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Abstract

:

Atherosclerosis is one of the most reported diseases worldwide, and extensive research and trials are focused on the discovery and utilizing for novel therapeutics. Nitric oxide (NO) is produced mainly by endothelial nitric oxide synthase (eNOS) and it plays a key role in regulating vascular function including systemic blood pressure and vascular inflammation in vascular endothelium. In this study hypothesized that Impressic acid (IPA), a component isolated from Acanthopanax koreanum, acts as an enhancer of eNOS activity and NO production. IPA treatment induced eNOS phosphorylation and NO production, which was correlated with eNOS phosphorylation via the activation of JNK1/2, p38 MAPK, AMPK, and CaMKII. In addition, the induction of eNOS phosphorylation by IPA was attenuated by pharmacological inhibitor of MAPKs, AMPK, and CaMKII. Finally, IPA treatment prevented the adhesion of TNF-α-induced monocytes to endothelial cells and suppressed the TNF-α-stimulated ICAM-1 expression via activation of NF-κB, while treatment with L-NAME, the NOS inhibitor, reversed the inhibitory effect of IPA on TNF-α-induced ICAM-1 expression via activation of NF-κB. Taken together, these findings show that IPA protects against TNF-α-induced vascular endothelium dysfunction through attenuation of the NF-κB pathway by activating eNOS/NO pathway in endothelial cells.
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1. Introduction


Atherosclerosis represents an important health problem and is the leading cause of mortality worldwide. The vascular endothelium plays a vital role in the prevention of atherosclerosis by decreasing oxidative stress, attenuating atherosclerotic events, and preventing vascular inflammatory and adhesion cascades. In fact, vascular endothelial dysfunction leads to impaired nitric oxide (NO) availability, which plays a key role in systemic blood pressure and vascular inflammation [1]. Decreasing NO production in endothelial cells (ECs) is considered a major promoter of atherothrombosis. Hence, the development of strategies to protect and prevent or reduce endothelial dysfunction has become important.



NO, which is a soluble gas continuously produced by the vascular endothelium, has a wide range of biological functions that modulate vasodilatation, blood pressure, mitochondrial respiration, and platelet function [2,3]. In ECs, NO is synthesized from the amino acid l-arginine and molecular oxygen by the constitutively expressed endothelial form of endothelial nitric oxide synthase (eNOS) or NOS3 [4]. NO is produced and released in response to treatment with a variety of different eNOS activators, including thapsigargin, ATP, vascular endothelial growth factor (VEGF), bradykinin, and sphingosine-1-phosphate, as well as by mechanical forces, such as shear stress [5,6]. The phosphorylation of serine and threonine residues of eNOS by protein kinases, such as 5′ AMP-activated protein kinase (AMPK) [7], Ca2+ calmodulin-dependent protein kinase II (CaMKII) [8], protein kinase A (PKA) [9], and protein kinase C (PKC) [10] is believed to be important for regulating the activity of eNOS in ECs [11]. It has also been reported that Akt is related to VEGF-dependent phosphorylation of Ser1177 of human eNOS (equivalent to Ser1179 in bovine eNOS) increases eNOS activity and enhances the production of NO [12,13,14,15].



Impressic acid (IPA; 3α-11α-dihydroxylup-20(29)-en-28-oic acid) is a lupane-type triterpenoid that was isolated for the first time from Schefflera impressa [16]. In Korea, it is found in the roots [17] and leaves [18] of Acanthopanax koreanum, which has been used as a folk medicine for rheumatism, hepatitis, type 2 diabetes, and inflammatory disorders. IPA has been reported to possess the ability to downregulate matrix metalloproteinase-13 activity and protect against cartilage destruction [19]. IPA also inhibits tumor necrosis factor (TNF)-α-induced nuclear factor-κB (NF-κB) activity and can upregulate the transcriptional activity of peroxisome proliferator-activated receptor γ (PPARγ) [20]. Although IPA possesses important biological properties, the effects of IPA on eNOS activity and NO production in human ECs have not been previously reported. In the present study, we investigated the vascular protective effect of IPA by elucidating the molecular mechanism involved in the IPA-dependent increase in eNOS activity using cultured EA.hy926 human vascular ECs.




2. Results


2.1. Cytotoxicity of IPA in EA.hy926 Cells


The chemical structure of IPA is shown in Figure 1A. The cytotoxicity of IPA to EA.hy926 cells was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and LDH assays. As shown in Figure 1B,C, IPA did not cause significant cytotoxicity at concentrations less than 50 μM. Thus, we used a range of 1–20 μM IPA in subsequent experiments.




2.2. IPA Increases eNOS Phosphorylation and NO Production in Endothelial Cells


eNOS activity is regulated by the phosphorylation/dephosphorylation state of the enzyme. In particular, phosphorylation of eNOS at Ser1177 is pivotal in regulating NO generation [21]. As shown in Figure 2A, IPA treatment upregulated phosphorylation of eNOS-Ser1177 as early as 10 min post-stimulation and this persisted until 120 min post-stimulation. When EA.hy926 and human umbilical vein endothelial cells (HUVECs) were also stimulated with various concentrations of IPA, we found that eNOS phosphorylation was significantly increased in response to 5 μM IPA, and a maximal induction was observed at 20 μM (Figure 2B; Figure S1A). Similar findings were observed in terms of NO production under IPA treatment conditions (Figure 2C,D and Figure S1B). NO production stimulated by IPA was inhibited by the NOS inhibitor, L-NAME (Figure 2E,F and Figure S1C). Taken together, IPA induces eNOS activity and concomitant NO production in a time- and concentration-dependent manner in endothelial cells.




