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Abstract 
 

Atherosclerosis is known as a chronic inflammatory disease and numerous 

attempts to improve atherosclerosis by anti-inflammatory molecules were conducted. 

Marine sponges are rich sources of anti-inflammatory natural products. To find the 

anti-atherosclerotic molecule, anti-inflammatory effects of marine natural products 

against cytokines such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) and 

interleukin-1 β (IL-1β) were evaluated. I identified several marine natural products 

including phorbaketal A, which showed anti-inflammatory effects. Phorbaketal A is 

a marine sponge-derived bioactive sesterterpenoid, which isolated from Phorbas sp. 

and Monanchora sp. Byun MR et al. demonstrated that phorbaketal A stimulates 

osteogenic differentiation and inhibits adipogenic differentiation through activation 

of transcriptional coactivator with PDZ-binding motif (TAZ) and extracellular 

signal-regulated kinase (ERK) in C3H10T1/2 and human mesenchymal stem cell. In 

the present study, phorbaketal A significantly reduced IL-6, TNF-α and IL-1β mRNA 

expression in lipopolysaccharide (LPS)-induced raw 264.7 macrophages and 

inhibited IL-6 and TNF-α secretion. Phorbaketal A reduced nitric oxide (NO) 

secretion through inhibition of inducible nitric oxide synthase (iNOS) expression. In 

addition, pre-incubation of human umbilical vein endothelial cells (HUVECs) with 

phorbaketal A abrogated TNF-α-induced expression of VCAM-1 and MCP-1. To 

demonstrate anti-atherogenic effect of phorbaketal A in vivo, 5 mg/kg of phorbaketal 

A administered to three types of atherosclerosis in vivo models with atherogenic diet 

(21% fat, 1.25% cholesterol). The severity of atherosclerosis was analyzed by en 

face staining of aorta. Phorbaketal A treated mice had less atherosclerotic lesions 

than control group in progression models. MAPKs regulate numerous fundamental 
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cellular processes especially inflammation and immune response. TLR agonists 

activate MAPKs signals in innate immune cells and contribute to pathogenesis of 

atherosclerosis. To identify the molecular mechanisms of phorbaketal A, effects of 

phorbaketal A on MAPK activation were estimated. Phorbaketal A inhibited LPS-

induced phosphorylation of p38 MAPK but it has no effect on ERK or JNK 

phosphorylation in raw264.7 macrophage. In addition, phorbaketal A abrogated p38 

phosphorylation in TNF-α stimulated HUVECs. The inhibitory effect of phorbaketal 

A recovered by MAPK phosphatase 1 (MKP-1) inhibitor, triptolide. MKP-1 is 

known to inhibit inadequate inflammatory response through negative feedback of 

MAPKs, especially p38 and JNK. Phorbaketal A induced MKP-1 mRNA and protein 

expression in concentration-dependent manners. Transcription factors which 

regulate MKP-1 expression, such as cAMP response element binding protein (CREB) 

and activating transcription factor 2 (ATF-2) were phosphorylated at early time (5 

min) by phorbaketal A. The phosphorylation of ERK pathway signaling molecules 

were suppressed by U0126 (ERK inhibitor). These suggest that phorbaketal A 

induced MKP-1 through ERK-activated CREB and ATF-2 signals. 

In this study, I identified a novel mechanism of phorbaketal A, and 

demonstrated its anti-atherogenic effects on model of atherosclerosis in vitro and in 

vivo. These results suggest that phorbaketal A could be a drug candidate for treatment 

of inflammatory disease, such as atherosclerosis. 

 

Keyword: Atherosclerosis, Anti-inflammation, Phorbaketal A, p38, MKP-1  

Student Number: 2011-30920 
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Chapter 1.  Introduction 

 

1.1  Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease which featured as thickening 

and hardening of the artery wall due to accumulated excessive lipids with immune 

cells (Lusis, 2000). Development of atherosclerosis is a complex process involving 

various cell types, such as endothelial cells (ECs), leukocytes, lymphocytes and 

smooth muscle cells (SMC) (Hansson & Hermansson, 2011). 

ECs maintain normal vascular state, including vascular tone and structure 

through producing vasoactive factors like nitric oxide (Davignon & Ganz, 2004). 

But chronic exposure to risk factors, such as diabetes, smoking, hypertension, 

obesity and hyperlipidemia causes EC dysfunction (ED) (Keaney, 2011; Mudau, 

Genis, Lochner, & Strijdom, 2012). 

Under normal circumstances, endothelium repel adhesion of leukocytes (Libby, 

Okamoto, Rocha, & Folco, 2010). Elevated binding of apolipoprotein B100 

(apoB100) which transports cholesterol in the blood vessel to exposed proteoglycan 

of the atherosclerosis susceptible vascular region contributes accumulation of low 

density lipoprotein (LDL) in the intima (Kwon, Schroeder, Amar, Remaley, & 

Balaban, 2008; Weber & Noels, 2011). The trapped LDLs in the intima are likely to 

be oxidized by myeloperoxidase, lipoxygenases or reactive oxygen species then 

transformed to oxidized-LDL (oxLDL) which upregulates expression of chemokine 

and adhesion molecules in the activated endothelium (Hansson & Hermansson, 

2011). 
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Adhesion molecules, including intercellular adhesion molecule (ICAM)-1, 

vascular cell adhesion molecule (VCAM)-1, platelet endothelial cellular adhesion 

molecule (PECAM) and E-selectin are detected on the atherosclerosis-prone ECs 

(Davies et al., 1993). Extravasation of leukocytes is occurred through several 

cascades including selectin-mediated rolling and tethering, integrin-, ICAM- and 

VCAM-mediated arrest and PECAM-or integrin-mediated transmigration 

(Blankenberg, Barbaux, & Tiret, 2003; Galkina & Ley, 2007). 

Chemokines are chemoattractant cytokine which selectively regulate leukocyte 

trafficking to the activated endothelial cell sites of vessel wall (Deshmane, Kremlev, 

Amini, & Sawaya, 2009). Monocyte chemoattractant protein-1 (MCP-1/CCL2) is 

considered as a key molecule which develops pathogenesis of atherosclerosis (Lin, 

Kakkar, & Lu, 2014).  

Monocytes infiltration occurred by adhesion molecules and chemokines. Then, 

monocytes are differentiated into macrophages and engulf lipoproteins, which makes 

them into foam cells (Moore, Sheedy, & Fisher, 2013). Although, lipoproteins 

clearance by macrophages has beneficial effects on the inhibition of lesion 

development, excessive uptake of lipoprotein impairs macrophages mobility 

(Randolph, 2008). These accumulated macrophages produce pro-inflammatory 

mediators such as, cytokines, chemokines, growth-regulating molecules, and 

metalloproteinases and other hydrolytic enzymes in the lesion that contribute to the 

more recruitment of immune cells to the athero-prone sites (Moore et al., 2013; Ross 

& Epstein, 1999).  
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1.2  Inflammation in atherosclerosis 

Inflammation is a reaction for host defense against harmful stimuli like 

pathogens, irradiation and tissue damages. Innate immune cells, such as neutrophils 

and macrophages, firstly recognize pathogens and activate inflammatory signaling 

cascade (Newton & Dixit, 2012). Toll-like receptor 4 (TLR4) is a pattern recognition 

receptor (PRR) which is activated by oxidized low-density lipoprotein (oxLDL) or 

lipopolysaccharide (LPS) recognition (Akira, Takeda, & Kaisho, 2001; Howell et al., 

2011). Activated TLR4 initiates downstream signaling cascades by recruitment of 

signaling molecules like myeloid differentiation primary-response protein 88 

(Myd88), interleukin-1 receptor-associated kinase (IRAK), tumor necrosis factor 

receptor-associated factor 6 (TRAF6). Then, inflammatory responses are proceeded 

into two major signaling pathways, nuclear factor-kappaB (NF-κB) and mitogen-

activated protein kinases (MAPKs) which make cells produce pro-inflammatory 

mediators, such as IL-1β, IL-6, TNF-α and nitric oxide (NO) (Lang, Hammer, & 

Mages, 2006).  

TNF-α stimulation on ECs activates pro-inflammatory signaling molecules, 

including nuclear factor-kappaB (NF-κB) and p38 (Viemann et al., 2004). Inhibitor 

of p38, RWJ-67657, abrogated TNF-α induced E-selectin, VCAM-1, ICAM-1, IL-8 

and MCP-1 expression in HUVECs (Westra, Kuldo, Rijswijk, Molema, & Limburg, 

2005).  

MAPKs include three subfamilies: the extracellular-signal-regulated kinase 

(ERK), the JUN N-terminal kinase (JNK) and the p38. They regulate various cellular 

processes (Plotnikov, Zehorai, Procaccia, & Seger, 2011). Among them p38 specially 

regulates synthesis of pro-inflammatory molecules and is involved in pathogenesis 
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of numerous inflammatory diseases.  

Therefore, it has been an interesting therapeutic target for inflammatory 

diseases for decades (Bühler & Laufer, 2014; Mayer & Callahan, 2006; Yong, Koh, 

& Moon, 2009). However, a number of p38 inhibitors failed in clinical trials due to 

toxicity and lack of therapeutic efficacy (Bühler & Laufer, 2014; Fisk, 

Gajendragadkar, Mäki-Petäjä, Wilkinson, & Cheriyan, 2014). The side effects of p38 

inhibitors could arise from the inhibition of normal p38 function in the complicated 

MAPK networks or abrogation of negative feedback signaling (Ananieva et al., 2008; 

Hendriks, Seidl, & Chabot, 2010; Vollmer, Stockhausen, & Zhang, 2012). 
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1.3  MAPK phosphatase 1 (MKP-1) 

Activities of MAPK can be regulated by multiple mechanisms. Since, MAPKs 

transit signals by phosphorylation at threonine and tyrosine (TXY) residues, 

dephosphorylation of these residues is one of the most effective and affordable 

deactivation mechanisms (Lawan, Shi, Gatzke, & Bennett, 2013; Liu, Shepherd, & 

Nelin, 2007). MAPK dephosphorylation is conducted by dual-specificity 

phosphatases (DUSPs). It simultaneously dephosphorylates serine/threonine and 

tyrosine residues within one molecule. MKPs are subgroup of DUSP which are 

consists of 10 proteins and specifically dephosphorylates MAPK ‘TXY’ residues (C. 

