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中文摘要 

 

許多研究顯示，發炎反應及血管內皮細胞功能異常為動脈粥狀硬化起

始的關鍵。腫瘤壞死因子 (tumor necrosis factor-α, TNF-α) 為重要的促發炎

細胞激素，它會促進內皮細胞中黏著分子的表現，使單核球黏附至內皮細

胞上，進而形成動脈粥狀硬化斑塊。穿心蓮 (Andrographis paniculata) 中的

活性成分穿心蓮內酯 (andrographolide) 被證實具有抗發炎作用。本研究以

人類內皮細胞EA.hy926來探討穿心蓮內酯對腫瘤壞死因子所誘發的細胞黏

著分子-1 (intercellular adhesion molecule, ICAM-1) 基因表現之影響。研究

結果發現，穿心蓮內酯除了能抑制腫瘤壞死因子所誘發的ICAM-1 mRNA、

蛋白質及其在細胞膜表面之表現，亦能抑制腫瘤壞死因子所誘發EA.hy926

細胞與單核球HL-60細胞的黏附作用。進一步探討發現，穿心蓮內酯會降低

腫瘤壞死因子所誘發的κB inhibitor (IκB) kinase (IKK) 及IκBα活化、減少p65

進入細胞核內、降低NF-κB與DNA的結合，並且減少ICAM-1報導基因活

性。另外研究結果發現，穿心蓮內酯能增加胞內cAMP濃度並活化cAMP 

response element-binding protein (CREB)，但在knockdown CREB的表現下，

穿心蓮內酯抑制腫瘤壞死因子所誘發的ICAM-1表現並不受影響。本研究證

實在EA.hy926細胞中，穿心蓮內酯會藉由減少NF-κB活化，進而抑制腫瘤

壞死因子所誘發的ICAM-1表現。此研究結果意謂穿心蓮具有預防動脈粥狀

硬化發生的潛力。 

 

關鍵字：穿心蓮內酯、腫瘤壞死因子、細胞間黏著分子-1、nuclear 

factor-kappa B (NF-κB)、EA.hy926 cells 
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英文摘要 

 

Several lines of evidence indicate that inflammation and endothelial cell 

dysfunction are important initiating events in atherosclerosis. Tumor necrosis 

factor-α (TNF-α), a proinflammatory cytokine, induces the expression of cell 

adhesion molecules and results in monocyte adherence and atheromatous plaques 

formation. Andrographolide (AP) is a major bioactive diterpene lactone in 

Andrographis paniculata, which possesses anti-inflammatory property. In the 

present study, we investigated the effect of AP on TNF-α-induced ICAM-1 

expression in EA.hy926 cells. AP inhibited TNF-α-induced ICAM-1 mRNA, total 

protein, and cell-surface expressions. In addition, TNF-α-induced adhesion of 

HL-60 to EA.hy926 cells was abolished by AP. Furthermore, AP suppressed 

TNF-α-induced κB inhibitor (IκB) kinase (IKK) and IκBα activation, p65 nuclear 

translocation, NF-κB and DNA binding activity, and promoter activity of ICAM-1. 

AP increased intracellular cAMP concentration and induced the phosphorylation 

of cAMP response element-binding protein (CREB). Transfection with 

CREB-specific small interfering RNA knocked down CREB expression, however, 

did not inhibit ICAM-1 expression by AP. Taken together, these results suggest 

that AP down-regulates TNF-α-induced ICAM-1 expression via attenuation of 

activation of NF-κB in EA.hy926 cells. The results may implicate the 

cardiovascular-protective potential of AP. 

 

Keywords：andrographolide; tumor necrosis factor-α; intercellular adhesion 

molecule-1; nuclear factor-kappa B; EA.hy926 cells 
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第一章 前言  

現代人飲食精緻，常攝取過多油脂，易罹患心血管慢性疾病。依據行政

院衛生署統計資料顯示，在國人十大死因當中心臟疾病與腦血管疾病近年來

逐步攀升至前三名僅次於惡性腫瘤 (行政院衛生署，2009)，可見心血管疾病

日趨嚴重。氧化型低密度脂蛋白的累積或血管內皮的損傷將造成血管內皮細

胞功能異常，促進細胞激素及黏著分子的表現。長期白血球的過度徵募會促

使動脈粥狀硬化斑塊與脂肪條紋的生成，造成動脈粥狀硬化的發生，進一步

可能導致局部缺血或梗塞等嚴重的後果 (Hansson, 2005, 2009)。 

除了亞洲國家以外，傳統應用於保健預防或疾病治療的中草藥也逐漸受

到西方國家的重視，而這些中草藥當中的有效成分及其作用機轉更備受矚

目。穿心蓮在傳統醫療上多用來治療感冒發熱、咽喉腫痛等，具有清熱解毒

之效。在過去的文獻當中指出穿心蓮具有抗發炎的作用 (Abu-Ghefreh et al., 

2009; Bao et al., 2009)，而動脈粥狀硬化即為慢性發炎的疾病之ㄧ，因此本研

究將以內皮細胞所表現的細胞黏著分子為指標，探討穿心蓮內酯對其之影響

及其所透過的分子機制，以期望使穿心蓮的預防保健功效更為清楚。 

 



 

3 

第二章 文獻探討 

 

一、穿心蓮 

在許多亞洲國家傳統中草藥廣泛的應用於日常生活中，除了替代藥物

用以治療疾病外亦可入膳用於預防保健。隨著養生觀念受到重視，中草藥

的應用除了亞洲地區之外亦逐漸受到西方國家的重視。因此關於這些藥用

植物的研究也越來越多，進而使其功效、活性成分及作用機轉ㄧㄧ逐步釐

清。 

穿心蓮，拉丁學名Andrographis paniculata (Burm. f.) Nees，它屬於爵

床科 (Acathaceae)、穿心蓮屬 (Andrographis)，又名一見喜、苦膽草、印

度草、斬蛇劍等。穿心蓮生長主要分布於印度、斯里蘭卡、泰國、越南等

東南亞熱帶地區，另外中國大陸與台灣各地也有零星栽培。穿心蓮為一年

生草本植物，主要於夏秋兩季割取地上部分，曬乾後以水煎熬服用。穿心

蓮性苦味寒，具清熱解毒之效，於傳統醫療應用上多用以治療感冒發熱、

咽喉腫痛、口舌生瘡及毒蛇咬傷等。目前研究發現穿心蓮具有多種生理功

效，包括抗發炎 (Abu-Ghefreh et al., 2009; Bao et al., 2009)、抗癌 (Jiang et 

al., 2007; Rajagopal et al., 2003; Zhao et al., 2008)、保護肝臟 (Trivedi et al., 

2007)、抗病毒 (Chen et al., 2009)、抗氧化 (Akowuah et al., 2008) 及降血

糖 (Yu et al., 2003; Zhang and Tan, 2000) 等。研究指出穿心蓮的活性成分

主要包括diterpenes、flavonoids及polyphenols。目前已知的diterpenes有

andrographolide，neoandrographolide，14-deoxy-ll, 

12-dihydroandrographolide，14-deoxyandrographolide，

14-deoxy-11-hydroxyandrographolide及12-didehydro-andrographolide等；

flavonoids包括7-O-methylwogonin，dihydroskullcapflavone I，
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7-O-methyldihydrowogonin，5-hydroxy-7,8,20,50-tetramethoxy-flavone， 

5-hydroxy-7,8,20,30-tetramethoxyflavone和

5-hydroxy-7,20,60-trimethoxyflavone等；而polyphenols則包括cinnamic 

acid，caffeic acid，ferulic acid及chlorogenic acid等 (Koteswara Rao et al., 

2004)。在這些已知的diterpenes中，穿心蓮內酯 (andrographolide) 是最受

重視的活性成分，其結構式：

3-[2-[decahydro-6-hydroxy-5-(hydroxymethyl)-5,8a- dimethyl-2-methylene-1- 

napthalenyl]ethylidene]dihydro- 4-hydroxy-2(3H)-furanone，分子式：

C20H30O5，分子量為350.45，主要存在於穿心蓮葉子當中。以高效能液相

層析法 (high performance liquid chromatography, HPLC) 分析穿心蓮葉子

的乙醇萃取物，每公克乾燥的葉子含有44.48毫克穿心蓮內酯 

(Wongkittipong et al., 2004)。 

 

        