2.3. AMPK and CaMKII Are Required for IPA-Induced eNOS Phosphorylation and NO Production


AMPK is a sensor of cellular energy state and a regulator of cellular homeostasis [22,23]. Previously, AMPK has been reported to activate eNOS at Ser1177 [23,24,25]. CaMKII also regulates eNOS expression by altering the level of eNOS-Ser117 phosphorylation and NO production in ECs [26,27]. Western blotting indicated that IPA treatment increased AMPK and CaMKII phosphorylation in a time- and concentration-dependent manner in EA.hy926 cells (Figure 3A,B).



The AMPK and CaMKII inhibitors compound C and KN-93, respectively, were used to determine whether AMPK and CaMKII are required for IPA-induced eNOS-Ser1177 phosphorylation and NO production. Interestingly, eNOS-Ser1177 phosphorylation and NO production in ECs were attenuated by IPA and compound C or KN-93 treatment (Figure 3C–E). These data suggest that eNOS activity and NO production promoted by IPA-induced phosphorylation are dependent on AMPK and CaMKII signaling.




2.4. Role of Akt and MAPKs in IPA-Induced eNOS Phosphorylation and NO Production


Recent data has shown that direct phosphorylation of eNOS can occur via the PI3K pathway by activating Akt, which reduces the enzyme’s calcium requirement and results in increased production of NO [28,29]. P38 MAPK (p38), ERK, and JNK have also been reported to be involved in vascular relaxation and NO production [30,31]. Therefore, we examined the activity of Akt, ERK, p38, and JNK in IPA-treated EA.hy926 cells. Western blot analysis indicated that treatment of EA.hy926 cells with IPA resulted in a sustained phosphorylation of Akt, ERK, JNK, and p38 in a time- and concentration-dependent manner (Figure 4A,B). To further elucidate whether activation of Akt and MAPKs is required for eNOS phosphorylation, we used LY-294002 (inhibitor of PI3K, the upstream activator of Akt), PD98059 (ERK1/2 inhibitor), SB203580 (p38 inhibitor), and SP600125 (JNK1/2 inhibitor) prior to stimulation with IPA. Treatment of ECs with these inhibitors did not affect basal levels of eNOS. On the other hand, pharmacological inhibition of p38 and JNK1/2 significantly reduced IPA-mediated induction of eNOS and NO production while inhibitors of Akt and ERK1/2 had no effect (Figure 4C,D). These data indicate that IPA stimulates the phosphorylation of eNOS in EA.hy926 cells is independent of Akt, ERK1/2, yet p38 and JNK1/2 were necessary for eNOS activation and NO production.




2.5. Effects of IPA on the Inhibition of NF-κB Activation, ICAM-1 Expression, and Monocyte Adhesion in ECs


The transcription factor NF-κB plays an essential role in inflammation in ECs [32]. Furthermore, NO derived from eNOS is known to exert direct anti-inflammatory effects [33]. Thus, with respect to the emerging role of inflammatory responses in the development of endothelial dysfunction and its attenuation due to NO release, we examined if IPA had an effect on TNF-α-induced NF-κB signaling, or on the expression of intercellular cell adhesion molecule (ICAM) in EA.hy926 cells. As expected, treatment of EA.hy926 cells with TNF-α, an NF-κB-activating inflammatory stimulus, increased the expression of ICAM and p65, while this increase was significantly suppressed by treatment with IPA (Figure 5A,C). In addition, treatment with L-NAME, the NOS inhibitor, markedly reversed the inhibitory effect of IPA on TNF-α-induced ICAM expression (Figure 5B). Fluorescence microscopy images showed that in untreated cells, the NF-κB p65 protein is maintained in an inactive state in the cytoplasm, whereas stimulation of cells with TNF-α resulted in the nuclear localization of p65 NF-κB. However, cells treated with 20 μM IPA exhibited diminished staining of nuclear p65 (Figure 5D). In addition, IPA treatment decreased NF-κB-dependent promoter activity (Figure 5E), while treatment with L-NAME significantly reversed the inhibitory effect of IPA on TNF-α-induced activation and translocation of NF-κB (Figure 5D,E). At 10–20 μM, IPA also substantially inhibited the adhesion of U937 monocytes to ECs (Figure 5F,G). Emerging evidence suggests that IPA may help attenuate endothelial dysfunction by opposing the atherogenic actions of pro-inflammatory cytokines.





3. Discussion


Previous studies have demonstrated the anti-inflammatory effects of IPA, i.e., a significant reduction in the inhibitory activity of the nuclear factor of activated T-cells and reduction of the production of pro-inflammatory cytokines, including TNF-α, interleukin (IL)-6, and IL-12 p40 by lipopolysaccharide stimulation in bone marrow-derived dendritic cells [18,34]. IPA has also been shown to up-regulate PPARα1, PPARα2, and sterol regulatory element-binding protein 2 (SREBP-2), and suppress the expression of insulin-induced gene 2 (Insig-2) [20]. However, there have been few pharmacological studies of IPA focusing on vascular protection, and the mechanism has not been fully elucidated. Our study is the first to demonstrate that IPA rapidly stimulates eNOS phosphorylation on Ser1177 in EA.hy926 cells, resulting in an acute increase in NO production. Furthermore, IPA stimulated PI3K/Akt, MAPK, CaMKII, as well as AMPK activation, which play an important role in mediating IPA-stimulated eNOS activation.