Y. Li, Yang, Guo, Wang, & Li, 2015). MKPs effectively regulate the magnitude and 

duration of MAPKs phosphorylation in substrate specific manners. Among them, 

MKP-1 is well-known to inhibit inadequate inflammatory responses by inhibition of 

p38 and JNK (Franklin & Kraft, 1997; Salojin et al., 2006). MKP-1 expression was 

rapidly induced by MAPK activating stimuli through negative feedback mechanism 

(Kondoh & Nishida, 2007; Wancket, Frazier, & Liu, 2012). Macrophages isolated 

from MKP-1 knockout mice have prolonged p38 activation and increased TNF-α 

expression. MKP-1 knockout mice also have prolonged p38 activation and 

vulnerable to endotoxin shock. After LPS injection MKP-1 knockout mice produce 

more pro-inflammatory cytokines than wild-type mice (Zhao et al., 2005, 2006). Due 

to major modulatory role of the inflammatory signals and high substrate specificity, 

MKP-1 has potential to be a drug target of inflammatory diseases (Vollmer et al., 

2012). 
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1.4  Aim of study 

Phorbaketal A, a bioactive sesterterpenoid, was isolated from the sponge 

phorbas sp. (Rho et al., 2009) and Monanchora sp. (W. Wang et al., 2013). 

Bioactivities of phorbaketal A have been demonstrated in several researches where 

it was reported to stimulate osteogenic differentiation (Byun et al., 2012) and inhibit 

adipogenic differentiation (Byun et al., 2013). Recently, anti-inflammatory effects of 

phorbaketal A in macrophages were reported (Seo, Lee, Rho, & Choi, 2015). 

However, the mechanisms of anti-inflammatory activity and implication on 

inflammatory diseases of phorbaketal A were not completely explored. Thus, in this 

study, I investigated the anti-atherogenic effect and underlie molecular mechanisms 

of phorbaketal A in LPS-activated macrophages and TNF-α induced HUVECs. 

Furthermore, I evaluated anti-atherogenic efficacy of phorbaketal A in high fat/high 

cholesterol (HF/HC) diet fed apoe-knockout mice. 
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Chapter 2.  Materials and Methods 

2.1  Reagents and Antibodies 

LPS (Cat. No. L7011), MAPK inhibitors (SB203580 and SP600125), 

dexamethasone, triptolide and mifepristone were purchased from Sigma (St Louis, 

MO, USA). TNF-α was obtained from invitrogen (Camarillo, CA, USA). U0126 was 

obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies against 

phospho-ERK1/2, ERK, phospho-JNK, JNK, phospho-p38, p38, phospho-MSK1, 

phospho-CREB, phospho-ATF2, iNOS, ICAM-1, phospho-MKP-1 and (HRP)-

conjugated anti-mouse IgG were acquired from Cell Signaling Technology. 

Antibody against MKP-1 was purchased from Santa Cruz Biotechnology (Dallas, 

Texas, USA). Antibody against Lamin B1 and VCAM-1 were purchased from abcam 

(Cambridge, UK). (HRP)-conjugated anti-rabbit IgG was purchased from Millipore 

(Temecula, CA, USA). 

 

2.2  Cell Culture 

Raw264.7 macrophages were purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco's 

modified Eagle's medium (DMEM; Welgene, Daegu, Korea; Cat. No. LM001-05) 

containing 10% fetal bovine serum (Hyclone, Logan, UT) and 1% penicillin-

streptomycin (Invitrogen, Waltham, MA USA). HUVECs were purchased from 

ATCC. It grown in endothelial cell growth medium (EGM-2) media(Lonza, Basel, 

Schweiz). Cells were maintained at 37℃ in a humidified incubator containing 5% 

CO2. 
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2.3  Animal Experiment 

ApoE knockout mice (B6.129P2-Apoetm1Une/J) were purchased from The 

Jackson laboratory (Bar Harbor, ME, USA). Male apoE knockout mice were weaned 

at 4-weeks old of age. I designed three atherosclerosis in vivo model experiments. 

Mice were separated into two groups; phorbaketal A treat group was oral 

administered 5 mg/kg phorbaketal A and vehicle group was given 0.5% 

carboxymethyl cellulose (CMC) in water with adding up DMSO 200 μl. 

 

1. Progression model-1: 

4-weeks old mice, 8 weeks treatment with atherogenic diet (TD.88137, 21.2% 

fat, 1.25% cholesterol by weight, Envigo, Cambridgeshire, UK) 

2. Progression model-2: 

12-weeks old mice, 8 weeks treatment with atherogenic diet 

3. Regression model: 

34-weeks old mice, 4 weeks treatment with chow 

 

Mice were sacrificed for artery collection, respectively. All procedures were 

approved by and performed under the guidelines of the Institutional Animal Care and 

Use Committee of the Seoul National University. 
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2.4  En face Staining 

Mice were sacrificed and perfused with phosphate buffered saline. Collected 

arteries were fixed with 4% paraformaldehyde (Sigma) for several days. Then 

surrounding tissues of artery were removed under microscope. Arteries were 

longitudinally opened and flattened on black wax slide. After stained with sudan IV, 

arteries were photographed by digital camera and lesion area was analyzed by 

Image-Pro Plus (Media Cybernetics, Rockville, MD, USA) software. 

 

2.5  Cell Viability  

To determine the cell viability, 20 ul of CellTiter 96® AQueous One Solution 

Reagent (promega) was added to each well and incubated for 4 h. After 4 h, 

absorbance at 490 nm was measured by M1000 (Tecan). Cell viability in DMSO 

treated control group was represented as 100% 
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2.6  Total RNA Preparation and Quantitative Real-time 

PCR 

Raw264.7 macrophages (3.5 × 105/ml) were plated on 6-well culture plates on 

the day before treatment. After 24 h cells were treated in serum-free DMEM. 

HUVEC were plated overnight in 6-well culture plates at a density of 1 × 105 /ml. 

Next day, media changed to EBM-2 and treated with indicated compounds. The 

inhibitors and phorbaketal A were added to cells 1 h prior to treatment of stimuli. 

Following treatments, cell plates were washed twice with ice-cold PBS. Total RNA 

was isolated using the easy-BLUE™ Total RNA Extraction Kit (iNtRON 

Biotechnology, Seoul, Korea) according to the manufacturer's protocol. Total RNA 

was reverse transcribed using the cDNA-synthesis kit (Roche, Basel, Schweiz) with 

1 μg total RNA. qRT-PCR was performed using QuantiTect SYBR green PCR kit 

(Qiagen, Valencia, CA, USA) on Corbett Rotorgene 3000 (Qiagen), and the results 

were analyzed by Roter-Gene 6 program (Qiagen). To normalize gene expression 

level, mouse 18s rRNA and human gapdh were used as an internal standard. The 

primers are shown in Table 1. 
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Table 1. Primer sequences for qRT-PCR 

Gene   5' to 3' 

mIL-1β 
Forward GAAATGCCACCTTTTGACAGTG 

Reverse TGGATGCTCTCATCAGGACAG 

mIL-6 
Forward CTGCAAGAGACTTCCATCCAG 

Reverse AGTGGTATAGACAGGTCTGTTGG 

mIL-10 
Forward GCTCTTACTGACTGGCATGAG 

Reverse CGCAGCTCTAGGAGCATGTG 

mTNF-α 
Forward TCCAGGCGGTGCCTATGT 

Reverse CGATCACCCCGAAGTTCA 

miNOS 
Forward ACATCGACCCGTCCACAGTAT 

Reverse CAGAGGGGTAGGCTTGTCTC 

mMKP-1 
Forward GTTGTTGGATTGTCGCTCCTT 

Reverse TTGGGCACGATATGCTCCAG 

mF4/80 
Forward TTTCCTCGCCTGCTTCTTC 

Reverse CCCCGTCTCTGTATTCAACC 

mMCP-1 
Forward TAGGCTGGAGATCTACAAGAGG 

Reverse AGTGCTTGAGGTGGTTGTGG 

mVCAM-1 
Forward TTGGGAGCCTCAACGGTACT 

Reverse GCAATCGTTTTGTATTCAGGGGA 

m18s 
Forward AGTCCCTGCCCTTTGTACACA 

Reverse CGATCCGAGGGCCTCACTA 

hICAM-1 
Forward ATGCCCAGACATCTGTGTCC 

Reverse GGGGTCTCTATGCCCAACAA 

hVCAM-1 
Forward GGGAAGATGGTCGTGATCCTT 

Reverse TGAGACGGAGTCACCAATCTG 

hMCP-1 
Forward CAGCCAGATGCAATCAATGCC 

Reverse TGGAATCCTGAACCCACTTCT 

hGAPDH 
Forward CATGAGAAGTATGACAACAGCCT 

Reverse AGTCCTTCCACGATACCAAAGT 
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2.7  miR101-PCR 

Total RNA was isolated using the easy-BLUE™ Total RNA Extraction Kit 

(iNtRON)according to the manufacturer's protocol as described in 2.6. The miRNA 

was reverse transcribed using the miScript Reverse Transcription kit (Qiagen) with 

1 μg total RNA. qRT-PCR was performed using miScript SYBR Green PCR kit 

(Qiagen) on Corbett Rotorgene 3000 (Qiagen), and the expression of miR-

101α_3(Cat. No. MS00011011) was analyzed by Roter-Gene 6 program (Qiagen). 