圖 2.1 (A)穿心蓮 (Singha et al., 2007)，(B)穿心蓮內酯結構 (Satyanarayana 

et al., 2004) 

 

1. 穿心蓮功效 

1.1 穿心蓮抗發炎作用 
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過去的文獻指出，穿心蓮萃取物可明顯減輕上呼吸道感染的症狀

及降低感冒的發生率 (Coon and Ernst, 2004; Poolsup et al., 2004)，推測

可能與穿心蓮內酯具有解熱、抗發炎及免疫調節等作用有關。在 Spasov

等人 (2004) 的研究中更證實了兒童在上呼吸道感染期間合併服用穿

心蓮萃取物可明顯縮短痊癒時間並減少鼻分泌物中的 interleukin (IL) -6

和 immunoglobulin (Ig) A。另外，還有相當多的研究探討穿心蓮抗發炎

作用。Chandrasekaran 等人 (2010) 的研究中指出以白血球細胞為實驗

模式，證實穿心蓮葉子的萃取物可負向調控由 lipopolysaccharide (LPS) 

或 calcimycin (A23187) 所誘發的發炎或過敏相關的介質產生，包括一

氧化氮 (nitric oxide，NO)、prostaglandin E2 (PGE2)、IL-1β、IL-6、

leukotriene B4 (LTB4) 及 thromboxane B2 (TXB2)。在鼠科類巨噬細胞

RAW264.7 細胞株中穿心蓮內酯可透過抑制 inducible NO synthase 

(iNOS) 的表現來減少由 LPS 所誘發的 NO 產生 (Chiou et al., 2000)。利

用 LPS 刺激小鼠腹膜巨噬細胞模式下，穿心蓮內酯可藉由抑制 ERK1/2

磷酸化，減少 tumor necrosis factor-α (TNF-α) 及 IL-12 的產生 (Chiou et 

al., 2000; Qin et al., 2006)。當以 ovalbumin 誘發 BALB/c 小鼠產生過敏

性氣喘時，給與穿心蓮內酯具有降低發炎反應的作用 (Li et al., 2009)，

包括降低呼吸道細胞浸潤、減少支氣管灌流液中的細胞激素 (cytokines) 

與趨化細胞激素 (chemokines) 表現量等，而此作用跟降低 nuclear 

factor-κB (NF-κB) translocation 及抑制 NF-κB 與 DNA 的結合有關 (Bao 

et al., 2009)。此外，體外試驗模式也發現以 platelet-activating factor (PAF) 

或 N-formyl-methionyl-leucyl-phenylalanine (fMLP) 刺激白血球細胞

HL-60，穿心蓮內酯並不影響 mitogen-activated protein kinase (MAPK) 

路徑及 inhibitor-κB (IκB) α的降解，而是透過抑制 NF-κB 與 DNA 的結
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合來降低前發炎蛋白質 cyclooxygenase-2 (COX-2) 的表現 (Hidalgo et 

al., 2005)。相反地，有研究指出穿心蓮內酯可透過抑制 extracellular 

signal-regulated kinase1/2 (ERK1/2) 路徑來抑制 thrombin 所誘發的血小

板凝集 (Thisoda et al., 2006)。而在以 fMLP 刺激人類白血球細胞的模

式中發現，穿心蓮內酯可透過調控 protein kinase C (PKC) 路徑減少

reactive oxygen species (ROS) 的產生，進一步降低 macrophage adhesion 

molecule-1 (Mac-1)表現而達到抑制白血球的黏附作用及血球滲入血管

壁 (transmigration) (Shen et al., 2002)。上述研究顯示，穿心蓮內酯透過

調控訊息傳遞路徑或影響轉錄因子活性來抑制細胞激素、趨化細胞激素

及其他發炎相關蛋白質的表現進而達到抗發炎的作用。 

 

1.2 穿心蓮抑制腫瘤生長作用 

近年來有許多研究顯示穿心蓮具有抗癌的作用，包括胃癌、肝癌、

肺癌及乳癌等，其中參與的機制可能包含了誘發癌細胞凋亡、促使細胞

週期停滯或增加淋巴球細胞的抗癌活性 (Qi et al., 2007) 等。在

Rajagopal等人 (2003) 的研究中利用包括乳房、結腸、卵巢、肺、前列

腺、腎臟等多種癌細胞株證實穿心蓮內酯能抑制癌細胞的生長，且體外

試驗中發現穿心蓮內酯亦可促進人類週邊血液淋巴球增生與增加淋巴

球對K562癌細胞株細胞溶解 (cytolytic) 作用。Sheeja 和 Kuttan (2007) 

的研究觀察到在殖入B16F-10黑色素瘤細胞株的C57BL/6小鼠中穿心蓮

萃取物及穿心蓮內酯能調控cytokines的表現，且無論是在體內或體外試

驗皆能促進cytotoxic T lymphocyte (CTL) 的產生，可能藉此達到抑制腫

瘤生長、延長動物生命期的作用。另外也有研究發現穿心蓮內酯可降低

非小細胞肺癌A549細胞的移行與侵襲作用，而此作用可能與穿心蓮內
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酯抑制PI3K/Akt/AP-1訊息傳遞路徑來降低matrix metalloproteinase-7 

(MMP-7) 基因表現有關 (Lee et al., 2010)。關於前列腺癌，穿心蓮內酯

則是透過活化caspase 3、增加bax表現、抑制bcl-2與vascular endothelial 

growth factor (VEGF) 表現等作用來誘發前列腺癌 (prostate cancer-3) 

細胞凋亡 (Zhao et al., 2008)。除了體外試驗，利用將癌細胞株植入動物

體內的模式來探討穿心蓮對抑制腫瘤生長的研究亦多。無論以MCF7乳

癌細胞株的體外試驗或將MCF7植入Swiss Albino小鼠的腹膜與皮下的

體內試驗都發現穿心蓮內酯可透過誘發蛋白p27 (它可抑制細胞週期)表

現與減少cyclin-dependent kinase (Cdk) 4而促使細胞週期停滯於G0-G1

期 (Satyanarayana et al., 2004)。在植入B16F-10黑色素瘤細胞的C57BL/6

小鼠實驗中也發現，無論給與穿心蓮萃取物或穿心蓮內酯都可以降低由

黑色素瘤細胞所誘發的血管新生作用，其中除了透過抑制前發炎細胞激

素及一氧化氮產生外也會減少VEGF的生成 (Sheeja et al., 2007)。這些

相關的研究證實穿心蓮內酯能直接影響癌細胞增生、促進癌細胞凋亡或

間接透過調控免疫活性來產生抗癌的作用。 

 

1.3 穿心蓮肝臟保護作用 

許多研究顯示穿心蓮及穿心蓮內酯對於carbon tetrachloride、

hexachlorocyclohexane (BHC)、ethanol或paracetamol所造成的肝臟毒性

傷害具有保護作用 (Maiti et al., 2010; Trivedi et al., 2007, 2009; Visen et 

al., 1993)。在動物實驗中發現穿心蓮內酯可對抗由carbon tetrachloride

所誘發的肝損傷，包括降低血漿中glutamate oxaloacetate transaminase 

(GOT)、glutamate pyruvate transaminase (GPT)、alkaline phosphatase (ALP) 

和lactate dehydrogenase (LDH) 等指標性酵素與bilirubin的含量 (Maiti 
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et al., 2010)。利用BHC誘發肝腫瘤產生的模式，評估穿心蓮內酯對肝臟

抗氧化防禦系統的影響，發現穿心蓮內酯會增加glutathione (GSH) 含量

與glutathione reductase (GR)、glutathione peroxidase (GSH-Px)、

superoxide dismutase (SOD)、catalase (CAT) 活性，降低

glutathione-S-transferase (GST) 與gamma-glutamyl transpeptidase 

(gamma-GTP) 活性 (Trivedi et al., 2007)。在小鼠試驗中發現除了穿心

蓮內酯，從穿心蓮中所萃取出來的arabinogalactan proteins亦具有抗酒精

誘發肝毒性的作用，兩種成分皆可抑制由酒精毒性所誘發的GOT、

GPT、acid phosphatase (ACP) 及lipid peroxidation (Singha et al., 2007)。

大鼠初代肝細胞實驗發現穿心蓮內酯可能透過增加胞內adenosine 3’,5’ 

cyclic monophosphate (cAMP)、活化cAMP response element-binding 

protein (CREB)來調控πclass GST表現 (Yang et al., 2010)。 

 

