J. Biochem. FEBS 1993, 216, 169–175. [Google Scholar]

	38. 
Lio, Y.C.; Reynolds, L.J.; Balsinde, J.; Dennis, E.A. Irreversible inhibition of Ca2+-independent phospholipase A2 by methyl arachidonyl fluorophosphonate. Biochim. Biophys. Acta 1996, 1302, 55–60. [Google Scholar]

	39. 
Ouyang, D.Y.; Zeng, L.H.; Pan, H.; Xu, L.H.; Wang, Y.; Liu, K.P.; He, X.H. Piperine inhibits the proliferation of human prostate cancer cells via induction of cell cycle arrest and autophagy. Food Chem. Toxicol. 2013, 60, 424–430. [Google Scholar] [CrossRef]

	40. 
Taqvi, S.I.; Shah, A.J.; Gilani, A.H. Blood pressure lowering and vasomodulator effects of piperine. J. Cardiovasc. Pharmacol. 2008, 52, 452–458. [Google Scholar] [CrossRef]

	41. 
Khan, K.N.; Venturini, C.M.; Bunch, R.T.; Brassard, J.A.; Koki, A.T.; Morris, D.L.; Trump, B.F.; Maziasz, T.J.; Alden, C.L. Interspecies differences in renal localization of cyclooxygenase isoforms: Implications in nonsteroidal antiinflammatory drug-related nephrotoxicity. Toxicol. Pathol. 1998, 26, 612–620. [Google Scholar]

	42. 
Simon, L.S. Role and regulation of cyclooxygenase-2 during inflammation. Am. J. Med. 1999, 106, 37S–42S. [Google Scholar] [CrossRef]

	43. 
Tsatsanis, C.; Androulidaki, A.; Venihaki, M.; Margioris, A.N. Signalling networks regulating cyclooxygenase-2. Int. J. Biochem. Cell Biol. 2006, 38, 1654–1661. [Google Scholar] [CrossRef]

	44. 
Utar, Z.; Majid, M.I.; Adenan, M.I.; Jamil, M.F.; Lan, T.M. Mitragynine inhibits the COX-2 mRNA expression and prostaglandin E2 production induced by lipopolysaccharide in raw264.7 macrophage cells. J. Ethnopharmacol. 2011, 136, 75–82. [Google Scholar] [CrossRef]

	45. 
Reiter, R.; Resch, U.; Sinzinger, H. Do human platelets express COX-2? Prostaglandins Leukot. Essent. Fat. Acids 2001, 64, 299–305. [Google Scholar]

	46. 
Dubois, R.N.; Abramson, S.B.; Crofford, L.; Gupta, R.A.; Simon, L.S.; van de Putte, L.B.; Lipsky, P.E. Cyclooxygenase in biology and disease. FASEB J. 1998, 12, 1063–1073. [Google Scholar]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
* opuj

100 200 300
Piperine (uM)

Platelets

2
3
§
s

LTV

g

g
(wdp)
2@9dl[H,] 03 uoisianuod vyl

8000-
6000
2000

(b)

(2)

°
3
£

100 200 300
Piperine (M)

Platelets

LETE

g 8 °
i3

)
8
S
o

S & o g 2
28888
28888
888 <

(wdp)
2axLIH,] 03 uosieAuod yyIH,]

AA

AA

Macrophages

) 3 S
8 8 8
S S 38
B E

4000

]
(wdp)
2a9dIH] 03 uoIsIaAU0d YyIH]

=
=

s

"

@

o0

=1

=

s

S

<9

s
ST & T °
E 5 & 8
® ® ¥ «

(wdp)

(c)

239d[H,] 03 uoisiaauod yvIlH]

50 100 2
Piperine (uM) &

10

86€-SN

10 50 100
Piperine (uM)

AA





nav.xhtml


  nutrients-06-03336


  
    		
      nutrients-06-03336
    


  




  





media/file5.png
Platelets Macrophage

cPLA; |\ cPLA;

cox- &x; WQ —lcox-2|
Piperine

PGD, ? | TXA, \— | Other
synthase ; synthase ] synthases

i

RO CINCIECS

PGD, ? GE, Other ?
synthase ‘ synthase synthases

Aggregation | Inflammation |





media/file3.png
100 Macrophages

(b)

Platelets

@

S o o o
& @ ¥ ]

(ureyoud Bujuiwjjowd)
Rugoy 2y1do

< N
S <

(ureyoud Buwyuiwyjowu)
Ananoe 14

50 100 &
Piperine (M) é

10

3pIMeA

apIuEA

5

100 200 300
Piperine (uM)

BIIYBA

LPS

collagen

©

Platelets

& d & b & &
8 8§ |8 ¢ ¢©

(s1010381d 01 xp/Bu 2gX L)
Ayanoe eseyjuhs dyx L

k3

N
8
2
E

100 200 300
Piperine (1M)

ap1UaA





media/file0.png
(b)

(a)

Platelet Aggregation
% of vehicle control)

(

-@- Collagen
A AA
@ U46619
1001 @
80 § 9 s ~
3 o
60
40
20 (]
A § ?
Vehicle 100 200 300

Piperine (uM)





media/file1.png
(b)

(@)

<

(wdp) 2@9dlH]

S g
S 8
3 8

(wdp) 239d[H,]

(C)

(c)

2000-

2 o o o
g 8 8 ¢
8 & 9

(wdp) 2@9dlH]

<

< )
8 8 3

(wdp) 239d[H]

°

PS

50
Piperine (uM)
LI

3PIYaA

3PIYaA

50
Piperine (M)

e
LETON

EETE

LPS





media/file2.png
@ « IS
= 8 .m 14
£ g
- ola
5 E
=
= |d1yaA
|d1yaA
& & & & & o
g8 8 8 8 8
g 8 8 8 8
g8 8 8 8 R
(wdp) pioe sjuopiyoeiy[H ]
-
=
S
N
E 3
=
A EETTN
EETTIN

£ & & & -

H 8 ]
(wdp) p1oe a1uopiyoesviH]

(@)