Protein–protein interactions play an important role in eNOS activity, which is tightly controlled by co- and post-translational phosphorylation and lipid modifications. Treatment of ECs with VEGF, hypoxia, PPAR agonists, and adiponectin can stimulate AMPK-dependent phosphorylation of eNOS-Ser1177 [35]. Transfection of human ECV304 ECs with a constitutively active form of AMPK was sufficient to increase eNOS phosphorylation, indicating that AMPK also functions as an eNOS activator [36]. In the present study, the tested concentrations of IPA were based on the non-cytotoxic concentration range, which is consistent with previous in vitro studies using IPA [19,20]. IPA induced AMPK phosphorylation in a concentration- and time-dependent manner. In addition, the AMPK inhibitor reduced AMPK and eNOS activity, as well as NO production, indicating that IPA induces AMPK-dependent eNOS activation.



Ca2+- CaMKII signaling is reported to play a crucial role in eNOS activation and NO production [37]. In the present study, phosphorylation of CaMKII was positively regulated by IPA. Furthermore, the CaMKII inhibitor, KN-93, significantly inhibited IPA-induced phosphorylation of eNOS. Interestingly, in our previous study, betulinic acid ((3β)-3-hydroxy-lup-20(29)-en-28-oic acid), which has a chemical structure similar to IPA, also showed AMPK- and CaMKII-dependent eNOS activation [38]. Though IPA and betulinic acid originate from different plant families, the high chemical similarity may explain the molecular mechanism of IPA-induced eNOS activation.



The intracellular signaling kinase, Akt, which is phosphorylated in response to increased mechanical force in cultured ECs, also induces phosphorylation of eNOS [39]. Inhibition of the PI3K/Akt pathway or mutation of the Akt site attenuates the activation of eNOS [28]. The PI3K/Akt/eNOS signaling pathway is critical for maintenance of endothelial vascular tone and integrity [40,41]. MAPKs, including ERK, p38, and JNK, are important signaling pathways that are involved in cell metabolism, growth, and expression, and the eNOS pathway is often also involved [42,43,44]. In the present study, we observed that IPA increased the phosphorylation of Akt and MAPKs (p38 MAPK, JNK, and ERK1/2) in a time and concentration-dependent manner. However, the inhibition of Akt and ERK1/2 did not suppress IPA-induced phosphorylation of eNOS in EA.hy926 cells as well as NO production while JNK1/2 and p38 abolished strongly eNOS activity and NO production in EA.hy926. These results suggest that IPA-induced eNOS activity is involved in the p38 and JNK1/2 pathways.



Activation of NF-κB causes transcriptional activation of genes encoding adhesion molecules such as ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1), which are responsible for monocyte adhesion and are involved in the pathogenesis of a variety of vascular inflammatory diseases [29]. Recently, a number of studies have shown that promotion of eNOS activation and NO production in the endothelium contributes to NF-κB inactivation, and attenuates atherosclerosis [45,46]. Moreover, the ability of NO to inhibit the expression of endothelial–leukocyte adhesion molecules and certain pro-inflammatory cytokines makes it a potentially important regulator of inflammatory trafficking within the vessel wall [47]. Bath and co-workers reported that NO inhibits monocyte adhesion to the endothelium in vitro, without altering expression of CDl1b/CD18, one of the cognate ligands on monocytes for endothelial leukocyte adhesion molecules [48]. Consistent with a previous report [49], IPA significantly reduced TNF-α-induced ICAM-1 expression, NF-κB activation, and monocyte adhesion. However, the inhibitor L-NAME strongly blocked the IPA-stimulated inhibition of cytokine-induced ICAM-1 expression and NF-κB activation. These results suggest that the inhibition of ICAM-1 expression and NF-κB activation might directly mediate the IPA-dependent stimulation of NO production. In conclusion, IPA induces eNOS activation via the AMPK, CaMKII, p38 and JNK1/2 pathways, and IPA-induced NO generation inhibits vascular inflammation by downregulating ICAM-1 expression and NF-κB activation. Moreover, this study provides important insights into the beneficial effects of IPA on protection of the vasculature from EC dysfunction and may contribute to the development of new therapeutic drugs for vascular diseases.




4. Materials and Methods


4.1. Chemicals and Reagents


IPA was provided by Dr. Young-Ho Kim (Chungnam National University, Daejeon, Korea). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and trypsin-EDTA were obtained from Gibco-BRL (Grand Island, NY, USA). KN-93 and TNF-α were purchased from Sigma-Aldrich (St. Louis, MO, USA). LY294002, PD98059, SB203580, SP600125, compound C, and L-NAME were purchased from Calbiochem (La Jolla, CA, USA). 4,5-Diaminofluorescein diacetate (DAF-2 DA) was obtained from Invitrogen (Carlsbad, CA, USA). Antibodies against phospho-AMPKα, phospho-eNOS, eNOS, phospho-CaMKII, phospho-Akt, Akt, phospho- extracellular signal-regulated kinase (ERK), ERK, phospho-c-Jun N-terminal kinase (JNK), JNK, phospho-p38, and p38 were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against NF-κB, AMPKα and β-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The tetrazole 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was acquired from USB Corporation (Cleveland, OH, USA). The cytotoxicity detection kit was obtained from Roche Applied Science (Indianapolis, IN, USA). The enhanced chemiluminescence (ECL) system was obtained from BioFact (Daejeon, Korea) and polyvinylidene difluoride (PVDF) membranes were purchased from Amersham Pharmacia Biotech (Uppsala, Sweden). All other chemicals were of the highest commercial grade available.