2. 穿心蓮使用風險 

藥物或外來毒物在人體內可由肝臟經其生物轉換酵素系統作用後將

藥物或毒素代謝排出體外，而穿心蓮除了先前提到可增加肝臟抗氧化防禦

系統的活性外，亦可調控生物轉換酵素系統的表現 (Jaruchotikamol et al., 

2007; Pekthong et al., 2009; Pekthong et al., 2008)。穿心蓮對於cytochrome 

P450 superfamily (CYP) 的影響並沒有定論，Jaruchotikamol等人 (2007) 在

小鼠初代肝細胞的研究中發現穿心蓮內酯會誘發CYP1A1與CYP1A2的基

因表現；Pekthong等人 (2009; 2008) 指出給予大鼠穿心蓮萃取物及穿心蓮

內酯會顯著抑制肝臟微粒體CYP2C11的活性，而在人類或大鼠肝細胞中穿

心蓮萃取物及穿心蓮內酯對CYP1A2、CYP2C及CYP3A4等的活性也有不

等程度的抑制作用。基於以上實驗數據，有一點值得特別注意，同時攝取
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穿心蓮及藥物時可能會產生herb-drug interactions，因為當這些CYP表現及

活性改變時會導致促進或抑制藥物與毒物的代謝作用。 

另外，評估穿心蓮對雄性動物生殖功能的影響時發現，給予雄性SD

大鼠每天每公斤體重1000 mg的穿心蓮萃取物六十天對其睪丸組織、Leydig 

cells並無異常作用同時對testosterone的分泌並無影響 (Burgos et al., 1997)。

但在Akbarsha等人 (1990) 的研究中卻發現穿心蓮可能含有抗雄性激素作

用的成分會對雄性動物的生殖功能造成影響。進一步研究發現當給予雄性

Wistar大鼠每天每公斤體重50 mg穿心蓮內酯為期四十八天後發現會減少

精子的產生、降低精子泳動能力，並造成副睪、輸精管的退化 (Akbarsha and 

Murugaian, 2000)。在利用Ames test評估穿心蓮萃取物的致基因突變實驗中

證實16~5000 μg/mL穿心蓮萃取物不會造成基因突變；而急性毒性試驗方

面則證實給予雌性大鼠每公斤體重口服5000 mg的穿心蓮萃取物十四天並

未造成急性毒性反應 (Chandrasekaran et al., 2009)。Guo等人 (1988) 指出每

日餵食小鼠每公斤體重500 mg的穿心蓮為期十天並不會影響小鼠的生

長、食慾與糞便型態等，且當白兔予以靜脈注射每公斤體重10 mg穿心蓮

內酯後檢測其心血管、肝臟酵素、心臟、肝臟、腎臟及脾臟皆無異常。 

 

二、動脈粥狀硬化 

1. 動脈粥狀硬化之成因 

依據行政院衛生署統計資料顯示，自民國七十五年起至民國九十七年

為止心臟疾病及腦血管疾病皆位居十大死因的前四名，尤其近年來更是逐

步攀升至前三名僅次於惡性腫瘤 (行政院衛生署, 2009)，足見心血管疾病

之嚴重性。動脈粥狀硬化是慢性發炎疾病，其相關的危險因子包括高血

壓、糖尿病、抽菸及血清膽固醇增加等，尤其是血中低密度脂蛋白 
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(low-density lipoprotein，LDL) 增加被認為是最重要的危險因子。血管內

皮層下的氧化型低密度脂蛋白 (oxidized-low-density lipoprotein，ox-LDL) 

累積或血管壁損傷皆會活化內皮細胞，而內皮細胞功能異常將會促進前發

炎細胞激素或趨化細胞激素的分泌與黏著分子的表現，造成白血球 

(leukocytes)，包括單核球及T-cells 的過度徵募。進入血管壁內之單核球會

分化成巨噬細胞增加scavenger receptors與toll-like receptors等的表現，促進

對ox-LDL的汲取 (uptake) 進而形成泡沫細胞 (foam cell) 與增加細胞激

素、蛋白質酶及vasoactive molecules等的釋出 (圖2.2A)；T-cells則會促進

前發炎細胞激素分泌 (圖2.2B)。上述這些作用都將促進斑塊 (plaque) 的

生長 (圖2.3)，包括加強發炎細胞的徵募作用及平滑肌細胞的增生，進而

形成脂肪條紋 (fatty streak)。進一步將促使局部蛋白質水解、斑塊破裂及

血栓形成，最後導致局部缺血及梗塞 (Hansson, 2005, 2009)。 
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圖 2.2 白血球(A)單核球 (B)T-cells 對動脈粥狀硬化形成之影響 (Hansson, 

2005) 

 

圖2.3 動脈粥狀硬化之形成 (Madamanchi et al., 2005) 
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2. 白血球徵募作用 

動脈粥狀硬化損傷形成的最初期步驟是白血球的徵募作用

(recruitment)，而黏著分子及細胞激素在這過程中扮演重要的角色。白血

球的徵募作用 (圖2.4) 主要包括下列步驟：(1)透過與選擇素 (selectins) 

的交互作用使白血球產生tethering及滾動 (rolling)；(2)透過細胞激素活化

白血球細胞表面的整合素 (integrins)，改變整合素的構型以促進其與

ligands的黏附；(3)白血球spreading並藉由類免疫球蛋白 

(Immunoglobin-like molecules) 與整合素的交互作用穩固地附著在內皮

上；(4)白血球由內皮層滲透至內皮層下，進而造成後續反應促使動脈粥

狀硬化的形成 (Lawson and Wolf, 2009)。 

 

 
圖 2.4 白血球徵募作用 (Lawson and Wolf, 2009) 

 

2.1 黏著分子 
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在動脈粥狀硬化形成的過程中各種黏著分子分別參與了白血球的

tethering、滾動、黏附及滲透至血管壁內的過程 (Galkina and Ley, 

2007)。以免疫組織化學 (immunohistochemistry) 染色影像證實在動脈

產生動脈粥狀硬化斑塊的區域有黏著分子的表現 (Kaufmann et al., 

2007)。而依據 Gene Ontology Consortium 定義，細胞黏著分子為表現於

細胞表面之分子且調控與其他細胞或胞外基質的黏附作用，大致可分為

三類，包括選擇素、類免疫球蛋白分子及整合素 (表 2.1) (Blankenberg et 

al., 2003)。 

 

表 2.1 黏著分子及其配體 (Blankenberg et al., 2003) 
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2.1.1 選擇素 (selectins) 

選擇素主要參與調控白血球在內皮層的 tethering 與滾動，包

括 L-selectin、P-selectin 及 E-selectin。選擇素與其配體 (ligand) 產

生交互作用，促使血流中的白血球降低流動速度以利後續黏附於

活化的內皮細胞之作用。 

L-selectin 主要表現於白血球，在 L-selectin 缺陷之淋巴球研究

中證實 L-selectin 表現減少時會降低 50%淋巴球在主動脈上的移行

作用 (Galkina et al., 2006)。P-selectin glycoprotein ligand (PSGL-1)

為 L-selectin 的配體之ㄧ，廣泛的存在嗜中性球、單核球與淋巴球，

透過 L-selectin 與 PSGL-1 的結合會促使血液循環當中的白血球與

在血管內皮上滾動的白血球產生交互作用，促進 secondary capture

的發生。有研究指出 L-selectin 調控白血球的徵募作用可能主要是

藉由 L-selectin/PSGL-1 影響 secondary capture (Eriksson et al., 

2001)。此外，PSGL-1 亦是 P-selectin 或 E-selictin 的配體，小鼠單

核球 Ly-6Chi就是透過高度表現 PSGL-1 而增加與 L-、P-及

E-selectin 的結合，降低白血球滾動的速度，促使動脈粥狀硬化損

傷發生 (Hung et al., 2008)。 

P-selectin 主要儲存於血小板的 α-granules 中，但在內皮細胞

的 Weibel-Palade bodies 中也有，一旦內皮細胞活化後便迅速釋放

至細胞膜表面。研究顯示當以乙醛刺激內皮細胞時，利用 P-selectin

抗體阻斷 P-selectin 的作用或利用 siRNA 抑制 P-selectin 的表現皆

會顯著降低由乙醛所誘發的單核球 THP-1 黏附作用 (Redmond et 

al., 2009)。 

E-selectin 則只有表現於內皮細胞，在非發炎反應的情況下不
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會表現，必須受到發炎細胞激素如 IL-1 或 TNF-α等的刺激才會誘