To normalize miRNA expression level, RNU6-2_11(Cat. No. MS00033740) were 

used as an internal standard. 
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2.8  Western Blotting 

After treatments, cells were washed twice with ice-cold PBS (Welgene, Daegu, 

Korea) then cell lysates were prepared by RIPA buffer (LPS Solution, Daejeon, 

Korea) containing 1x PhosSTOP (Roche), 1x protease inhibitor cocktail (Merck, 

Darmstadt, Germany) . The amount of protein was equally adjusted using BCA 

Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA) and boiled with 1x 

laemmli sample buffer for 10 min. Then, the protein was separated by 10% SDS-

PAGE and transferred onto PVDF membrane (Millipore) by semi-dry transfer 

machine (Bio-rad, Hercules, CA, USA). Membranes were blocked with 5% skim-

milk in TBST (TBS containing 0.05% Tween 20) for 1 h. After washing with TBST 

three times, membranes were sealed with primary antibodies and incubated 

overnight at 4℃ on rocker. Next day, membranes were washed three times with 

TBST and incubated with HRP-conjugated secondary antibodies for 1 h. After 

washing with TBST, the blot was detected by ECL (iNtRON) using LAS-4000 (GE 

Healthcare Life Sciences, Pittsburgh, PA). Images were analyzed by Multi gauge 

program (GE Healthcare Life Sciences). 

 

2.9  ELISA 

Following treatments for indicated time, supernatant was collected. Using 

ELISA kits for mIL-1β (KOMABIOTECH, Seoul, Korea), hMCP-1 (Invitrogen), 

cAMP, mIL-6 and mTNF-α (ENZO Life Sciences, Farmingdale, NY), accumulated 

levels were measured according to the manufacturer’s protocol. 
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2.10  Nitrite Assay 

   Raw264.7 macrophages were plated at a density of 3.5 × 105/ml on 96-well 

culture plate and incubated for 24 h. Then, cells were treated to LPS (100 ng/ml) 

with L-NAME (500 μM) or different concentration of phorbaketal A for 24 h. After 

24, 100 μl of supernatant was transferred to a new 96-well culture plate and same 

volume of griess reagent (Sigma) was added. Serially diluted sodium nitrite (Sigma) 

was used as standard curve reference. The concentration of nitrite in supernatants 

was detected at 540 nm by M1000 (Tecan).  

 

2.11  Statistical analysis  

Results were analyzed by Student's t-test or one-way ANOVA. Data was 

expressed as mean ± SEM. Values of p < 0.05 was considered statistically significant. 
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Chapter 3.  Results 

3.1  Phorbaketal A 

Phorbaketal A (Figure 2) was isolated from Korean marine sponge, 

Monanchora sp.(Figure 1). 
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Figure 1. Picture of Monanchora sp. 

 

 

 

Figure 2. Structure of Phorbaketal A 
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In raw264.7, phorbaketal A had no significant cytotoxicity up to effective dose, 

10 μM(3.98 ㎍/ml) (Figure 3). 
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Figure 3. Cell viability.  

Raw264.7 cells were treated with phorbaketal A (0.01 – 10 μM) (B) with or (A) 

without LPS(100 ng/ml) for 24 h. Cell viability was measured by MTS assay (n=4). 
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3.2  Phorbaketal A inhibited nitric oxide production by 

suppression of inducible nitric oxide synthase 

expression in LPS-activated raw264.7 

To investigate the effect of phorbaketal A on inflammation, I measured NO 

synthesis in LPS-activated raw264.7. Phorbaketal A treatment potently inhibited NO 

synthesis in a dose dependent manner (Figure 4A). Next, I examined effect of 

phorbaketal A on inducible nitric oxide synthase (iNOS) expression which is an 

inducible subtype of NO synthase. Phorbaketal A significantly inhibited iNOS 

mRNA and protein expression (Figures 4C and 4D). 
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Figure 4. Phorbaketal A inhibited nitric oxide synthesis.  

(A) Raw264.7 cells were treated with indicated concentrations of phorbaketal A and 

LPS (100 ng/ml) for 24 h. After 24 h, nitrite levels in the supernatants were measured 

by griess reagent. (n=6). (B) Cells were treated as described in (A); mRNA 

expression of iNOS was measured by qRT-PCR. (n=4). (C) Cells were treated as 

described in (A); protein expression of iNOS was measured by western blotting. 

(n=3). Each bar represents the mean ± SEM of at least three independent experiments. 

*,P< 0.05; **,P< 0.01; ***,P< 0.001 vs. DMSO control group; †,P< 0.05; ††,P< 0.01; 

†††,P< 0.001 vs. LPS group. 
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3.3  Phorbaketal A inhibited production of pro-

inflammatory cytokines in LPS-activated raw264.7 

Then, effect of phorbaketal A on LPS-induced pro-inflammatory cytokines 

expression was measured. Phorbaketal A inhibited mRNA expression of IL-1β, IL-6 

and TNF-α in LPS-activated raw264.7 (Figures 5A, 5B and 5C). And, secretion level 

of IL-1β, IL-6 and TNF-α were also significantly inhibited by phorbaketal A in a 

concentration dependent manner (Figures 6A, 6B and 6C). 
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Figure 5. Phorbaketal A suppressed pro-inflammatory cytokines mRNA 

expression.  

Raw264.7 cells were pretreated with different concentrations of phorbaketal A for 1 

h and then stimulated with LPS (100 ng/ml) for 24 h. After 24 h, mRNA expression 

of (A) IL-1β, (B) IL-6, (C) were analyzed by qRT-PCR (n=3). Each bar represents 

the mean ± SEM of at least three independent experiments. *,P< 0.05; **,P< 0.01; 

***,P< 0.001 vs. DMSO control group; †,P< 0.05; ††,P< 0.01; †††,P< 0.001 vs. LPS 

group. 
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Figure 6. Phorbaketal A suppressed pro-inflammatory cytokines secretion.  

Raw264.7 cells were pretreated with different concentrations of phorbaketal A for 1 

h and then stimulated with LPS (100 ng/ml) for 24 h. The levels (A) IL-1β (n=4), (B) 

IL-6 (n=5), (C) TNF-α (n=6) in the supernatants were measured by ELISA. Each bar 

represents the mean ± SEM of at least three independent experiments. *,P< 0.05; 

**,P< 0.01; ***,P< 0.001 vs. DMSO control group; †,P< 0.05; ††,P< 0.01; †††,P< 

0.001 vs. LPS group. 
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3.4  Phorbaketal A differentially inhibited adhesion 

molecules expression in TNF-α stimulated HUVEC 

To investigate the effect of phorbaketal A on TNF-α induced adhesion 

molecules expression in endothelial cells, HUVECs were pre-incubated with 

phorbaketal A in the ranges of 0.01 - 10 μM for 1 h. Cells were further incubated 

with TNF-α (10 ng/ml) for 6 h. Then the mRNA expression of VCAM-1 and ICAM-

1 was determined by qRT-PCR. Phorbaketal A decreased VCAM-1 mRNA 

expression in a concentration dependent manner but not ICAM-1. Protein expression 

of VCAM-1 is also inhibited by phorbaketal A (Fig. 7). 
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Figure 7. Effect of phorbaketal A on TNF-α induced adhesion molecules 

expression in HUVECs.  

HUVECs were pre-incubated with phorbaketal A for 1 h and then activated with 

TNF-α (10 ng/ml) for 6 h. (A) VCAM-1 and (B) ICAM-1 mRNA expression were 

analyzed by qRT-PCR. Each bar represents the mean ± SEM of four independent 

experiments. *,P<0.05; *,P< 0.01; ***,P< 0.001 vs. DMSO control group; †,P<0.05; 

††,P< 0.01; †††,P< 0.001 vs. TNF-α treated group. Protein expression of (C) 

VCAM-1 and (D) ICAM-1 were analyzed by western blotting. Bands were 

quantified and each bar represents the mean ± SEM of three independent 

experiments. *,P< 0.05; *,P< 0.01; ***,P< 0.001 vs. DMSO control group; †,P< 0.05; 

††,P< 0.01; †††,P< 0.001 vs. TNF-α treated group. 
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3.5  Phorbaketal A abrogated MCP-1 expression in 

TNF-α induced HUVEC 

Next, I investigated effect of phorbaketal A on chemokine MCP-1 expression. 

Phorbaketal A was 1 h pre-incubated HUVECs were further treated with TNF-α (10 

ng/ml) for 6 h. As a result, MCP-1 mRNA level is decreased by phorbaketal A at 1 

μM and 10 μM (Fig. 8A). Secreted MCP-1 concentration in the media also reduced 

by phorbaketal A at 10 μM (Fig. 8B). 
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Figure 8. Effect of phorbaketal A on TNF-α induced MCP-1 expression in 

HUVECs.  

HUVECs were pre-incubated with phorbaketal A for 1 h and then activated with 

TNF-α (10 ng/ml) for 6 h. (A) MCP-1 mRNA expression were analysed by qRT-

PCR. Protein expression of (B) MCP-1 were analysed by ELISA. Each bar 

represents the mean ± SEM of at least three independent experiments. *,P< 0.05; 

**,P< 0.01; ***,P< 0.001 vs. DMSO control group; †,P< 0.05; ††,P< 0.01; †††,P< 

0.001 vs. TNF-α treated group. 
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3.6  Effects of phorbaketal A on apoE knockout mice 

lesion formation 

3.6.1  Progression model-1 lesion analysis 

Phorbaketal A has been reported to inhibit inflammation via NF-κB inhibition 

and heme oxygenase-1 (HO-1) activation (Seo et al., 2015). In this study, 

phorbaketal A inhibited pro-inflammatory mediators, adhesion molecules and 

chemokine in in vitro experiment. In order to investigate whether phorbaketal A has 

beneficial effects on atherosclerosis development, I evaluated the effect of 

phorbaketal A on apoE knockout mice initial lesion formation. 5 mg/kg of 

phorbaketal A administered to 4 weeks-old apoE knockout mice fed on atherogenic 

diet (21.2% fat, 1.25% cholesterol) for 8 weeks. The severity of atherosclerosis was 

analyzed by en face staining of aortas. Phorbaketal A treated mice group shown 26% 

less atherosclerotic lesion formation (Vehicle, 9.86 ± 0.68; phorbaketal A, 7.28 ± 

0.72%, p=0.046). 
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Figure 9. Design of progression model-1 experiment.  