4.2. Cell Culture and Treatment


EA.hy926 cells were obtained from the American Type Culture Collection (Bethesda, MD, USA) and cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin (HyClone, Logan, UT, USA). HUVECs were obtained from Lonza (Walkersville, MD, USA) and cultured in Endothelial Growth Medium 2 (Lonza). The cells were incubated at 37 °C in a humidified incubator containing 5% CO2. In all in vitro experiments, cells were used at passages 3–10. IPA was dissolved in dimethylsulfoxide (DMSO) and stored at −20 °C until use. The control cells were treated with DMSO alone and the final concentration of DMSO was kept at <0.2%.




4.3. Measurement of Cell Cytotoxicity


Conventional MTT reduction and LDH assays were used to determine the toxicity of IPA to EA.hy926. Cells were seeded in DMEM medium containing 10% FBS in 48-well plates at 37 °C for 24 h. The following day, cells were treated with different concentrations of IPA and the plates were incubated at 37 °C for 24 h. MTT solution was added, followed by incubation for 30 min, and formazan crystals were solubilized by adding DMSO. The absorbance at 550 nm was measured using a BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, VT, USA). The media were collected to perform a lactate dehydrogenase assay and the absorbance was measured at 490 nm with a BioTek Synergy HT microplate reader (BioTek Instruments). Cell viability (%) and cytotoxicity (fold-change) were quantified based on the absorbance of treated cells relative to control (exposed to DMSO alone).




4.4. Protein Extraction and Western Blotting


Cell lysates were prepared in lysis buffer (120 mM NaCl, 40 mM Tris (pH 8), and 0.1% Nonidet P-40) on ice for 30 min and centrifuged at 13,000 rpm for 15 min. The supernatant was collected as the source of sample protein and concentrations were determined at 595 nm using a protein assay kit (Pro-Measure; Intron Biotechnology, Seongnam, Korea). Equal amounts of total cellular protein were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto PVDF membranes. After blocking with 5% skim milk for 1 h, blots were incubated with primary antibodies overnight, followed by incubation with a horseradish peroxidase-conjugated secondary antibody. The protein bands were visualized using the ECL western blot detection system. ImageJ software (NIH, Bethesda, MD, USA) was used to calculate the integrated OD for the protein band and the values were normalized to an internal control.




4.5. Quantification of NO


The production of NO was measured using the complimentary fluorescent NO indicator probe, DAF-2 DA (Invitrogen). DAF-2 DA is cell-permeable, passively diffuses across cell membranes and is commonly used to detect intracellular NO levels in living cells [50,51,52]. EA.hy926 cells were cultured to 90% confluence in 48-well plates and serum-starved overnight. Before IPA treatment, the cells were incubated with DAF-2 DA at a final concentration of 5 µM for 30 min at 37 °C, rinsed three times with fresh media to remove excess probe, and incubated for an additional 15 min at room temperature to allow for complete de-esterification. For inhibition experiments, the NOS, AMPK, and CAMK inhibitors, l-NAME (100 µM), compound C (10 µM), and KN-93 (10 µM), respectively, were added 30 min before loading with DAF-2 DA. The fluorescence was measured using a fluorescence spectrophotometer, the BioTek Synergy HT microplate reader (BioTek Instruments), at 495/515 nm and selected cells were captured with an EVOS fluorescence microscope (Life Technologies, Carlsbad, CA, USA).




4.6. Transient Transfection and Luciferase Reporter Assay


NF-κB reporter construct was purchased from BPS Bioscience, Inc. (Cornerstone Court West, San Diego, CA, USA). Briefly, EA.hy926 cells were seeded in 48-well plates for 24 h and transiently transfected with 500 ng/well of luciferase reporter construct and 50 ng/well of internal control plasmid of the pCMV-β-galactosidase reporter plasmid using Lipofectamine 2000 reagent, according to the manufacturer’s instructions (Invitrogen). NF-κB-promoter activity was determined using a dual-luciferase reporter assay system (Promega, Madison, WI, USA).




4.7. Immunofluorescence Staining


EA.hy926 cells were grown on glass coverslips to 60–80% confluence. The cells were fixed in 4% paraformaldehyde for 20 min at room temperature and blocked with 5% serum for 30 min. After five washes with phosphate-buffered saline (PBS) with 0.2% Tween, glass coverslips were immersed in 0.2% Triton X-100 in PBS for 10 min. Thereafter, EA.hy926 cells were incubated with a primary antibody against NF-κB (1:200) at 4 °C overnight. After washing, cells were incubated with Alexa Fluor 532-conjugated secondary (1:500; Molecular Probes, Eugene, OR, USA) for 2 h at room temperature. Cellular nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:1,000 dilution).




4.8. Cell–Cell Adhesion Assay


Cell–cell adhesion experiments were conducted using EA.hy926 and U937 human leukemic-monocyte lymphoma cells under normal conditions and following stimulation with TNF-α. Confluent EA.hy926 cells in 48-well plates were incubated with IPA for 1 h and stimulated with TNF-α for 6 h. U937 cells were fluorescently labeled using calcein-AM (BD Biosciences, Bedford, MA, USA) for 30 min at 37 °C and washed twice with DMEM medium. EA.hy926 and labeled U937 cells (2 × 105 cells/well) were co-incubated for 30 min at 37 °C in a CO2 incubator for 1 h. The non-adherent cells were removed by washing twice with PBS. Monocyte cells bound to EA.hy926 cells were visualized by fluorescence microscopy (EVOS). Spectrofluorometric quantification was conducted using a Varioskan spectrofluorimetric microplate reader (Thermo Electron Co., Waltham, MA, USA) at emission and excitation wavelengths of 485 and 535 nm, respectively.