發其轉錄作用促進 E-selectin 合成，而轉錄因子 NFκB 與此基因表

現有關 (Lin et al., 2007; Zakeri et al., 2000)。 

 

2.1.2 類免疫球蛋白分子 (Immunoglobin-like molecules) 

類免疫球蛋白分子 superfamily 為表現於細胞膜上的醣蛋白，

而這些基因透過不同的剪接作用 (splicing) 產生多種 isoforms。 

Intercellular adhesion molecules (ICAM) 屬於此 superfamily 中

的次家族，包括五個成員，ICAM-4 表現於 erythroid cells，ICAM-5

表現於大腦，與動脈粥狀硬化較無相關。ICAM-1 廣泛的表現於白

血球與內皮細胞，在前發炎細胞激素的刺激下更會大量的表現；

ICAM-2 表現於白血球、血小板及內皮細胞，受發炎細胞激素的負

向調控；ICAM-3 除了表現於白血球與內皮細胞外，更是唯一表現

於嗜中性白血球的細胞黏著分子。ICAM 的配體主要是表現於白血

球的 β2整合素，藉由兩者之間的結合調控白血球的黏附作用，促

進白血球穩固的黏附於血管表面，以利白血球滲入血管壁的作用 

(Blankenberg et al., 2003)。 

Vascular cell adhesion molecule 1 (VCAM-1) 除了表現於內皮

細胞外，巨噬細胞、myoblasts 與 dendritic cells 亦會表現。在活化

的內皮細胞中，VCAM-1 藉由促使白血球牢固的黏附於內皮而參

與白血球的徵募  (Blankenberg et al., 2003)。VCAM-1 會與選擇素

α4β1 (又稱為 very late antigen 4，VLA-4) 作用，誘發內皮細胞的相

關訊息，促使其改變形狀以利白血球滲入血管壁下層。研究發現

當加入 anti-VCAM-1-coated bead 或 anti-α4 integrin-coated beads 可
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抑制淋巴球的移行作用，顯示淋巴球的移行需要 VCAM-1 的黏附

作用 (Matheny et al., 2000)。 

另外，platelet endothelial cellular adhesion molecule 1 

(PECAM-1) 則表現於白血球、血小板及內皮細胞。在內皮細胞的

連接處可觀察到特別密集的 PECAM-1 表現，其主要參與相鄰的細

胞之間鍵結，與內皮的完整性和細胞由血管滲入內皮下層有關 

(Newton et al., 1997)。 

 

 ICAM-1 (CD54) 

ICAM-1 為跨膜的醣蛋白，由 505 個胺基酸組成，不含醣基的

分子量約為 60 kDa，而其醣基化程度在不同的細胞有所差異，依

其醣基化程度分子量大小約介於 80 到 114 kDa (van de Stolpe and 

van der Saag, 1996)。ICAM-1 在白血球的徵募作用中透過與整合素

產生交互作用，停止白血球的滾動，將白血球穩固地黏附於內皮

層。許多研究包括利用抗體阻斷 ICAM-1 的作用或藉由 ICAM-1

缺陷的模式證實 ICAM-1 的黏附作用對於淋巴球穿透內皮層的移

行過程相當重要 (Lehmann et al., 2003; Reiss and Engelhardt, 

1999)。除了內皮細胞與白血球外，許多細胞包括上皮細胞、平滑

肌細胞、纖維母細胞及角質細胞等皆會表現 ICAM-1 (Roebuck and 

Finnegan, 1999)。ICAM-1 除了與動脈粥狀硬化有關外，它與其他

疾病亦有關，如：氣喘 (Cui et al., 2010)、局部缺血再灌流的損傷 

(Cheng et al., 2008)、自體免疫疾病 (autoimmune disease) 

(Yusuf-Makagiansar et al., 2002)等。 

人類 ICAM-1 基因位於第十九號染色體，包括七個 exons 與六
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個 introns (Voraberger et al., 1991)。在病毒感染、氧化壓力、LPS、

ox-LDL 或其他相關的促發炎細胞激素 (如：TNF-α、IL-1、IL-6、

IFN-γ等) 刺激下會誘發 ICAM-1 表現。發炎介質透過調控 MAPK 

(Ying et al., 2009)、PKC (Min et al., 2005)、JAK/STAT (Audette et al., 

2001)、Akt (Oh and Kwon, 2009)及 IKK/NF-κB (Lian et al., 2010) 等

訊息傳遞路徑來誘發 ICAM-1 表現。參與調控 ICAM-1 表現的轉錄

因子包括 AP-1 (Son et al., 2006)、STAT (Audette et al., 2001)、Sp1 

(Berendji-Grun et al., 2001) 與 NF-κB (van de Stolpe and van der 

Saag, 1996; Zhou et al., 2007) 等。研究指出 ICAM-1 DNA 5’端的數

百個鹼基對 (base pairs) 對於前發炎細胞激素誘發 ICAM-1的表現

相當重要 (Hou et al., 1994; van de Stolpe and van der Saag, 1996)。

比較位於 ICAM-1 promoter 上的轉錄因子 (包含 AP-1、NF-κB、

STAT) 結合位置，當以 TNF-α刺激內皮細胞時，DNA 序列上的

NF-κB 結合位置對 ICAM-1 的表現相對重要 (Oh et al., 2010)。另

有研究指出藉由 forskolin (adenylyl cyclase 活化劑) 增加胞內

cAMP 或利用 cAMP 相似物能夠抑制 TNF-α、IL-1β或 IFN-γ所誘

發的 ICAM-1 蛋白質與 mRNA 表現 (Balyasnikova et al., 2000; 

Panettieri et al., 1995)。 

 

2.1.3 整合素 (integrins) 

整合素為細胞表面的接受器，由 18 種 α與 8 種 β次單元體所

組成的 αβ 異質二聚體 (heterodimer) (Hynes, 2002)，調控著包括細

胞與細胞、細胞與胞外基質及細胞與病原體之間的接觸。整合素

表現於細胞表面，在未活化的細胞中整合素對配體的親合力低，
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一旦受到刺激活化便會迅速改變其胞外 domain 的構型，增加對配

體的親合力 (Blankenberg et al., 2003)。各種次單元中主要參與白

血球黏附作用的是 β2與 α4，LFA-1 (CD11a/CD18, αLβ2) 屬於整合

素的 β2次家族 (subfamily)，在所有的白血球皆會表現，它能夠與

免疫球蛋白中的 ICAMs 作用；VLA-4 (CD49d/CD29, α4β1) 則屬於

α4次家族，主要表現於單核球與淋巴球，會與 VCAM-1 及

fibronectin 作用 (Galkina and Ley, 2007)。 

 

2.2 細胞激素 

活化的內皮細胞、白血球及淋巴球等會釋出許多參與發炎反應的細

胞激素，而這些細胞激素會經由其相對的接受器調控訊息傳遞路徑，進

而誘發黏著分子表現與促進白血球徵募作用。如表 2.2 所列，許多細胞

激素 (包括 TNF-α、IL-1 及 IFN-γ等) 會誘發細胞黏著分子 (cellular 

adhesion molecule, CAM) 表現 (Meager, 1999)。 

 

表 2.2 細胞激素誘發細胞黏著分子的表現 (Meager, 1999) 

 
 

 TNF-α  

TNF-α被認為與動脈粥狀硬化等心臟疾病有關，醣化終產物及
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其接受器 (advanced glycation end-products, AGE/receptor for 