4-weeks old apoE knockout mice were fed an atherogenic diet (21.2% fat, 1.25% 

cholesterol) for 8 weeks with oral administration of vehicle (0.5% CMC) or 

phorbaketal A (5 mg/kg). 
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Figure 10. Effect of phorbaketal A on atherosclerosis lesion formation: 

progression model-1. 

After 8 weeks treatment, collected arteries were analyzed by En face staining. 

Phorbaketal A treatment significantly reduced lesion area. *, P< 0.05 
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3.6.2  Progression model-2 lesion analysis 

Next, I evaluated the effect of phorbaketal A on 12 weeks-old age apoE 

knockout mice lesion progression. Treatment groups were administered 5 mg/kg of 

phorbaketal A with atherogenic diet (21.2% fat, 1.25% cholesterol) for 8 weeks. The 

lesion formation was analyzed by en face staining of aortas. Phorbaketal A treated 

mice group shown 56% less atherosclerotic lesion formation (Vehicle, 7.14 ± 1.73%; 

phorbaketal A, 3.05 ± 1.60%, p=0.005). 
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Figure 11. Design of progression model-2 experiment.  

12-weeks old apoE knockout mice were fed an atherogenic diet for 8 weeks with 

oral administration of vehicle (0.5% CMC) or phorbaketal A (5 mg/kg). 
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Figure 12. Effect of phorbaketal A on atherosclerosis lesion formation: 

progression model-2.   

After 8 weeks treatment, collected arteries were analyzed by En face staining. 

Phorbaketal A treatment significantly reduced lesion area. **, P< 0.01 
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3.6.3  Regression model lesion analysis 

Regression of already formulated lesion has substantial clinical benefits, despite 

the change is small (Klein LW., 2007). Thus, I evaluated the effect of phorbaketal A 

on 34 weeks-old age apoE knockout mice which have severe lesion. Vehicle groups 

were given 0.5% CMC and treatment groups were orally administered 5 mg/kg of 

phorbaketal A with chow for 4 weeks. The lesion formation was analyzed by en face 

staining of aortas. However, there were no significant differences between two 

groups (Vehicle, 17.69 ± 5.35%; phorbaketal A, 16.37 ± 7.94%, p=0.005). 
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Figure 13. Design of regression model experiment.  

34-weeks old apoE knockout mice were given oral administration of vehicle (0.5% 

CMC) or phorbaketal A (5 mg/kg) with chow diet. 
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Figure 14. Effect of phorbaketal A on atherosclerosis lesion formation: 

regression model.   

After 4 weeks treatment, collected arteries were analyzed by En face staining. There 

were no significant differences. 
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3.7  Effects of phorbaketal A on apoE knockout mice 

aortic inflammatory gene expression 

In the previous in vitro experiments, phorbaketal A showed that inhibitory effect 

on pro-inflammatory cytokines and adhesion molecules expression. Furthermore, 

phorbaketal A treated mice showed smaller lesion area formation than vehicle group. 

Since, I investigated whether phorbaketal A affected to the atherogenic gene 

expression on the artery of the vehicle or phorbaketal A treated mice. 

Arteries of phorbaketal A treated mice showed reduced pro-inflammatory 

mediators mRNA expression tendency, such as iNOS, IL-1β, IL-6 and TNF-α but 

were not significant (Figure 15). Next, I evaluated the monocytes recruiting and 

trafficking mediators. Phorbaketal A treatment significantly abrogated chemokine 

MCP-1 mRNA expression in the regression model (Figure 16). In addition, 

expression of VCAM-1 and ICAM-1 mRNA were also inhibited by phorbaketal A, 

especially in regression model (Figure 17).  Macrophage specific marker F4/80 is 

used as a macrophage infiltration indicator. In phorbaketal A treated group, F4/80 

mRNA was reduced than vehicle (Figure 18). These results suggest that phorbaketal 

A have anti-atherogenic effect via inhibition of monocyte recruitment and pro-

inflammatory responses in apoE knockout atherosclerosis models. 
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Figure 15. Expression of pro-inflammatory mediators in artery.  

Aortic mRNAs from three different atherosclerosis model experiments (White: 

Vehicle; Black: Phorbaketal A, 4 weeks-old: Progression model-1; 12 weeks-old: 

Progression model-2; 34 weeks-old: Regression model) were analyzed by qRT-PCR. 

(A) iNOS, (B) IL-1β, (C) IL-6, (D) TNF-α. Each bar represents the mean ± SEM of 

at least three independent mice. *,P< 0.05; **,P< 0.01; ***,P< 0.001 Vehicle vs. 

phorbaketal A treated group. 
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Figure 16. Phorbaketal A reduced MCP-1 expression.  

Aortic mRNAs from three different atherosclerosis model experiments (White: 

Vehicle; Black: Phorbaketal A, 4 weeks-old: Progression model-1; 12 weeks-old: 

Progression model-2; 34 weeks-old: Regression model) were analyzed by qRT-PCR. 

Expression of MCP-1 was reduced by phorbaketal A. Each bar represents the mean 

± SEM of at least three independent mice. *,P< 0.05; **,P< 0.01; ***,P< 0.001 

Vehicle vs. phorbaketal A treated group. 
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Figure 17. Phorbaketal A inhibited adhesion molecules expression.  

Aortic mRNAs from three different atherosclerosis model experiments (White: 

Vehicle; Black: Phorbaketal A, 4 weeks-old: Progression model-1; 12 weeks-old: 

Progression model-2; 34 weeks-old: Regression model) were analyzed by qRT-PCR. 

Expressions of (A) VCAM-1, (B) ICAM-1 were reduced by phorbaketal A. Each bar 

represents the mean ± SEM of at least three independent mice. *,P< 0.05; **,P< 0.01; 

***,P< 0.001 Vehicle vs. phorbaketal A treated group. 
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Figure 18. Phorbaketal A abrogated macrophages infiltration.  

Aortic mRNAs from three different atherosclerosis model experiments (White: 

Vehicle; Black: Phorbaketal A, 4 weeks-old: Progression model-1; 12 weeks-old: 

Progression model-2; 34 weeks-old: Regression model) were analyzed by qRT-PCR. 

Expression of F4/80 was inhibited by phorbaketal A treatment. Each bar represents 

the mean ± SEM of at least three independent mice. *,P< 0.05; **,P< 0.01; ***,P< 

0.001 Vehicle vs. phorbaketal A treated group. 
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3.8  Phorbaketal A activated MAPK phosphorylation 

Previously, it is reported that, phorbaketal A shows bioactivity through 

activation of ERK and JNK phosphorylation in unstimulated C3H10T1/2 cells (Byun 

et al., 2012). 

So, I evaluated whether phorbaketal A could regulate this signal transduction in 

macrophage. In the present study, phorbaketal A treatment also activated ERK, JNK 

and even p38 phosphorylation in raw264.7 (Figure 19). The activation time of 

phorbaketal A induced ERK, p38 and JNK1 phosphorylation was faster than LPS 

treatment (Figure 20). MAPK downstream signaling molecules, such as, mitogen- 

and stress-activated protein kinase 1 (MSK1), cAMP response element binding 

protein (CREB) and activator protein 1 (AP-1) were identified as regulator of MKP-

1 induction (Ananieva et al., 2008; Casals-Casas et al., 2009). In our experiments, 

phorbaketal A activated MSK1, CREB and ATF2 within 5 min (Figure 21). 
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Figure 19. Phorbaketal A activated MAPKs.  

Raw264.7 cells were treated with indicated concentrations of phorbaketal A for 1 h. 

(A) After 1 h, the cells were lysed, and MAPK phosphorylation levels were analyzed 

by western blotting. Quantified phosphorylation results of (B) ERK (n=6), (C) JNK 

(n=5) and (D) p38 (n=5) are shown. Each bar represents the mean ± SEM of at least 

5 independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO control 

group. 
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Figure 20. Phorbaketal A activated MAPKs at early time.  

Raw264.7 cells were treated with phorbaketal A (10 μM) for indicated time. (A) 
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After treatment, phosphorylation of MAPKs was analyzed by western blotting. 

Quantified results of (B) p-ERK1 (n=6), (C) p-ERK2 (n=6), (D) p-JNK1 (n=5), (E) 

p-JNK2 (n=5) and (F) p-p38 (n=5) are shown. Each point represents the mean ± SEM 

of at least five independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 control 

vs. LPS or phorbaketal A treatment group. 
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Figure 21. Phorbaketal A activated MAPK downstream signaling molecules.  

Raw264.7 cells were treated with LPS (100 ng/ml) or phorbaketal A (10 μM) for 

indicated time. (A) After treatment, phosphorylation of MSK1, CREB and ATF2 was 

analyzed by western blotting. Quantified results of (B) p-MSK1 (n=4), (C) p-CREB 

(n=4) and (D) p-ATF2 (n=5) are shown. Each point represents the mean ± SEM of 

at least four independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 control 

vs. LPS or phorbaketal A treatment group. 



 47

3.9 Phorbaketal A abrogated p38 phosphorylation in 

LPS-activated raw264.7 

Once raw264.7 recognized LPS by TLR4, rapid signal transduction occurred 

through MAPKs signaling cascade. MAPKs signaling activate a number of 

downstream signaling molecules, which regulate cytokine expression (Kaminska, 

2005). 

In the present study, pre-treatment of phorbaketal A inhibited LPS induced p38 

phosphorylation in raw264.7. Phosphorylation of other MAPKs such as ERK and 

JNK was not inhibited by phorbaketal A. JNK phosphorylation was even slightly 

increased by phorbaketal A.  

It suggests that anti-inflammatory effect of phorbaketal A occurred by inhibition 

of p38 phosphorylation (Figure 22). 
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Figure 22. Phorbaketal A abrogated p38 phosphorylation.  