4.9. Statistical Analysis


All experiments were repeated at least three times. Results are reported as means ± SD. One-way analysis of variance (ANOVA) was used to determine the significance of differences between treatment groups. The Newman–Keuls test was used for multi-group comparisons. Statistical significance was defined as p <0.05.
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	AMPK
	AMP-activated protein kinase



	CaM
	Calmodulin



	CaMKII
	Ca2+/calmodulin-dependent kinase II
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	Compound C
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	Endothelial nitric oxide synthase



	IPA
	Impressic acid
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	Mitogen-activated protein kinase



	NO
	Nitric oxide







References


	



Lee, K.S.; Kim, J.; Kwak, S.N.; Lee, K.S.; Lee, D.K.; Ha, K.S.; Won, M.H.; Jeoung, D.; Lee, H.; Kwon, Y.G.; et al. Functional role of NF-κB in expression of human endothelial nitric oxide synthase. Biochem. Biophys. Res. Commun. 2014, 448, 101–107. [Google Scholar] [CrossRef] [PubMed]

	



Kubes, P.; Suzuki, M.; Granger, D.N. Nitric oxide: An endogenous modulator of leukocyte adhesion. Proc. Natl. Acad. Sci. USA 1991, 88, 4651–4655. [Google Scholar] [CrossRef] [PubMed]

	



Sessa, W.C. eNOS at a glance. J. Cell. Sci. 2004, 117, 2427–2429. [Google Scholar] [CrossRef] [PubMed]

	



Stuehr, D.J. Mammalian nitric oxide synthases. Biochim. Biophys. Acta 1999, 1411, 217–230. [Google Scholar] [CrossRef]

	



Fulton, D.; Ruan, L.; Sood, S.G.; Li, C.; Zhang, Q.; Venema, R.C. Agonist-stimulated endothelial nitric oxide synthase activation and vascular relaxation. Role of eNOS phosphorylation at Tyr83. Circ. Res. 2008, 102, 497–504. [Google Scholar] [CrossRef]

	



Sriram, K.; Laughlin, J.G.; Rangamani, P.; Tartakovsky, D.M. Shear-Induced Nitric Oxide Production by Endothelial Cells. Biophys. J. 2016, 111, 208–221. [Google Scholar] [CrossRef]

	



Morrow, V.A.; Foufelle, F.; Connell, J.M.; Petrie, J.R.; Gould, G.W.; Salt, I.P. Direct activation of AMP-activated protein kinase stimulates nitric-oxide synthesis in human aortic endothelial cells. J. Biol. Chem. 2003, 278, 31629–31639. [Google Scholar] [CrossRef]

	



Wu, K.K. Regulation of endothelial nitric oxide synthase activity and gene expression. Ann. N. Y. Acad. Sci. 2002, 962, 122–130. [Google Scholar] [CrossRef]

	



Boo, Y.C.; Hwang, J.; Sykes, M.; Michell, B.J.; Kemp, B.E.; Lum, H.; Jo, H. Shear stress stimulates phosphorylation of eNOS at Ser(635) by a protein kinase A-dependent mechanism. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H1819–H1828. [Google Scholar] [CrossRef]

	



Michell, B.J.; Chen, Z.P.; Tiganis, T.; Stapleton, D.; Katsis, F.; Power, D.A.; Sim, A.T.; Kemp, B.E. Coordinated control of endothelial nitric-oxide synthase phosphorylation by protein kinase C and the cAMP-dependent protein kinase. J. Biol. Chem. 2001, 276, 17625–17628. [Google Scholar] [CrossRef]

	



Fulton, D.; Gratton, J.P.; McCabe, T.J.; Fontana, J.; Fujio, Y.; Walsh, K.; Franke, T.F.; Papapetropoulos, A.; Sessa, W.C. Regulation of endothelium-derived nitric oxide production by the protein kinase Akt. Nature 1999, 399, 597–601. [Google Scholar] [CrossRef] [PubMed]

	



Ackah, E.; Yu, J.; Zoellner, S.; Iwakiri, Y.; Skurk, C.; Shibata, R.; Ouchi, N.; Easton, R.M.; Galasso, G.; Birnbaum, M.J.; et al. Akt1/protein kinase Balpha is critical for ischemic and VEGF-mediated angiogenesis. J. Clin. Investig. 2005, 115, 2119–2127. [Google Scholar] [CrossRef] [PubMed]

	



Datta, S.R.; Brunet, A.; Greenberg, M.E. Cellular survival: A play in three Akts. Genes Dev. 1999, 13, 2905–2927. [Google Scholar] [CrossRef] [PubMed]

	



Shiojima, I.; Walsh, K. Role of Akt signaling in vascular homeostasis and angiogenesis. Circ. Res. 2002, 90, 1243–1250. [Google Scholar] [CrossRef]

	



Yao, R.; Cooper, G.M. Requirement for phosphatidylinositol-3 kinase in the prevention of apoptosis by nerve growth factor. Science 1995, 267, 2003–2006. [Google Scholar] [CrossRef]

	



Srivastava, S.K. A New Triterpenic Acid from Schefflera impressa. J. Nat. Prod. 1992, 55, 298–302. [Google Scholar] [CrossRef]

	



Park, S.H.; Nhiem, N.X.; Kiem, P.V.; Choi, E.M.; Kim, J.A.; Kim, Y.H. A new norlupane triterpene from the leaves of Acanthopanax koreanum increases the differentiation of osteoblastic MC3T3-e1 cells. Arch. Pharm. Res. 2010, 33, 75–80. [Google Scholar] [CrossRef]