AGEs，RAGE)、lectin-like oxidized low-density lipoprotein receptor-1 

(LOX-1) 及 NFκB 等訊息傳遞路徑對於 TNF-α的表現扮演重要角色 

(Gao et al., 2007; Li et al., 2003)。體外試驗中發現 LPS 會透過活化

NF-κB 促進猪左冠狀動脈組織及其平滑肌細胞產生 TNF-α，但在

forskolin 或 cAMP 相似物存在下會增加胞內 cAMP 濃度並抑制由

LPS 所誘發 TNF-α產生 (Newman et al., 1998)。TNF-α除了會增加

活性氧分子的產生 (Kumar et al., 2007)，造成內皮細胞功能異常

外，當內皮細胞在 TNF-α刺激下，透過活化轉錄因子 NF-κB 亦會促

進與發炎相關的基因 (如 ICAM-1、VCAM-1、MCP-1 與 IL-8 等) 表

現，並且促使白血球黏附於內皮細胞上 (Kim et al., 2007; Min et al., 

2005)。但當人類臍靜脈內皮細胞預先處理 TNF-α抗體或以 siRNA

抑制TNF-α表現皆可顯著減少由乙醛所誘發的單核球THP-1黏附作

用 (Redmond et al., 2009)。比較 TNF-α-/-apoE-/-小鼠與 apoE-/-小鼠兩

者之間的血漿總膽固醇濃度相仿，但 apoE-/-小鼠的動脈粥狀硬化損

傷程度較為嚴重，且其 ICAM-1、VCAM-1 mRNA 表現皆顯著高於

TNF-α-/-apoE-/-小鼠 (Ohta et al., 2005)。另外，apoE-/-小鼠除了 ICAM-1

與 VCAM-1 外，其他與促進動脈粥狀硬化相關的基因包括 IL-1β、

IFN-γ、MCP-1、granulocyte macrophage colony-stimulating factor 

(GM-CSF) 及 NF-κB (p65) 等 mRNA 表現皆高於 TNF-α-/-apoE-/-小

鼠，而 TNF-α-/-apoE-/-小鼠的動脈脂肪條紋損傷面積亦明顯減少 

(Xiao et al., 2009)。上述相關研究顯示 TNF-α的表現對於動脈粥狀硬

化的形成扮演重要角色。 
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三、參與發炎反應之訊息傳遞路徑與轉錄因子 

1. IκB kinase (IKK)/NF-κB 

IKK/ NF-κB路徑參與調控許多生理作用包括免疫反應、細胞死亡與發

炎反應。NF-κB為一群轉錄因子的統稱，在哺乳動物細胞中NF-κB包含五

個家族成員，分別為RelA (p65)、RelB、c-Rel、p50/p105 (NF-κB1) 與

p52/p100 (NF-κB2)。這五個家族成員在N端domain上含有約300個胺基酸的

Rel-homology domain (RHD) 對於與抑制蛋白質 (inhibitor-κB，IκB) 及與

DNA序列的結合相當重要。RHD亦與NF-κB的五個家族成員互相形成同質

或異質二聚體有關，二聚體中以p65/p50異質二聚體最為常見。大部分的

NF-κB二聚體與目標基因的啟動子 (promoter) 結合後具有促進基因轉錄

的作用，但也有例外，比如p50或p52所形成的同質二聚體卻會抑制轉錄作

用。 

在未受到刺激的情況下，NF-κB存在於細胞質中與IκB結合，此時IκB

會遮蔽RHD上調控轉移作用 (translocation) 的nuclear localization sequence 

(NSL) 形成非活化態的複合物 (Moynagh, 2005; Perkins, 2007)。已知活化

NF-κB的路徑可分為canonical及non-canonical，當細胞受到前發炎細胞激素 

(包括TNF-α、IL-1) 的刺激或暴露在細菌產物 (lipopolysaccharide, LPS) 下

會迅速活化canonical路徑，IKK複合物會快速的將IκBα的Ser32及Ser36磷酸

化，促進IκBα接上泛素 (ubiquitin) 並透過26S溶酶體 (proteosome) 降解 

(Hayden and Ghosh, 2004)。IKK複合物包含了三個次單元IKKα、IKKβ及

IKKγ (NF-κB essential modulator，NEMO)。IKKα與IKKβ皆參與canonical

路徑，但研究指出在canonical路徑中IKKβ為主要的IκB kinase (Bonizzi and 

Karin, 2004)；IKKγ為不具激酶活性的調節次單元，對於IKKα/IKKβ的磷酸

化相當重要 (Rothwarf et al., 1998)。透過CD40、lymphotoxin-β 接受器或
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TNF家族中的B-cell-activation factor等的刺激可活化non-canonical路徑。在

non-canonical路徑中最常見的為p52-RelB異質二聚體，它主要受到IKKα同

質二聚體的調控 (Bonizzi and Karin, 2004)。活化後的NF-κB能進入細胞核

結合至基因啟動子上的κB位置，並與其輔因子 (cofactor) 產生交互作用藉

以調控轉錄作用。NF-κB參與調控轉錄作用上還有其他調節者協助調控，

透過轉譯後磷酸化與乙醯基化 (acetylation) 修飾NF-κB的次單元對於其促

進基因轉錄具有加強作用 (Chen and Greene, 2004)。例如：p65次單元中的

絲胺酸可被磷酸化，而磷酸化的p65與其輔因子產生交互作用進一步被乙

醯基化後便具有最高的轉錄活性 (Chen and Greene, 2003)。其中，cAMP 

respose element binding protein (CREB) binding protein (CBP)/p300便具有

factor acetyltransferase (FAT) 的活性，可將轉錄因子乙醯基化 (Vo and 

Goodman, 2001)。有文獻指出干擾NF-κB與CBP之間的交互作用可明顯減

少與NF-κB相關之轉錄作用 (Parker et al., 1999)，例如：具有抗發炎作用的

tranilast便是透過減少血管內皮細胞中CBP的蛋白質表現而影響NF-κB相

關的轉錄作用，減少TNF-α誘發細胞表面ICAM-1、VCAM-1及E-selectin表

現量 (Spiecker et al., 2002)；另外，過度表現p65與CBP可加強轉殖到COS-7

細胞內E-selectin或VCAM-1啟動子的報導基因表現，但如果同時使12S 

E1A過度表現 (12S E1A本身會與CBP/p300結合) 則會減弱報導基因的表

現 (Gerritsen et al., 1997)。 

 

 IKK/NF-κB 與動脈粥狀硬化 

    NF-κB 參與調控免疫反應相關的蛋白質 (IL-2 receptor、tissue factor

及 platelet-activating factor receptor 等)、黏著分子 (ELAM-1、VCAM-1

及 ICAM-1 等)、細胞激素 (TNF-α、IL-1β、IL-2、IL-6、IL-8 及 IL-12
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等)、生長因子 (granulocyte colony-stimulating factor，G-CSF) 和趨化細

胞激素等的基因表現，這些蛋白質產物與許多發炎反應之疾病有關，其

中包括動脈粥狀硬化。NF-κB 不僅會受到發炎細胞激素的刺激而活化，

活化後又會誘發這些細胞激素的表現，因此更加強了 NF-κB 的活化作

用 (Sun and Andersson, 2002)。研究指出當給與大鼠高脂飲食會明顯增

加其內皮細胞及動脈平滑肌細胞 NF-κB 的活化並造成動脈粥狀硬化的

產生 (Du et al., 2009)。而給予 NEMO/IKKγ基因剔除的 ApoE-/-小鼠 

(NEMOEC-KO/ApoE-/-) 與 ApoE-/-小鼠高膽固醇飲食後發現，在

NEMOEC-KO/ApoE-/-小鼠明顯減少動脈粥狀硬化斑塊的形成。此外，在

dominant-negative IκBα (DNIκBα) 基因轉殖的 ApoE-/-小鼠 (其血管內

皮所表現的 IκBα無法被降解) 實驗中發現注射 LPS 後會誘發 ApoE-/-

小鼠主動脈的 VCAM-1 表現，但在 DNIκBα基因轉殖的 ApoE-/-小鼠卻

不會表現，且給予高膽固醇飲食後 DNIκBα基因轉殖的 ApoE-/-小鼠其

動脈粥狀硬化斑塊的形成亦明顯比 ApoE-/-小鼠少，而這些結果顯示抑

制內皮細胞 NF-κB 的活化與降低動脈粥狀硬化損傷有關 (Gareus et al., 

2008)。 

 

2. cAMP/protein kinase A (PKA)/CREB 

生物體因應個體需求或環境因素會刺激荷爾蒙等物質的分泌，而這些

物質必須由細胞膜表面的接受器辨認後，利用二級訊息傳遞分子以進行一

連串的訊息傳遞作用。當細胞膜表面的 G protein-coupled receptor 受到刺激

活化後會進一步去活化 adenylyl cyclase (AC)，造成 ATP 水解產生 cAMP。

cAMP 在細胞中為重要的二級訊息傳遞分子，而 cAMP-dependent protein 

kinase (PKA) 的活化被認為與增加胞內 cAMP 濃度有關。PKA 為異質四聚
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體的酵素複合物，由兩個催化次單元與兩個調控次單元所組成，調控次單