Raw264.7 cells were pretreated with different concentrations of phorbaketal A for 1 

h and then stimulated with LPS (100 ng/ml) for 30 min. (A) After 30 min, the cells 

were lysed, and MAPK phosphorylation levels were analyzed by western blotting. 

Quantified phosphorylation results of (B) ERK (n=5), (C) JNK (n=5) and (D) p38 

(n=8) are shown. Each bar represents the mean ± SEM of at least 5 independent 

experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO control group; †,P< 

0.05, ††,P< 0.01, †††,P< 0.001 vs. LPS group. 
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3.10 Phorbaketal A induced MKP-1 expression 

MKP-1 is a well-known p38 phosphatase which immediately induced by 

various factors, including glucocorticoids and IL-10 (L. Li, Chen, & Liu, 2009). The 

MKP-1 expression and function were tightly controlled at multiple levels, including, 

transcription, mRNA stability, translation, phosphorylation, degradation, acetylation 

and phosphatase activity. When, raw264.7 cells were exposed to phorbaketal A for 1 

h, MKP-1 mRNA and protein expression were markedly increased in a concentration 

dependent manner (Figures 23A and B). In addition, LPS induced MKP-1 mRNA 

and protein expression also synergistically upregulated by phorbaketal A 

pretreatment (Figures 23C and D). IL-10 mRNA expression was also upregulated 

after 1 h phorbaketal A treatment (Figure 24). 

From these result, I hypothesized that MKP-1 is the key molecule of 

phorbaketal A induced de-phosphorylation of p38 and anti-inflammatory effects. 
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Figure 23. Phorbaketal A induced MKP-1 expression.  

Raw264.7 cells were treated with various concentration of phorbaketal A for 1 h. 

After 1 h, expression of MKP-1 (A) mRNA (n=3) or (B) protein (n=5) levels were 

analyzed by qRT-PCR and western blotting. Each bar represents the mean ± SEM of 

at least three independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. 

DMSO control group. Raw264.7 cells were pretreated with different concentrations 

of phorbaketal A for 1 h and then stimulated with LPS (100 ng/ml) for 30 min. After 

30 min, (C) mRNA (n=3) or (D) protein (n=8) expression of MKP-1 were analyzed. 

Each bar represents the mean ± SEM of at least three independent experiments. *,P< 

0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO control group; †,P< 0.05, ††,P< 0.01, 

†††,P< 0.001 vs. LPS group. 
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Figure 24. Phorbaketal A induced IL-10 mRNA expression.  

Raw264.7 cells were treated with various concentration of phorbaketal A for 1 h. 

After 1 h, expression of IL-10 mRNA levels were analyzed by qRT-PCR (n=3). Each 

bar represents the mean ± SEM of three independent experiments. *,P< 0.05, **,P< 

0.01, ***,P< 0.001 vs. DMSO control group. 
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3.11 MKP-1 stabilized by Phorbaketal A 

MKP-1 stability is enhanced by ERK induced phosphorylation on s359 and 

s364 residue(Chi & Flavell, 2008). In this study, s359 was phosphorylated by 

phorbaketal A after 5 min treatment (Figure 25). This means that phorbaketal A not 

only induced MKP-1 expression but also enhances stability. 
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Figure 25. Phorbaketal A induced MKP-1 phosphorylation.  

Raw264.7 cells were treated with LPS (100 ng/ml) or phorbaketal A (10 μM) for 

indicated time. (A) After treatment, phosphorylation of MKP-1(s359) was analyzed 

by western blotting. (B)Quantified results are shown (n=3). Each bar represents the 

mean ± SEM of at least three independent experiments. *,P< 0.05, **,P< 0.01, 

***,P< 0.001 0 time control vs. LPS or phorbaketal A treatment group. 
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3.12  Phorbaketal A suppressed p38 phosphorylation by 

MKP-1 

Then, I investigated the effect of MKP-1 blocking by inhibitor, triptolide (Chen 

et al., 2002) on the p38 phosphorylation.  

Triptolide effectively suppressed MKP-1 expression (Figures 26A and B). As 

shown in Figure 27A, triptolide treatment restored phorbaketal A induced p38 de-

phosphorylation. Phorbaketal A also significantly inhibited phosphorylation of p38 

substrate MK2 but not ATF2. And MK2 phosphorylation was recovered by triptolide 

(Figure 27).  

These results suggest that phorbaketal A abrogated p38 pathway activation 

through MKP-1 induction.  
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Figure 26. Triptolide inhibited MKP-1 expression.  

Raw264.7 cells were pretreated with 1 μM triptolide and phorbaketal A (10 μM) for 

1 h then stimulated with LPS (100 ng/ml) for 30 min. (A) After treatment, mRNA of 

MKP-1 was analyzed by qRT-PCR (n=3). Each bar represents the mean ± SEM of at 

least three independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO 

control group; †,P<0.05, ††,P< 0.01, †††,P< 0.001 vs. LPS group. (B) MKP1 
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expression was analyzed by western blotting. Quantified results of MKP-1 (n=4) is 

shown. Each bar represents the mean ± SEM of at least four independent experiments. 

*,P< 0.05, **,P< 0.01, ***,P< 0.001 LPS vs. LPS + phorbaketal A group; †,P< 0.05, 

††,P< 0.01, †††,P< 0.001 LPS + phorbaketal A group vs. LPS + phorbaketal A + 

triptolide group. 
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Figure 27. Triptolide restored phosphorylation of p38 downstream signaling 

molecules. 

 Raw264.7 cells were pretreated with 1 μM triptolide and phorbaketal A (10 μM) for 

1 h then stimulated with or without LPS (100 ng/ml) for 30 min. (A) Phosphorylation 

of p38, MK2 and ATF2 were analyzed by western blotting. Quantified results of (B) 

p38 (n=5), (C) MK2 (n=4) and (D) ATF2 (n=4) are shown. Each bar represents the 

mean ± SEM of at least four independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 

0.001 LPS vs. LPS + phorbaketal A group; †,P< 0.05, ††,P< 0.01, †††,P< 0.001 LPS 

+ phorbaketal A group vs. LPS + phorbaketal A + triptolide group. 
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3.13 Phorbaketal A upregulated MKP-1 expression 

through the ERK in raw264.7 

MKP-1 induction is modulated by various signaling molecules. MKP-1 

expression is mainly enhanced by ERK pathway and p38 have minor role in MKP-

1 induction by LPS (Chen et al., 2002). The cAMP induces ERK phosphorylation 

and MKP-1 expression in leydig cells (Mori Sequeiros Garcia, Gorostizaga, Brion, 

González-Calvar, & Paz, 2015). ERK inhibitors block the MKP-1 expression in 

macrophages (Brondello, Brunet, Pouysségur, & McKenzie, 1997; Lang et al., 2006; 

Wancket et al., 2012). MicroRNA-101a (miR-101a) is reported that attenuates MKP-

1 induction (Zhu, Liu, Chen, Lan, & Ge, 2010). In our experiment, phorbaketal A 

did not induce intracellular cAMP levels (Figure 28). LPS induced miR-101a up to 

1 h treatment, but phorbaketal A had no inhibitory effect to the miR-101a expression 

(Figure 29). GR antagonist, mifepristone, inhibited dexamethasone (1 μM) induced 

MKP-1 expression (Figure 30). 

In naïve raw264.7 cells, phorbaketal A induced MAPK activation including 

ERK and p38, and it augmented MKP-1 expression in the transcription and 

translation level. So we used MAPK inhibitors to assess whether induction of MKP-

1 expression by phorbaketal A is MAPK dependent or not. As a result, phorbaketal 

A induced MKP-1 mRNA and protein expression were inhibited by U0126. It 

suggests that ERK involved in MKP-1 expression (Figure 31). Interestingly, JNK 

inhibitor, SP600125 significantly upregulated MKP-1 mRNA expression, but did not 

protein (Figure 31). 
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Figure 28. Effect of phorbaketal A on cAMP levels.  

Raw264.7 cells were incubated with phorbaketal A for 30 min. cAMP levels in cell 

lysate were analyzed by cAMP ELISA. Data shown are mean ± SEM. *,P< 0.05, 

**,P< 0.01, ***,P< 0.001 vs. DMSO control group. 
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Figure 29. Effect of phorbaketal A on miR-101a expression.  

(A) Raw264.7 cells were treated with LPS (100 ng/ml) for indicate time. miR-101a 

expression was analyzed by qRT-PCR. Data shown are mean ± SEM. *,P< 0.05, 

**,P< 0.01, ***,P< 0.001 vs. 0 time control group. (B) Raw264.7 cells were 

pretreated with 10 μM phorbaketal A for 1 h then stimulated with or without LPS 

(100 ng/ml) for 1 h. After 1 h, miR-101a expression was analyzed by qRT-PCR. *,P< 

0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO control group; †,P< 0.05, ††,P< 0.01, 

†††,P< 0.001 vs. phorbaketal A group. 
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Figure 30. Phorbaketal A induced MKP-1 didn’t relate with GR.  

Cells were pretreated with phorbaketal A (10 μM), dexamethasone (1 μM) or 

mifepristone (1 μM) for 1 h. Then, activated with LPS (100 ng/ml) for 30 min. After 

treatment, expression of MKP-1 was analyzed by (A) qRT-PCR (n=3) or (B) western 

blotting (n=3). Each bar represents the mean ± SEM of at least three independent 

experiments. *,P< 0.05, **,P< 0.01, ***P< 0.001 LPS + dexamethasone group vs. 

LPS + dexamethasone + mifepristone group. ; †,P< 0.05, ††,P< 0.01, †††,P< 0.001 

LPS + phorbaketal A group vs. LPS + phorbaketal A + mifepristone group.  
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Figure 31. Phorbaketal A induced MKP-1 expression by ERK.  