	



Kim, J.A.; Yang, S.Y.; Koo, J.E.; Koh, Y.S.; Kim, Y.H. Lupane-type triterpenoids from the steamed leaves of Acanthopanax koreanum and their inhibitory effects on the LPS-stimulated pro-inflammatory cytokine production in bone marrow-derived dendritic cells. Bioorg. Med. Chem. Lett. 2010, 20, 6703–6707. [Google Scholar] [CrossRef]

	



Lim, H.; Min, D.S.; Yun, H.E.; Kim, K.T.; Sun, Y.N.; Dat, L.D.; Kim, Y.H.; Kim, H.P. Impressic acid from Acanthopanax koreanum, possesses matrix metalloproteinase-13 down-regulating capacity and protects cartilage destruction. J. Ethnopharmacol. 2017, 209, 73–81. [Google Scholar] [CrossRef]

	



Kim, J.A.; Yang, S.Y.; Song, S.B.; Kim, Y.H. Effects of impressic acid from Acanthopanax koreanum on NF-κB and PPARγ activities. Arch. Pharm. Res. 2011, 34, 1347–1351. [Google Scholar] [CrossRef]

	



Fulton, D.; Fontana, J.; Sowa, G.; Gratton, J.P.; Lin, M.; Li, K.X.; Michell, B.; Kemp, B.E.; Rodman, D.; Sessa, W.C. Localization of endothelial nitric-oxide synthase phosphorylated on serine 1179 and nitric oxide in Golgi and plasma membrane defines the existence of two pools of active enzyme. J. Biol. Chem. 2002, 277, 4277–4284. [Google Scholar] [CrossRef] [PubMed]

	



Arad, M.; Seidman, C.E.; Seidman, J.G. AMP-activated protein kinase in the heart: Role during health and disease. Circ. Res. 2007, 100, 474–488. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.P.; Mitchelhill, K.I.; Michell, B.J.; Stapleton, D.; Rodriguez-Crespo, I.; Witters, L.A.; Power, D.A.; Ortiz de Montellano, P.R.; Kemp, B.E. AMP-activated protein kinase phosphorylation of endothelial NO synthase. FEBS Lett. 1999, 443, 285–289. [Google Scholar] [CrossRef]

	



Chen, H.; Montagnani, M.; Funahashi, T.; Shimomura, I.; Quon, M.J. Adiponectin stimulates production of nitric oxide in vascular endothelial cells. J. Biol. Chem. 2003, 278, 45021–45026. [Google Scholar] [CrossRef]

	



Thors, B.; Halldórsson, H.; Thorgeirsson, G. Thrombin and histamine stimulate endothelial nitric-oxide synthase phosphorylation at Ser1177 via an AMPK mediated pathway independent of PI3K-Akt. FEBS Lett. 2004, 573, 175–180. [Google Scholar] [CrossRef]

	



Fleming, I.; Fisslthaler, B.; Dimmeler, S.; Kemp, B.E.; Busse, R. Phosphorylation of Thr495 regulates Ca2+/calmodulin-dependent endothelial nitric oxide synthase activity. Circ. Res. 2001, 88, E68–E75. [Google Scholar] [CrossRef]

	



Kobayashi, T.; Nemoto, S.; Ishida, K.; Taguchi, K.; Matsumoto, T.; Kamata, K. Involvement of CaM kinase II in the impairment of endothelial function and eNOS activity in aortas of Type 2 diabetic rats. Clin. Sci. 2012, 123, 375–386. [Google Scholar] [CrossRef]

	



Dimmeler, S.; Fleming, I.; Fisslthaler, B.; Hermann, C.; Busse, R.; Zeiher, A.M. Activation of nitric oxide synthase in endothelial cells by Akt-dependent phosphorylation. Nature 1999, 399, 601–605. [Google Scholar] [CrossRef]

	



Hurt, K.J.; Musicki, B.; Palese, M.A.; Crone, J.K.; Becker, R.E.; Moriarity, J.L.; Snyder, S.H.; Burnett, A.L. Akt-dependent phosphorylation of endothelial nitric-oxide synthase mediates penile erection. Proc. Natl. Acad. Sci. USA 2002, 99, 4061–4066. [Google Scholar] [CrossRef]

	



Grossini, E.; Molinari, C.; Mary, D.A.; Uberti, F.; Caimmi, P.P.; Surico, N.; Vacca, G. Intracoronary genistein acutely increases coronary blood flow in anesthetized pigs through beta-adrenergic mediated nitric oxide release and estrogenic receptors. Endocrinology 2008, 149, 2678–2687. [Google Scholar] [CrossRef]

	



Merla, R.; Ye, Y.; Lin, Y.; Manickavasagam, S.; Huang, M.H.; Perez-Polo, R.J.; Uretsky, B.F.; Birnbaum, Y. The central role of adenosine in statin-induced ERK1/2, Akt, and eNOS phosphorylation. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H1918–H1928. [Google Scholar] [CrossRef] [PubMed]

	



Heike, L.P. Activators and target genes of Rel/NF-kappaB transcription factors. Oncogenes 1999, 18, 6853–6866. [Google Scholar]

	



Su, J.B. Vascular endothelial dysfunction and pharmacological treatment. World J. Cardiol. 2015, 7, 719–741. [Google Scholar] [CrossRef] [PubMed]

	



Cai, X.F.; Lee, I.S.; Shen, G.; Dat, N.T.; Lee, J.J.; Kim, Y.H. Triterpenoids from Acanthopanax koreanum root and their inhibitory activities on NFAT transcription. Arch. Pharm. Res. 2004, 27, 825–828. [Google Scholar] [CrossRef] [PubMed]