元對催化次單元具有抑制作用。在調控次單元的 C 端有 cAMP binding 

domain，一旦 cAMP 與調控次單元結合後會造成 PKA 酵素複合物的構型

改變使得催化次單元與調控次單元分離，活化型的催化次單元便可藉由磷

酸化相關的細胞質內或細胞核內蛋白質影響許多生理作用 (Taylor et al., 

1990)。 

轉錄因子 cAMP-responsive element-binding protein (CREB) 的磷酸化

與 PKA 的活化有關。CREB 包含一個 kinase-inducible activation domain 

(KID)，而其蛋白質上的 Ser133 可被 PKA 磷酸化。當 CREB 磷酸化後會結

合至基因啟動子上的 cAMP responsive elements (CREs) 並與輔因子

CBP/p300 產生交互作用藉以調控下游基因表現 (Michael et al., 2000; Ziff, 

1990)。研究指出阻斷 CREB 與 CBP 間的交互作用可明顯降低 CREB 相關

的轉錄作用 (Parker et al., 1999)。 

 

 cAMP/PKA/CREB 與動脈粥狀硬化 

已知動脈粥狀硬化為慢性發炎疾病，而轉錄因子 NF-κB 在發炎反

應中扮演重要的角色。許多研究顯示增加胞內 cAMP 或活化 PKA 可抑

制由NF-κB所調控的基因轉錄作用，但此抑制作用並非透過干擾NF-κB

進入細胞核內，而是藉由活化的 CREB 與 p65 彼此互相競爭 CBP  

(Ollivier et al., 1996; Parry and Mackman, 1997)。在將報導基因轉殖到

HUVECs 的研究中發現過度表現 CBP 可明顯降低 forskolin 對 NF-κB 轉

錄作用的抑制效果，而過度表現 CREB 則可加強 forskolin 抑制 NF-κB

所調控的轉錄作用 (Parry and Mackman, 1997)。在 Jurkat T-lymphocytes

中無論是直接處理 PKA 活化劑 (forskolin、dibutyryl cAMP 與
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8-bromo-cAMP) 或藉由過度表現 PKA 的催化次單元皆能抑制 NF-κB

的轉錄活性 (Takahashi et al., 2002)。此外，細胞激素在動脈粥狀硬化發

展的過程中亦相當重要，有研究指出 forskolin 與 dibutyryl cAMP (cAMP

相似物) 具有抑制 LPS 誘發人類單核球細胞產生 TNF-α的效果 

(Shames et al., 2001)。而 HUVECs 預處理 forskolin 可顯著抑制 TNF-α

誘發 E-selectin 與 VCAM-1 的 mRNA 表現；人類單核球細胞 (THP-1)

預處理 dibutyryl cAMP 則可明顯減少 LPS 誘發 TNF-α的 mRNA 表現 

(Ollivier et al., 1996)。除了直接利用 dibutyryl cAMP 處理 THP-1 細胞可

抑制其黏附於以 TNF-α處理的 HUVECs 之外，臨床上應用於抗血小板

凝集的藥物 cilostazol 為 Type Ⅲ phosphodiesterase (PDE3) 的抑制劑，

亦具有增加胞內 cAMP 的作用，THP-1 細胞在 cilostazol 的處理下也可

抑制其對活化的內皮細胞之黏附作用 (Mori et al., 2007)。以上這些研究

顯示透過活化 cAMP/PKA/CREB 路徑能抑制 NF-κB 相關的轉錄作用，

或許能藉此達到降低動脈粥狀硬化損傷之效果。 
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研究目的 

 
本實驗室先前研究發現以穿心蓮內酯預處理HUVECs可抑制由TNF-α所

誘發的 ICAM-1 蛋白質表現，而 NFκB signaling pathway 在以前的實驗被證實

對細胞黏著分子的表現扮演重要角色，因此本實驗利用人類血管內皮細胞

(EA.hy926)為模式探討穿心蓮內酯抑制腫瘤壞死因子刺激 ICAM-1 表現的機

制是否是透過影響 NF-κB signaling pathway。 
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第二部分 
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Effect of andrographolide on tumor necrosis factor-alpha-induced 

intercellular adhesion molecule-1 expression in EA.hy926 cells 

 

Introduction 

Andrographis paniculata (Burm.f.) Nees (Acanthaceae), a well-known traditional 

medicinal plant in India, Thailand, and China, has attracted great attention recently 

because of its clinical application potential. There are diterpene lactones, flavonoids and 

polyphenols in A. paniculata. Andrographolide is a major bioactive diterpene lactone in A. 

paniculata, which is concentrated in leaves. Many studies have shown that 

andrographolide possesses anti-inflammatory (Abu-Ghefreh et al., 2009; Bao et al., 2009), 

anti-tumor (Jiang et al., 2007; Zhao et al., 2008), anti-viral (Chen et al., 2009), 

anti-oxdative (Akowuah et al., 2008), anti-hyperglycemic (Yu et al., 2003), and 

hepatoprotective (Trivedi et al., 2007) properties. The anti-inflammatory property of 

andrographolide has been extensively studied both in vivo and in vitro. Andrographolide 

attenuated ovalbumin-induced airway inflammation in BALB/c mice through reduced 

expression of cytokines and chemokines (Bao et al., 2009). In human neutrophils, 

andrographolide prevented reactive oxygen species (ROS) production, and decreased 

macrophage adhesion molecule-1 (Mac-1) expression induced by 

N-formyl-methionyl-leucyl-phenylalanine (fMLP). This leads to inhibition of neutrophil 

adhesion and transmigration (Shen et al., 2002). 

Atherosclerosis is a chronic inflammatory response. Increasing plasma 

low-density lipoprotein (LDL) was considered an important risk factor, especially. 

Expression of pro-inflammatory cytokines and adhesion molecules was increased 

by the activated endothelial cells, which was stimulated by oxidized-LDL 
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(ox-LDL) or injury on vessel wall. Leukocytes recruitment and ox-LDL uptake 

stimulate growth of plaque, and further formation of fatty lesions. Reinforcement 

of inflammation may lead to local proteolysis, plaque rupture, and thrombus 

formation, which lead to ischemia and infarction (Hansson, 2005, 2009). 

Cytokines and adhesion molecules both play important roles in leukocyte 

recruitment. During atherosclerotic progression, adhesion molecules were 

involved in adhesion and transendothelial migration of leukocytes (Galkina and 

Ley, 2007). Kaufmann et al. (2007) demonstrated that adhesion molecule 

expression at atherosclerotic plaques by immunohistochemistry. Cytokines 

including IL-1 and TNF-α induce the expression of E-selectin, VACM-1, and 

ICAM-1 through NF-κB activation in human endothelial cells (Lin et al., 2007; 

Zakeri et al., 2000; Zhou et al., 2007). 

ICAM-1, a transmembrane glycoprotein, is regarded as an inflammatory 

indicator. In comparison with the other transcription factor (e.g., AP-1 and STAT) 

binding sites of ICAM-1 promoter, NF-κB binding site plays a critical role in 

TNF-α-induced ICAM-1 expression (Oh et al., 2010). NF-κB is involved in the 

regulation of gene expression of inflammatory and immune responses. The NF-κB 

family comprises five members, and they are RelA (p65), RelB, c-Rel, p50/p105 

(NF-κB1), and p52/p100 (NF-κB2). NF-κB subunits are dimerized and retained in 

cytoplasm with inhibitory protein, IκB. Activation of IKK complex causes the 

phosphorylation of IκB family and subsequent degradation by 26S proteasome. 

Free NF-κB complex then translocates to the nucleus and binds to the κB element 

of target genes (Hayden and Ghosh, 2004). In nucleus, transcription activity of 
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NF-κB is modulated by cofactors, such as CBP (CREB binding protein) /p300 

(Chen and Greene, 2003, 2004). 