Raw264.7 cells were pretreated with SB203580 (10 μM), SP600125 (5 μM) and 

U0126 (10 μM). After 1h, 10 μM of phorbaketal A was treated for 1 h. Then, 

expression of MKP-1 was analyzed by (A) qRT-PCR (n=4) or (B) western blotting 

(n=3). Each bar represents the mean ± SEM of at least three independent experiments. 

*,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO control group; †,P< 0.05, ††,P< 0.01, 

†††,P< 0.001 vs. phorbaketal A group. 
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Phorbaketal A induced MSK1 phosphorylation completely inhibited by SB203580 

and U0126 (Figures 32A and B). But, ATF2 phosphorylation was diminished by only 

U0126 (Figure 32D). These results suggest that phorbaketal A upregulates MKP-1 

expression through ERK/MSK1/CREB and ATF2 signaling pathway. 
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Figure 32. Phorbaketal A induced ERK signaling pathway. 

(A) Raw264.7 cells were pretreated with SB203580 (10 μM), SP600125 (5 μM) and 

U0126 (10 μM). After 1h, 10 μM of phorbaketal A was treated for 1 h. Then, 

Phosphorylation of MSK, CREB and ATF2 were analyzed by western blotting. 

Quantified results of (B) MSK (n=4), (C) CREB (n=4) and (D) ATF2 (n=5) are 

shown. Each bar represents the mean ± SEM of at least four independent experiments. 

*,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO control group; †,P< 0.05, ††,P< 0.01, 

†††,P< 0.001 vs. phorbaketal A group. 
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3.14 Effects of phorbaketal A on MAPK in TNF-α 

stimulated HUVEC 

MAPKs are implicated in TNF-α induced HUVEC pro-inflammatory response. 

Thus, we evaluated effect of phorbaketal A on MAPK signaling pathway. First, 

HUVECs were pre-incubated with MAPK inhibitors for 1 h and then activated TNF-

α (10 ng/ml) for 6 h. Transcriptional expression of VCAM-1, ICAM-1 and MCP-1 

were analyzed (Figure 33). P38 specific inhibitor, SB203580 (10 μM) significantly 

inhibited VCAM-1 mRNA expression but not ICAM-1. However, 10 μM U0126 and 

SP600125 had no inhibitory effect on adhesion molecules mRNA expression. 

It suggests that p38 regulates VCAM-1 and MCP-1 expression in HUVECs. 
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Figure 33. Effects of MAPK inhibitors on adhesion molecules and chemokine 

expression.  

HUVECs were pretreated with SB203580 (10 μM), SP600125 (10 μM) and U0126 

(10 μM) for 1 h and stimulated with TNF-α (10 ng/ml) for 6 h. After 6 h, the cells 

were lysed, (A) VCAM-1, (B) ICAM-1 and (C) MCP-1 mRNA expression were 

analyzed by qRT-PCR. Each bar represents the mean ± SEM of three independent 

experiments. *,P< 0.05; *,P< 0.01; ***,P< 0.001 vs. DMSO control group; †,P< 0.05; 

††,P< 0.01; †††,P< 0.001 vs. TNF-α treated group. 
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Then I investigated the effect of phorbaketal A on p38 activation. HUVECs 

were pretreated with phorbaketal A (100 nM - 10 μM) for 1h. After 1h, cells were 

further incubated with TNF-α (10 ng/ml) for 15 min. As show in Figure 34, 

phorbaketal A inhibited phosphorylation of p38 in a concentration dependent manner. 

Then, expression of MKP-1 mRNA was analyzed after phorbaketal A treatment. It is 

significantly increased by phorbaketal A(Figure 35). 
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Figure 34. Phorbaketal A inhibited p38 phosphorylation in HUVEC.  

HUVECs were pretreated with different concentrations of phorbaketal A for 1 h and 

then stimulated with TNF-α (10 ng/ml) for 15 min. After 15 min, the cells were lysed, 

and MAPK phosphorylation levels were analyzed by western blotting. Quantified 

phosphorylation result of p38 is shown. Each bar represents the mean ± SEM of at 

least five independent experiments. *,P< 0.05, **,P< 0.01, ***,P< 0.001 vs. DMSO 

control group; †,P< 0.05, ††,P< 0.01, †††,P< 0.001 vs. TNF-α group. 
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Figure 35. Phorbaketal A increased MKP-1 in HUVEC. 

HUVECs were treated with various concentration of phorbaketal A for 1 h. After 1 

h, expression of MKP-1 mRNA (n=3) levels were analyzed by qRT-PCR. Each bar 

represents the mean ± SEM of three independent experiments. *P< 0.05, **P< 0.01, 

***P< 0.001 vs. DMSO control group. 
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Chapter 4.  Discussion 

Atherosclerosis is the main cause of cardiovascular disease (CVD) which is a 

leading cause of morbidity and mortality in the world (Schaftenaar, Frodermann, 

Kuiper, & Lutgens, 2016). It is characterized by the accumulated lipid and various 

immune cells crowded plaques in the intima of large and medium-sized arteries 

(Libby, Lichtman, & Hansson, 2013). The formation of atherosclerotic lesions 

generally takes years to decades in human, but plaque rupture induced complications, 

such as stroke and myocardial infarction come suddenly (Hansson & Hermansson, 

2011; Libby, 2013). Traditionally, atherosclerosis was thought to passive lipid 

accumulation beneath the endothelium of the arteries and formation of plaque by 

SMCs (Berman, Farkouh, & Rosenson, 2013). However, the involvements of 

immune and inflammatory processes in atherosclerosis development were identified 

from last 2 - 3 decades (Libby, Ridker, & Hansson, 2009). Thus, benefits of anti-

inflammatory drugs, such as antioxidants, inhibitors of IL-1, TNF-α and IL-6 

regulatory pathway, phospholipase A2 (PLA2) inhibitors, adhesion molecules 

inhibitors and leukotriene inhibitors for atherosclerosis therapy have arisen to solve 

the limitation of lipid lowering drugs (Berman et al., 2013; Ridker & Lüscher, 2014). 

Bioactive secondary metabolites were isolated from Korean marine sponge, 

Monanchora sp. These metabolites show bioactivities including, cytotoxicity, 

apoptosis-inducing, antifungal, antibacterial, antiviral, antiprotozoal, antimalarial, 

and anti-tumor activity (W. Wang et al., 2013). Among the metabolites, phorbaketal 

A exerts stimulation of osteogenic differentiation (Byun et al., 2012) and inhibition 

of adipogenic differentiation (Byun et al., 2013) via activation of ERK and 

transcriptional coactivator with PDZ-binding motif in C3H10T1/2 and bone 
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marrow-derived human mesenchymal stem cells.  

ERK belongs to the MAPK family which commonly regulates numerous 

fundamental cellular processes, such as, growth, proliferation, differentiation, 

morphology determination, motility, stress responses, survival, apoptosis, 

inflammation and immune response (Caunt & Keyse, 2013; Korhonen & Moilanen, 

2014; Plotnikov et al., 2011; Roux & Blenis, 2004). ERK is generally activated by 

mitogens (Wancket et al., 2012) and positively regulates immediate early genes 

(IEGs), such as Fos, Jun, Myc, Egr-1, zif 268 and MKP-1 (Murphy, MacKeigan, & 

Blenis, 2004; Sgambato, Pages, Rogard, Besson, & Caboche, 1998). In the previous 

research by Seo et al., phorbaketal A shows anti-inflammatory effects in 

macrophages through inhibition of NF-κB transcriptional activity and upregulation 

of HO-1 expression (Seo et al., 2015).  

In this study, I attempted to evaluate the anti-atherogenic effect of Phorbaketal 

A in apoE knockout mice and figure out the mechanism of anti-inflammatory effect 

of phorbaketal A on Raw264.7 macrophages and HUVECs. 

The results of this study suggest that phorbaketal A lowers formation of 

atherosclerotic lesion formation in the various in vivo models. This anti-atherogenic 

effect was probably due to inhibition of pro-inflammatory mediators, chemokine and 

adhesion molecules expression and reduced macrophage infiltration by phorbaketal 

A. In raw264.7 macrophages, phorbaketal A induced MKP-1 expression through 

early activation of ERK/MSK1/CREB/ATF2 signaling cascade. Then, accumulated 

MKP-1 inhibited p38/MK2 signaling pathway and showed down-regulation of pro-

inflammatory mediators in LPS activated raw264.7 macrophages. It also showed 

anti-inflammatory effects in HUVECs. Treatment of phorbaketal A inhibited TNF-α 
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induced mRNA and protein expression of VCAM-1 and MCP-1 but it has no 

inhibitory effect on ICAM-1. 

As reported before, phorbaketal A showed no cytotoxicity under 10 μM (Rho et 

al., 2009)(Figure 3). 

NO is a highly reactive gaseous signaling molecule which is induced by 

bacterial infection in macrophages (Lahti, Sareila, Kankaanranta, & Moilanen, 2006). 

Though, it has essential activities like, microbicidal and vasodilation (Bogdan, 2001), 

excessive NO production can cause shock and ischemic injury to vital organs 

(Parrillo, 1993; X. Wang et al., 2009). Phorbaketal A showed NO inhibition in 

concentration dependent manner (Figure 4A). There are three NOS isoforms: 

neuronal NOS (nNOS), iNOS and endothelial NOS (eNOS). The iNOS, different 

from the others, is highly induced by inflammatory stimuli in macrophages 

(Turpeinen et al., 2011). Phorbaketal A significantly inhibited expression of iNOS 

mRNA and protein at the concentration of 10 nM (Figures 4B and 4C). In addition, 

it also reduced the expression of IL-1β, IL-6 and TNF-α at gene and protein levels 

(Figures 5 and 6) which are key pro-inflammatory cytokines in pathogenesis of 

inflammatory diseases, such as atherosclerosis (Dambach, 2005).  