	



Fleming, I. Molecular mechanisms underlying the activation of eNOS. Pflugers Arch. 2010, 459, 793–806. [Google Scholar] [CrossRef]

	



Hien, T.T.; Kim, N.D.; Pokharel, Y.R.; Oh, S.J.; Lee, M.Y.; Kang, K.W. Ginsenoside Rg3 increases nitric oxide production via increases in phosphorylation and expression of endothelial nitric oxide synthase: Essential roles of estrogen receptor-dependent PI3-kinase and AMP-activated protein kinase. Toxicol. Appl. Pharmacol. 2010, 246, 171–183. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, J.C.; El Kebir, D.; Chéreau, C.; Lanone, S.; Huang, X.L.; De Buys Roessingh, A.S.; Mercier, J.C.; Dall’Ava-Santucci, J.; Dinh-Xuan, A.T. Involvement of Ca2+/calmodulin-dependent protein kinase II in endothelial NO production and endothelium-dependent relaxation. Am. J. Physiol. Heart Circ. Physiol. 2003, 284, H2311–H2319. [Google Scholar] [CrossRef]

	



Jin, S.W.; Choi, C.Y.; Hwang, Y.P.; Kim, H.G.; Kim, S.J.; Chung, Y.C.; Lee, K.J.; Jeong, T.C.; Jeong, H.G. Betulinic Acid Increases eNOS Phosphorylation and NO Synthesis via the Calcium-Signaling Pathway. J. Agric. Food Chem. 2016, 64, 785–791. [Google Scholar] [CrossRef]

	



Zhang, Q.J.; McMillin, S.L.; Tanner, J.M.; Palionyte, M.; Abel, E.D.; Symons, J.D. Endothelial nitric oxide synthase phosphorylation in treadmill-running mice: Role of vascular signalling kinases. J. Physiol. 2009, 587, 3911–3920. [Google Scholar] [CrossRef]

	



Peng, X.Q.; Damarla, M.; Skirball, J.; Nonas, S.; Wang, X.Y.; Han, E.J.; Hasan, E.J.; Cao, X.; Boueiz, A.; Damico, R.; et al. Protective role of PI3-kinase/Akt/eNOS signaling in mechanical stress through inhibition of p38 mitogen-activated protein kinase in mouse lung. Acta Pharmacol. Sin. 2010, 31, 175–183. [Google Scholar] [CrossRef]

	



Yu, J.; de Muinck, E.D.; Zhuang, Z.; Drinane, M.; Kauser, K.; Rubanyi, G.M.; Qian, H.S.; Murata, T.; Escalante, B.; Sessa, W.C. Endothelial nitric oxide synthase is critical for ischemic remodeling, mural cell recruitment, and blood flow reserve. Proc. Natl. Acad. Sci. USA 2005, 102, 10999–11004. [Google Scholar] [CrossRef] [PubMed]

	



Ridnour, L.A.; Isenberg, J.S.; Espey, M.G.; Thomas, D.D.; Roberts, D.D.; Wink, D.A. Nitric oxide regulates angiogenesis through a functional switch involving thrombospondin-1. Proc. Natl. Acad. Sci. USA 2005, 102, 13147–13152. [Google Scholar] [CrossRef] [PubMed]

	



Salerno, J.C.; Ghosh, D.K.; Razdan, R.; Helms, K.A.; Brown, C.C.; McMurry, J.L.; Rye, E.A.; Chrestensen, C.A. Endothelial nitric oxide synthase is regulated by ERK phosphorylation at Ser602. Biosci. Rep. 2014, 34, e00137. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Wu, L.J.; Tashiro, S.I.; Onodera, S.; Ikejima, T. Nitric oxide activated by p38 and NF-kappaB facilitates apoptosis and cell cycle arrest under oxidative stress in evodiamine-treated human melanoma A375-S2 cells. Free Radic. Res. 2008, 42, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, H.J.; Jung, T.W.; Hong, H.C.; Choi, H.Y.; Seo, J.A.; Kim, S.G.; Kim, N.H.; Choi, K.M.; Choi, D.S.; Baik, S.H.; et al. Progranulin protects vascular endothelium against atherosclerotic inflammatory reaction via Akt/eNOS and nuclear factor-κB pathways. PLoS ONE 2013, 8, e76679. [Google Scholar] [CrossRef]

	



Wang, L.; Qiu, X.M.; Hao, Q.; Li, D.J. Anti-inflammatory effects of a Chinese herbal medicine in atherosclerosis via estrogen receptor β mediating nitric oxide production and NF-κB suppression in endothelial cells. Cell Death Dis. 2013, 4, e551. [Google Scholar] [CrossRef]

	



Sprague, A.H.; Khalil, R.A. Inflammatory cytokines in vascular dysfunction and vascular disease. Biochem. Pharmacol. 2009, 78, 539–552. [Google Scholar] [CrossRef]

	



Bath, P.M.; Hassall, D.G.; Gladwin, A.M.; Palmer, R.M.; Martin, J.F. Nitric oxide and prostacyclin. Divergence of inhibitory effects on monocyte chemotaxis and adhesion to endothelium in vitro. Arterioscler. Thromb. 1991, 11, 254–260. [Google Scholar] [CrossRef]

	