Increasing intracellular cAMP leads to activation of protein kinase A and induces 

the expression of many genes through regulation of transcription factors, such as 

cAMP respose element binding protein (CREB). Phospho-CREB allows 

recruitment of its cofactors, CREB binding protein (CBP)/p300, then binds to 

cAMP respose element (CRE) of target genes and turns on gene transcription 

(Michael et al., 2000; Ziff, 1990). Interference with the interaction between CBP 

and transcription factors can alter relevant gene transcription. For example, 

tranilast reduced CBP expression in vascular endothelial cells which led to 

inhibition of TNF-α-induced ICAM-1, VCAM-1, and E-selectin expressions 

(Spiecker et al., 2002). The expressions of ICAM-1, VCAM-1, and E-selectin 

were NF-κB-dependent (Lin et al., 2007; Zakeri et al., 2000; Zhou et al., 2007). 

NF-κB-mediated gene expression was attenuated by CREB activation and this was 

due to the competitive binding of CBP between CREB and p65 (Parry and 

Mackman, 1997). Treatment of HUVECs with forskolin reduced 

NF-κB-dependent gene transcription. The suppression effect of forskolin was 

enhanced by CREB overexpression but reversed by CBP overexpression (Parry 

and Mackman, 1997). Many studies have shown that increase in intracellular 

cAMP level by PKA activators, including forskolin and cAMP analogues, reduced 

TNF-α production or E-selectin, VCAM -1, and ICAM-1 mRNA levels induced by 

LPS, TNF-α, or IL-1β in coronary artery tissue and coronary smooth muscle cells 

of pig, human monocytes, HUVECs, or brain endothelial cells, respectively 

(Balyasnikova et al., 2000; Newman et al., 1998; Ollivier et al., 1996; Shames et 
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al., 2001).  

In the present study, we determined the effect of andrographolide on ICAM-1 

expression induced by TNF-α in endothelial cells, EA.hy926. In addition, we 

investigated the involvement of NF-κB and CREB in TNF-α-induced ICAM-1 

expression by andrographolide. The results of this study will provide a mechanism 

exploring the anti-inflammatory effect of andrographolide. 
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Materials and Methods 
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Reagents 

Cell culture medium Dulbecco's modified Eagles medium (DMEM), 

RPMI-1640, RPMI-1640 (without phenol red), OPTI-MEM, 0.25% trypsin-EDTA, 

and penicillin/streptomycin were from GIBCO-BRL (Grand Island, NY); HBSS 

and fetal bovine serum (FBS) were from HyClone (Logan, UT); andrographolide 

(AP) was from Calbiochem (Darmstadt, Germany); human tumor necrosis 

factor-alpha (TNF-α), sodium bicarbonate, and 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were from 

Sigma (St. Louis, MO); bis-Carboxyethyl-carboxyfluorescein acetoxymethyl ester 

(BCECF-AM) was from Molecular Probes (Eugene, OR); anti-actin, anti-ICAM-1, 

anti-CREB, anti-phospho-CREB (Ser 133), anti-phospho-IκBα (Ser32/36) and 

anti-phospho IKKα (Ser180)/ IKKβ (Ser181) antibodies were from Cell Signaling 

Technology (Boston, MA); anti- IκBα and anti-IKKα/ β antibodies were from 

Santa Cruz Biotechnology (Santa Cruz, CA); anti-p65 antibody was from BD 

Bioscience (San Jose, CA); fluorescein isothiocyanate-conjugated mouse 

anti-human ICAM-1 antibody was from Serotec Company (Kidlington, Oxford, 

UK); polyvinylidene difluoride membrane was from Millipore (Billerica, MA); 

TRIzol reagent was from Invitrogen (Carlsbad, CA); ethanol, isopropyl alcohol, 

and chloroform were from Merck (Darmstadt, Germany); Hybond-N+ nylon 

transfer membrane was from GE Healthcare (Buckinghamshire, UK); and the 

transfection reagent Dharmafect 1 was from Dharmacon (Lafayette, CO). The 

oligonucleotide primers for electrophoretic mobility shift assay (EMSA), the 

biotin-labeled and unlabeled double-stranded NF-κB consensus oligonucleotide, 

and a mutant double-stranded NF-κB oligonucleotide were synthesized by MDBio 
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Inc. (Taipei, Taiwan), predesigned small interfering RNA (siRNA) against human 

CREB, and non-targeting pool were purchased from Dharmacon Research, Inc 

(Lafayette, CO). 

 

Cell cultures 

The human endothelial cell line EA.hy926 was cultured in DMEM 

supplemented with 3.7 g/L NaHCO3, 10% FBS, 100 U penicillin/mL, and 100 μg 

streptomycin/mL at 37oC in a 5% CO2 humidified incubator. The human leukemia 

promyelocytic cells (HL-60) were purchased from Bioresources Collection and 

Research Center (BCRC, HsinChu, Taiwan).The HL-60 cells were cultured in 

T-75 tissue culture flasks in RPMI 1640 medium supplemented with 10% fetal 

bovine serum, 100000 U/L penicillin, and 100 mg/L streptomycin. Cells were 

incubated at 37℃ in 5% CO2 humidified incubator. 

 

Cell viability assay 

Cell viability was assessed by the MTT assay. The MTT assay measures the 

ability of viable cells to reduce a yellow 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide to a purple formazan by mitochondrial succinate 

dehydrogenase. EA.hy926 cells were grown to 70-80% confluence and were then 

treated with different concentrations of andrographolide (0-20 μM) for 16 h 

followed by incubation with TNF-α (1 ng/mL) for another 6 h. Finally, the DMEM 

medium was removed, and the cells were washed with PBS. The cells were then 

incubated with MTT (0.5 mg/mL) in DMEM medium at 37oC for an additional 3 h. 

The medium was removed, and isopropanol was added to dissolve the formazan. 
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After centrifugation at 20000×g for 5 min, the supernatant of each sample was 

transferred to 96-well plates, and absorbance was read at 570 nm in an ELISA 

reader. The absorbance in cultures treated with 0.1% DMSO was regarded as 

100% cell viability. 

 

Nuclear extracts preparation 

After each experiment, cells were washed twice with cold PBS and were then 

scraped from the dishes with 1000 μL of PBS. Cell homogenates were centrifuged 

at 2000×g for 5 min. The supernatant was discarded, and the cell pellet was 

allowed to swell on ice for 15 min after the addition of 200 μL of hypotonic buffer 

containing 10 mM HEPES, 1 mM MgCl2, 1 mM EDTA, 10 mM KCl, 0.5 mM 

DTT, 0.5% Nonidet P-40, 4 μg/mL leupeptin, 20 μg/mL aprotinin, and 0.2 mM 

PMSF. After centrifugation at 7000xg for 15 min, pellets containing crude nuclei 

were resuspended in 50 μL of hypertonic buffer containing 10 mM HEPES, 400 

mM KCl, 1 mM MgCl2, 0.25 mM EDTA, 0.5 mM DTT, 4 μg/mL leupeptin, 20 

μg/mL aprotinin, 0.2 mM PMSF, and 10% glycerol at 4oC for 30 min. The 

samples were then centrifuged at 20000×g for 15 min. The supernatant containing 

the nuclear proteins was collected and stored at -80oC until the Western blotting 

and electrophoretic mobility shift assays. 

 

Western blotting analysis 

After each experiment, cells were washed twice with cold PBS and were 

harvested in 150 μL lysis buffer (10 mM Tris-HCl, pH 8, 0.1% Triton X-100, 320 

mM sucrose, 5 mM EDTA, 1 mM PMSF, 1 mg/L leupeptin, 1 mg/L aprotinin, and 
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2 mM dithiothreitol). Cell homogenates were centrifuged at 14000×g for 20 min at 

4oC. The resulting supernatant was used as a cellular protein for Western blot 

analysis. The preparation of nuclear extracts was described above. The total 

protein was analyzed by use of the Coomassie Plus protein assay reagent kit 

(Pierce Biotechnology Inc., Rockford, IL). Equal amounts of cellular proteins 

were electrophoresed in an SDS-polyacrylamide gel, and proteins were then 

transferred to polyvinylidene fluoride membranes (Millipore Corporation, Bedford, 

MA). Nonspecific binding sites on the membranes were blocked with 5% nonfat 

milk in 15 mM Tris/150 mM NaCl buffer (pH 7.4) at room temperature for 2 h. 