TNF-α is produced by immune cells, including macrophages, T cells, natural 

killer (NK) cells and mast cells (Pober & Min, 2006). Through two distinct receptors, 

TNFRI (p55, R1) and TNFR2 (p75, R2), it induces pro-inflammatory molecules 

expression, including adhesion molecules, chemokines and inflammatory cytokines 

via activation of NF-κB, JNK and p38 signaling pathway (Luster, Simeonova, 

Gallucci, & Matheson, 1999). It also induces reactive oxygen species (ROS) in ECs 

which is important risk factor in ECs damage and ED (Xiuping Chen et al., 2008). 
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Cell adhesion molecules (CAMs) also have been considered as a pharmaceutical 

target of atherosclerosis (Ling, Nheu, & Komesaroff, 2012). VCAM-1 is a receptor 

for integrin very late antigen (VLA)-4 which is upregulated on the surface of 

monocytes and lymphocytes but not in neutrophils and it induces their attachment 

on endothelium (Elices et al., 1990). VCAM-1 is expressed on the surface of arterial 

ECs by accumulated cholesterol within the intima of aortas (M I Cybulsky & 

Gimbrone, 1991). In addition, VCAM-1 is upregulated in rabbit ascending aortas by 

atherogenic diet feeding for only 1 week (H. Li, Cybulsky, Gimbrone, & Libby, 

1993). ICAM-1 is constitutively expressed at basal level and it can be induced by 

pro-inflammatory stimuli in ECs (Leeuwenberg et al., 1992). It also regulates 

monocytes recruitment into atherosclerotic prone sites (Ling et al., 2012). In LDLR 

knockout mice, high blood LDL level induces both VCAM-1 and ICAM-1 

expression through activation of activator protein (AP)-1 signaling pathway in aortic 

ECs (Verna, Ganda, & Stemerman, 2006). Though, VCAM-1 and ICAM-1 are 

commonly expressed on atherosclerotic lesions, VCAM-1 has a dominant role in 

early atherosclerosis development (Myron I. Cybulsky et al., 2001).  

In the present study, phorbaketal A had differential effects on the adhesion 

molecules expression. It abrogated TNF-α induced VCAM-1 expression in 

translation and transcription levels but not ICAM-1 (Figure 7).  

Endothelial cell expressed MCP-1 is belongs to the C-C chemokine family, and 

binding of MCP-1 to its receptor, CCR2, inducing monocytes recruitment to the 

lesion (Cushing et al., 1990; Ylä-Herttuala et al., 1991). Indeed, MCP-1 increased 

the atherosclerosis in apoE-knockout or LDLR-knockout mice model (Aiello et al., 

1999; Gu et al., 1998). In addition, MCP-1 or CCR2-knockout decrease lesion 
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formation in apoE-knockout mice (Boring, Gosling, Cleary, & Charo, 1998; Ni et al., 

2001). As indicated in Figure 8. phorbaketal A inhibited mRNA and protein 

expression of MCP-1. 

Next, I evaluated the anti-atherogenic effects of phorbaketal A on apoE knock 

out mice. In these mice, fatty streaks appear in the proximal aorta from 12-weeks old 

on a chow diet (S. H. Zhang, Reddick, Piedrahita, & Maeda, 1992). And at 20-weeks 

of age, the fibrous plaques is observed(Meir & Leitersdorf, 2004). I conducted three 

different in vivo model experiments. In progression model-1, 4-weeks old apoE 

knockout mice were treated with 5 mg/kg phorbaketal A for 8 weeks on atherogenic 

diet (Figure 9). Phorbaketal A treated mice showed 26% less lesion formation in the 

whole aorta (Figure 10). In progression model-2, 5 mg/kg phorbaketal A were 

administered to 12-weeks of age apoE knockout mice with atherogenic diet for 8 

weeks (Figure 11). In this model, phorbaketal A reduced 56% lesion formation 

(Figure 12). However, in regression model experiment, 5 mg/kg phorbaketal A 

treatment on 34 weeks old mice for 4 weeks with chow, had no lesion inhibition were 

shown (Figures 13 and 14). Then, I evaluated the mRNA expression of the arteries 

of three in vivo atherosclerosis models. The expression of pro-inflammatory 

mediators, including iNOS, IL-1β, IL-6 and TNF-α was not significantly inhibited 

by phorbaketal A (Figure 15). However, monocyte recruiting and transmigration 

mediators, such as MCP-1, VCAM-1 and ICAM-1 were significantly inhibited by 

phorbaketal A in regression model (Figures 16 and 17). Macrophage infiltration 

marker, F4/80 was abrogated by phorbaketal A in regression model (Figure 18). 

These results indicate that phorbaketal A inhibits initiation state of lesion formation 

in apoE knockout mice and this could be occurred by inhibition of monocyte 
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recruiting factors and pro-inflammatory mediators. 

Then, I attempt to figure out the molecular mechanism of anti-inflammatory 

effects of phorbaketal A using Raw264.7 macrophages and HUVECs. When TLR4 

is activated by stimuli and inflammatory responses are started, MAPKs are major 

downstream signaling pathways which transduce signals from extracellular 

environment to nucleus using kinase-mediated phosphorylation cascade (Morrison, 

2012). Activated MAPK increases pro-inflammatory cytokines and adhesion 

molecules expression. Therefore, MAPK has been a molecular target of anti-

inflammatory therapies against inflammatory diseases, including autoimmune 

disorders, neurodegenerative conditions, infection, cardiovascular diseases, and 

cancer (Kaminska, 2005). Previous study demonstrated that phorbaketal A activates 

ERK and JNK at 30 min after treatment in the C3H10T1/2 cells (Byun et al., 2012). 

In naïve raw264.7 cells, phorbaketal A induced ERK1/2, p38 and JNK1 

phosphorylation at least 5 minutes (Figures 19 and 20). It is faster than LPS 

stimulated MAPK activation. Downstream molecules, such as MSK, CREB and 

ATF2 also activated at early time (Figure 21). This early activation of MAPK is 

similar to M-CSF induced ERK phosphorylation kinetic patterns which are likely to 

induce cell proliferation rather than activation via early induction of MKP-1 in bone 

marrow-derived macrophages (Casals-Casas et al., 2009). In LPS-activated 

raw264.7, phorbaketal A abrogated LPS-induced p38 phosphorylation (Figure 22). 

However, it had no inhibitory effects on ERK or JNK phosphorylation. These results 

suggest that phorbaketal A probably attenuated expression of pro-inflammatory 

molecules by inhibition of p38 activation in inflammatory environment. Since p38 

is implicated with pathogenesis of chronic inflammatory diseases, such as RA, 
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psoriasis, Crohn’s disease, stroke, asthma and COPD, numerous p38 inhibitors were 

investigated in preclinical and clinical researches. However, many p38 inhibitors 

failed in trials because of unacceptable side effects, including liver enzyme elevation, 

cardiotoxicity, light-headedness, skin rash, gastrointestinal tract symptoms, and 

vulnerable to infections (Bühler & Laufer, 2014; Duraisamy et al., 2008; Fisk et al., 

2014). Though, p38 inhibitors are still under evaluation to treat other inflammatory 

diseases like cardiovascular disease (CVD) and COPD, other approaches to develop 

anti-inflammatory drugs have been attempted via seeking safer targets, including 

MK2 and MKP-1. 

To avoid excessive inflammatory mediated damages, cells have various 

resolution mechanisms. De-phosphorylation is the effective resolution mechanism 

to tightly regulate phosphorylation of MAPK (Liu et al., 2007; Owens & Keyse, 

2007). MKP-1 is one of the most studied archetype phosphatase, which is increased 

by various stimuli, including stresses (LPS, p53, osmotic stress, heat shock, and UV), 

nutritional compounds (L-glutamine, fatty acid metabolites, vitamin A derivatives, 

and vitamin D), anti-inflammatory drugs (glucocorticoids, antirheumatic gold 

compounds, and PDE4 inhibitors), cytokine (IL-10), PMA, growth factors, 

anisomycin, Ca2+ ionophores, endocannabinoids, mapracorat, rapamycin and 

genkwanin (Gao et al., 2014; Korhonen et al., 2013; Korhonen & Moilanen, 2014; 

Krishnan & Chatterjee, 2012; Nieminen, Korhonen, Moilanen, Clark, & Moilanen, 

2010; Rastogi et al., 2013; Salojin et al., 2006; Vollmer et al., 2012; Y. Zhang et al., 

2012). Generally, MKP-1 prefers p38 or JNK as substrate than ERK (Liu et al., 2007). 

Salojin et al. demonstrated that MKP-1 is essential to control the activation of p38 

in macrophages (Salojin et al., 2006). Therefore, MKP-1 has been regarded as an 
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inflammatory drug target which are aim to regulate innate immune responses (He, 

Yu, Zhang, & Zhang, 2014; Korhonen & Moilanen, 2014). Phorbaketal A increased 

expression of MKP-1 in both naïve and LPS-activated raw264.7 macrophages 

(Figures 23A-D). It induced IL-10 mRNA expression after 1 treatment (Figure 24). 

In addition, phorbaketal A phosphorylated MKP-1 at the s359 residue which 

enhances MKP-1 stability (Figure 25). From these results, I suggest that phorbaketal 

A regulates MKP-1 expression both of transcription and translation levels and 

stability. 

Phorbaketal A induced inhibition of p38 phosphorylation is restored by 

triptolide which inhibits MKP-1 expression (Figures 26 and 27). MK2 is a p38 

downstream substrate which has major role in regulation of pro-inflammatory 

cytokine expression (Kotlyarov et al., 1999; Stokoe et al., 1992; Winzen et al., 1999). 

When T334 residue of MK2 is phosphorylated, it binds with p38 and forms MK2:p38 

complex, which moves from nucleus to cytosol to activate downstream molecule 

including heat shock protein 27 (HSP27) (Ben-Levy, Hooper, Wilson, Paterson, & 

Marshall, 1998). MK2 knockout mice show endotoxin resistance and product less 

pro-inflammatory cytokines (Schindler, Monahan, & Smith, 2007). In 

hypercholesterolemic ldlr knockout mice, systemic MK2 deficiency protects from 

progression of atherosclerosis (Jagavelu et al., 2007). In the present study, 

phorbaketal A inhibited MK2 activation but not the activation of ATF2 (Figure 27). 