Li, J.; Ma, J.; Wang, K.S.; Mi, C.; Wang, Z.; Piao, L.X.; Xu, G.H.; Li, X.; Lee, J.J.; Jin, X. Baicalein inhibits TNF-α-induced NF-κB activation and expression of NF-κB-regulated target gene products. Oncol. Rep. 2016, 36, 2771–2776. [Google Scholar] [CrossRef]

	



Kojima, H.; Nakatsubo, N.; Kikuchi, K.; Kawahara, S.; Kirino, Y.; Nagoshi, H.; Hirata, Y.; Nagano, T. Detection and imaging of nitric oxide with novel fluorescent indicators: Diaminofluoresceins. Anal. Chem. 1998, 70, 2446–2453. [Google Scholar] [CrossRef]

	



Goetz, R.M.; Thatte, H.S.; Prabhakar, P.; Cho, M.R.; Michel, T.; Golan, D.E. Estradiol induces the calcium-dependent translocation of endothelial nitric oxide synthase. Proc. Natl. Acad. Sci. USA 1999, 96, 2788–2793. [Google Scholar] [CrossRef] [PubMed]

	



Nethi, S.K.; Veeriah, V.; Barui, A.K.; Rajendran, S.; Mattapally, S.; Misra, S.; Chatterjee, S.; Patra, C.R. Investigation of molecular mechanisms and regulatory pathways of pro-angiogenic nanorods. Nanoscale 2015, 7, 9760–9770. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 05772 g001 550] 





Figure 1. The effects of impressic acid (IPA) on the cytotoxicity of EA.hy926 cells. (A) Chemical structure of IPA. (B,C) EA.hy926 cells were treated with 1, 5, 10, 20, and 50 μM IPA for 24 h. Cytotoxicity was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (B) and LDH (C) assays. Data are means ± SD of three independent experiments. * p < 0.05 compared with control. 
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Figure 2. IPA treatment induces endothelial nitric oxide synthase (eNOS) activity and NO production. EA.hy926 cells were treated with 20 μM IPA for 10, 30, 60, and 120 min (A,C) or 1, 5, 10, and 20 μM IPA for 60 min (B,D), and assessed by western blotting (A,B) or measured using the NO-specific fluorescent dye 4,5-Diaminofluorescein diacetate (DAF-2 DA) at 495/515 nm (C,D). Cells were pretreated with 100 μM l-NAME (NOS inhibitor) for 60 min before treatment with 20 μM IPA for 60 min at 37 °C, and NO production was visualized and measured using the NO-specific fluorescent dye DAF-2 DA at 495/515 nm (E,F). Data are means ± SD of three independent experiments. * p < 0.05 compared with control. # p < 0.05 compared with IPA treatment. 
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Figure 3. Phosphorylation of eNOS induced by IPA is mediated by 5′ AMP-activated protein kinase (AMPK) and Ca2+ calmodulin-dependent protein kinase II (CaMKII). Immunoblots of EA.hy926 cell lysates treated with 20 μM IPA for 10, 30, 60, and 120 min (A) or with different concentrations of IPA (1, 5, 10, and 20 μM) for 60 min (B). EA.hy926 cells were treated with 10 μM of the AMPK inhibitor compound C (C) or 10 μM of the CaMKII inhibitor KN-93 (D) for 1 h, followed by incubation with or without 20 μM IPA for an additional hour. NO production was analyzed with the NO-specific fluorescent dye DAF-2 DA kit at 495/515 nm (E). Data are means ± SD of three independent experiments. * p < 0.05 compared with control. # p < 0.05 compared with IPA treatment. 
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Figure 4. Akt and MAPKs related to eNOS activity and NO production in EA.hy926 cells induced by IPA. Immunoblots of EA.hy926 cell lysates treated with 20 μM IPA for 10, 30, 60, and 120 min (A) or with different concentrations of IPA (1, 5, 10, and 20 μM) for 60 min (B). EA.hy926 cells were treated with PD98059 (ERK1/2 inhibitor), SB203580 (p38 inhibitor), SP600125 (JNK1/2 inhibitor), and LY (PI3K/Akt inhibitor) for 1 h, followed by incubation with or without 20 μM IPA for an additional hour (C). NO production was analyzed with the NO-specific fluorescent dye DAF-2 DA kit at 495/515 nm (D). Data are means ± SD of three independent experiments. * p < 0.05 compared with control. # p < 0.05 compared with IPA treatment. 
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Figure 5. IPA treatment decreases the expression of adhesion molecules and inhibits the NF-κB pathway. EA.hy926 cells were treated with different concentrations of IPA (1, 5, 10, and 20 μM) for 1 h, followed by incubation with 5 ng/mL TNF-α for 24 h (A). Cells were pretreated with 100 μM of the NOS inhibitor L-NAME for 1 h, and then treated with 20 μM IPA for an additional hour, followed by incubation with 5 ng/mL TNF-α for 24 h (B). Cells were treated with 20 μM for 1 h, followed by incubation with 5 ng/mL TNF-α for 6 h (C). Cell lysates were analyzed by western blotting using specific antibodies. The inhibitory effect of IPA on TNF-α-induced NF-κB activation blocked by L-NAME was assessed by reporter assay and immunofluorescence (D,E). EA.hy926 cells were pretreated with 10 or 20 μM IPA for 1 h and TNF-α was added at 5 ng/mL for an additional 6 h. EA.hy926 cells were co-cultured with U937 monocytes for 1 h, and the adherence of endothelial cells to monocytes was assessed by fluorescence microscopy (F,G). Data are means ± SD of three independent experiments. * p < 0.05 compared with control. # p < 0.05 compared with IPA treatment. ** p < 0.05 compared with IPA and TNF-α treatment. 
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