Non-ATP competitive P38α inhibitor, CMPD1, exerts similar substrate selective 

inhibitory effect on MK2 not ATF2 (Davidson et al., 2004). However, mechanism of 

CMPD1 selectivity is not yet clear (Cumming et al., 2015). Though, phorbaketal A 

indirectly inhibited p38 phosphorylation through MKP-1 induction, it showed 
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similar substrate selective inhibition activity with CMPD1. Further study on the 

mechanism of substrate selection is needed. Furthermore, phosphorylation of MK-2 

was also recovered by triptolide (Figure 27). From these results, I suggest that MKP-

1 is essential molecule for inhibition of p38 signaling pathway by phorbaketal A. 

Activated ERK and p38 transduce signals to numerous downstream molecules, 

such as MSK1, CREB and ATF2 which are well-known as MKP-1 regulating factors 

(Rastogi et al., 2013). MSK1 deficiency prevents MKP-1 expression by abrogated 

CREB and ATF1 phosphorylation (Ananieva et al., 2008). It is well known that 

CREB is activated by cAMP and induces MKP-1 expression (J. Zhang et al., 2008). 

However, phorbaketal A did not enhance cAMP levels in raw264.7 cells (Figure 28). 

MicroRNA-101a (miR-101a) is induced by TLR ligands and it attenuates MKP-

1 induction (Zhu et al., 2010). Both genkwanin and dexamethasone have been 

reported that they induce MKP-1 expression, and these molecules concurrently 

inhibit miR-101 (Gao et al., 2014; Zhu et al., 2010). In the present study, LPS 

treatment induced miR-101a expression, but phorbaketal A had no inhibitory effect 

on it (Figure 29). 

GCs are used in various inflammatory disease therapies via inhibition of 

inflammatory genes expression partly through GR induced MKP-1 expression 

(Barnes, 2011). However, increasing risk of side effects including, osteoporosis 

restricts high dose and long-term treatment of GCs in clinic (Abraham et al., 2006; 

Shah, King, Chandrasekhar, & Newton, 2014). GC activated GR inhibits runt-related 

transcription factor2 (RUNX2) which is a critical transcription factor regulates 

osteoblast differentiation and bone formation (Ayroldi, Macchiarulo, & Riccardi, 

2014). Whereas, phorbaketal A has osteogenic differentiation stimulating activity 
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through RUNX2 induction (Byun et al., 2012). In the present study, to investigate 

the correlation of phorbaketal A with GR on MKP-1 induction, mifepristone was 

used. Mifepristone effectively suppressed dexamethasone induced MKP-1 

expression. But, it is not inhibited phorbaketal A induced MKP1 induction (Figure 

30). It suggests that phorbaketal A had similar anti-inflammatory effects with GC 

through MKP-1 induction but it is not engaged with GRs. 

Finally, Involvement of ERK signaling pathway on the phorbaketal A induced 

MKP-1 expression was analyzed. Here, U0126 diminished MKP-1 expression 

(Figures 31A and B). In addition, phosphorylation of MSK1 is significantly inhibited 

by SB203580 and U0126 (Figure 32). However, CREB and ATF2 are less affected 

by SB203580 (Figure 32). It is likely that CREB and ATF2 can be activated by other 

upstream signaling molecules, such as MSK2 or RSKs. Interestingly, SP600125 

upregulated both MKP-1 mRNA and protein expression (Figure 32). It also activated 

phosphorylation of MSK1 (Figure 32). It is probably due to low specificity of 

SP600125 (Bain, McLauchlan, Elliott, & Cohen, 2003) or cell type difference. 

Actually, in primary peritoneal macrophages, SP600125 has no effects on MKP-1 

induction (Hu et al., 2007) and in MIN6 cells, SP600125 induces CREB activation 

via p38 pathway (Vaishnav, Jambal, Reusch, & Pugazhenthi, 2003). These results 

show that phorbaketal A induced MKP-1 expression through ERK/MSK1/CREB and 

ATF2 signaling pathway. 

Next, effect of phorbaketal A on p38 in HUVECs was investigated. In the 

present study only p38 inhibitor, SB203580, inhibited VCAM-1 and MCP-1 in TNF-

α stimulated HUVECs but not by other inhibitors (Figure 33). Involvement of 

MAPK signaling pathways on expression of VCAM-1 and MCP-1 is well discovered 
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(Dou et al., 2012; Lu et al., 2012). Previous study reported that VCAM-1 is a p38 

dependent gene (Induction dependent on p38: 52.7 %) in TNF-α activated HUVECs, 

but ICAM-1 is not dependent on p38 (Viemann et al., 2004). Production of MCP-1 

inhibited by p38 inhibitors (Deshmane et al., 2009). Phorbaketal A inhibited TNF-α 

activated p38 phosphorylation in HUVECs (Figure 34). It suggests similar p38 

inhibition activity already showed in raw264.7. MKP-1 controls immune response 

via regulation of p38 phosphorylation (Salojin et al., 2006). Treatment of phorbaketal 

A increased MKP-1 mRNA expression in HUVECs (Figure 35). These results 

suggest that phorbaketal A inhibits VCAM-1 and MCP-1 via inhibition of p38 

phosphorylation through MKP-1 induction. 

The objective of this study was to evaluate the anti-atherogenic effects of 

phorbaketal A in apoE knockout mice, Raw264.7 macrophages and HUVECs. Novel 

molecular mechanisms of anti-inflammatory effect of phorbaketal A were identified 

and results suggest that phorbaketal A inhibits initial lesion formation via inhibition 

of macrophage recruitment and infiltration. Phorbaketal A also inhibited 

inflammation through de-phosphorylation of p38 via ERK/MSK1/CREB and ATF2 

signaling pathway induced early MKP-1 expression in Raw264.7. In HUVECs, it 

abrogated VCAM-1 and MCP-1 expression by p38 inhibition. These results 

demonstrate that phorbaketal A is a potential drug candidate for treatment of 

atherosclerosis. 
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국문 초록 

죽상동맥경화는 혈액 내 높아진 저밀도 지단백이 혈관 내피층에 

침착 되고 정상기능을 상실한 혈관내피세포와 이로부터 시작되는 

염증반응에 의해 유도되는 다양한 염증세포 (단핵구, T 세포 등)의 

축적으로 중대 동맥에 병변이 발생되는 질환이다. 유도된 염증세포는 

사이토카인 및 키모카인의 분비를 통하여 더 많은 염증세포를 

손상부위로 유도하는 한편 평활근세포의 성장 및 이동을 유도하여 

혈관을 좁히고 섬유화시킨다. 동맥경화의 발병에 관여하는 TNF-α와 IL-

6는 대표적으로 알려진 염증유발 물질로 세포 간 부착분자의 발현을 

유도하고 혈관 내피세포 내 eNOS의 NO생성을 억제하여 동맥 수축을 

교란시켜 동맥경화의 발병에 중요한 역할을 한다고 알려져 있다.  

본 연구에서는 해양천연물질 phorbaketal A의 in vitro와 in vivo 

동맥경화 치료 효능을 검정하고 그 기전을 밝히기 위하여 apoE 결손 

생쥐를 이용한 세 가지의 in vivo 동맥경화모델과 LPS로 활성화된 

raw264.7 대식세포, TNF-α로 활성화된 HUVECs 세포를 이용하여 실험을 

진행하였다. 

LPS로 활성화된 raw264.7 대식세포에서 phorbaketal A에 의하여 

동맥경화의 주요 위험 인자인 iNOS, IL-1β, IL-6. TNFα의 mRNA와 

단백질의 발현이 억제되는 것을 확인 하였다. 또한 HUVEC에서 TNF-α로 

인해 증가된 VCAM-1과 MCP-1의 발현이 phorbaketal A에 의해 억제되는 

것을 확인하였다. In vivo 모델에서는 5 mg/kg의 phorbaketal A를 
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투여하였을 때 초기 동맥경화 병변 생성이 줄어드는 것을 확인하였고, 

이는 대식세포의 이동을 유도하는 ICAM-1, VCAM-1, MCP-1의 발현이 

억제되어 생긴 결과인 것을 알 수 있었다. p38은 이러한 인자들의 발현을 

유도하는 주요 신호전달물질로 Raw264.7과 HUVEC에서 LPS와 TNF-α로 

유도된 p38 인산화가 phorbaketal A에 의해 억제되는 것을 확인하였다. 

p38의 탈인산화를 통하여 과도한 염증반응을 억제하는 것으로 알려진 

MKP-1의 발현이 phorbaketal A에 의하여 증가하는 것을 확인하였고, 

MKP-1 저해제 triptolide에 의해 p38의 인산화가 다시 회복되는 결과를 

얻었다. 이로부터 phorbaketal A가 MKP-1 증가를 통하여 p38의 인산화를 

억제하는 것을 밝혔다. 기존의 보고에서 phorbaketal A 단독처리 시 

MAPK 신호 활성화를 통하여 다양한 생리활성을 나타냈다. 이로부터 

MAPK와 MKP-1 발현 간의 상관관계를 알아보기 위한 실험에서 ERK 

저해제인 U0126에 의해 phorbaketal A에 의한 MKP-1의 발현이 억제되는 

결과를 얻었고, MKP-1의 발현을 조절하는 인자인 MSK-1, CREB, ATF-2의 

활성화 또한 억제되는 것을 확인하였다. 이를 통하여 ERK를 통한 

phorbaketal A의 MKP-1 증가 기전을 증명하였다. 

본 연구에서는 in vivo와 in vitro 모델에서 phorbaketal A의 

항동맥경화효능을 검증하였다. 그 결과 phorbaketal A는 잠재적인 

동맥경화 치료제로서 가능성이 있으며 MKP-1은 동맥경화 치료제 분자 

표적이 될 수 있음을 제시하였다 
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