Membranes were probed with rabbit anti-human anti-actin, anti-ICAM-1, 

anti-CREB, anti-phospho-CREB (Ser 133), anti-phospho-IκBα (Ser32/36) and 

anti-phospho IKKα (Ser180)/ IKKβ (Ser181), anti- IκBα and anti-IKKα/ β, and 

anti-p65 antibodies. The membranes were then probed with the secondary 

antibody labeled with horseradish peroxidase. The bands were visualized by using 

an enhanced chemiluminescence kit (PerkinElmer Life Science, Boston, MA) and 

were scanned by a luminescent image analyzer (FUJIFILM LAS-4000, Japan). 

The bands were quantitated with an ImageGauge (FUJIFLM). 

 

RNA isolation and reverse transcription-polymerase chain reaction 

(RT-PCR) 

Total RNA of EA.hy926 cells was extracted by using Trizol reagent. After 

treatment, cells were washed twice with cold PBS and scraped with 500 μL of 

Trizol reagent. Cell samples were mixed with 100 μL of chloroform and 

centrifuged at 11000×g for 15 min. The supernatant was collected and mixed with 
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250 μL of isopropyl alcohol. After centrifugation at 12000×g for 20 min, the 

supernatant was discarded and the cell pellet was stored in 70% ethanol or 

dissolved in deionized water for quantification. We used 0.2 μg total RNA for the 

synthesis of first-strand cDNA by using Moloney murine leukemia virus reverse 

transcriptase (Promega Company, Madison, WI) in a 20-μL final volume 

containing 250 ng oligo-dT and 40 U RNase inhibitor. PCR was carried out in a 

thermocycler in a 50-μL reaction volume containing 20 μL of cDNA, BioTaq PCR 

buffer, 50 μmol of each deoxyribonucleotide triphosphate, 1.25 mmol/L MgCl2, 

and 1 U of BioTaq DNA polymerase (BioLine). Oligonucleotide primers of 

ICAM-1 (forward: 5’-TGAAGGCCACCCCAGAGGACAAC-3’; reverse: 

5’-CCCATTATGACTGCGGCTGCTGCTACC-3’) and glyceraldehyde 

3-phosphate dehydrogenase (forward: 5’-CCATCACCATCTTCCAGGAG-3’; 

reverse: 5’-CCTGCTTCACCACCTTCTTG-3’) were designed on the basis of 

published sequences (Meagher et al., 1994). Amplification of ICAM-1 and 

GAPDH was performed by heating samples to 95oC for 5 min and then 

immediately cycling 32 times through a 1-min denaturing step at 94oC, a 1-min 

annealing step at 56oC, and a 1-min elongation step at 72oC. The glyceraldehyde 

3-phosphate dehydrogenase cDNA level was used as the internal standard. PCR 

products were resolved in a 1%-agarose gel and were scanned by using a Digital 

Image Analyzer (Alpha Innotech) and quantitated with an ImageGauge. 

 

ICAM-1 expression on cell surfaces 

The expression of ICAM-1 on plasma membranes was measured by 

fluorescence flow cytometry. After experiment, cells were suspended in 0.25% 
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trypsin and centrifuged at 2000×g for 5 min. The supernatant was discarded and 

cells were reacted with fluorescein isothiocyanate–conjugated mouse anti-human 

ICAM-1 antibody at 4℃ for 45 min in the dark. Cells were washed 3 times with 

cold PBS and fluorescence was read by use of a Becton Dickinson FACSCalibur 

(BD Biosciences, San Jose, CA). 

 

Monocyte adhesion assay 

EA.hy926 cells in 12-well plates were allowed to grow to 80% confluence and 

were then pretreated with andrographolide for 16 h followed by incubation with 1 

ng/mL TNF-α for another 6 h. The human monocytic HL-60 cells cultured in 

RPMI 1640 medium with 10% FBS were labeled with 1 μM 

2,7-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethylester 

(BCECF-AM). At the end of andrographolide and TNF-α treatment, a total of 

1×106 BCECF-AM-labeled HL-60 cells were added to each well, and the cells 

were co-incubated with EA.hy926 at 37oC for 30 min. The wells were washed and 

filled with cell culture medium, and the plates were sealed, inverted, and 

centrifuged at 100×g for 5 min to remove nonadherent HL-60 cells. Bound HL-60 

cells were lysed in a 1% SDS solution, and the fluorescence intensity was 

determined in a fluoroscan ELISA plate reader (FLX800, Bio-Tek, Winooski, VT) 

with an excitation wavelength of 480 nm and an emission wavelength of 520 nm. 

A control study showed that fluorescence is a linear function of HL-60 cells in the 

range of 3000–80000 cells/well. The results are reported on the basis of the 

standard curve obtained. 
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Plasmid, transfection and luciferase assays 

The ICAM-1 promoter-luciferase construct (pIC339, -339 to 0) was a gift from 

Dr. P. T. van der Saag (Hubrecht Laboratory, Utrecht, The Netherlands). pIC339 

contains NF-κB (-187/-178), AP-1 (-284/-279), AP-2 (-48/-41), and Sp1 (-59/-53, 

-206/-201) biding sites (van de Stolpe et al., 1994). EA.hy926 cells were 

transiently transfected for 4 h with 0.1 μg of pIC339 plasmid and 0.1 μg of 

β-galactosidase plasmid by using 1 μL of nanofectin (PAA, Pasching, Austria) in 

OPTI-MEM medium. After transfection, cells were changed to DMEM medium 

and treated with AP for 16 h before being challenged with TNF-α for additional 5 

h. Cells were then washed twice with cold PBS, scraped with lysis buffer 

(Promega, Madison, WI), and centrifuged at 14000×g for 3 min. The supernatant 

was collected for the measurement of luciferase and β-galactosidase activities by 

using Luciferase Assay Kit (Promega, Madison, WI) according to the 

manufacturer’s instructions. The luciferase activity of each sample was corrected 

on the basis of β-galactosidase activity, which was measured at 420 nm with 

O-nitrophenyl-b-D-galactopyranoside as a substrate. The value for cells treated 

with 0.1% DMSO (control) was set at 1. 

 

Electrophoretic mobility shift assay (EMSA) 

EMSA was performed according to our previous study (Cheng et al., 2004). The 

LightShift Chemiluminescent EMSA Kit (Pierce Chemical Company, Rockford, 

IL) and synthetic biotin-labeled double-stranded κB consensus oligonucleotides 

(forward: 5′-AGTTGAGGGGACTTTCCCAGGC-3′; reverse: 

5′-GCCTGGGAAAGTCCCCTCAACT-3′) were used to measure NF-κB nuclear 
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protein-DNA binding activity. Ten micrograms of nuclear extract, poly (dI-dC), 

and biotin-labeled double-stranded NF-κB oligonucleotides were mixed with the 

binding buffer (Chemiluminescent Nucleic Acid Detection Module, Thermo, 

Rockford, IL) to a final volume of 20 μL, and the mixture was incubated at 27  ℃

for 30 min. Unlabeled double-stranded NF-κB oligonucleotides and a mutant 

double-stranded oligonucleotides (5′-AGTTGAGGCGACTTTCCCAGGC-3′) 

were used to confirm the protein-binding specificity. The nuclear protein-DNA 

complex was separated by electrophoresis on a 6% TBE-polyacrylamide gel and 

was then transferred to a Hybond-N+ nylon membrane. The membranes were 

cross-linked by UV light for 10 min and were then treated with 20 μL of 

streptavidin-horseradish peroxidase for 20 min, and the nuclear protein-DNA 

bands were developed with a Chemiluminescent Substrate (Thermo, Rockford, IL). 

The bands were scanned by a luminescent image analyzer (FUJIFILM LAS-4000, 

Japan). 

 

Measurement of intracellular cAMP concentrations 

After treatment, cells were washed twice with cold PBS and lysed and scraped 

into 200 μL of 0.1 N HCl. Cell homogenates were centrifuged at 1000×g for 10 

min. The resulting supernatant was collected for the measurements of cAMP and 

protein. Intracellular cAMP concentrations were measured by using the cAMP 

EIA kit (Cayman Chemical Company, Ann Arbor, MI). For cAMP measurements, 

cell extracts, cAMP AChE tracer, and cAMP antiserum were coincubated in the 

96-well plate at 4oC for 18 h. After then, wells were washed five times with 

washing buffer, addition of 200 μL of Ellman’s Reagent and incubated for 120 
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min. Read the plate at a wavelength of 415 nm. The protein content was 

determined by using the Coomassie Plus protein assay reagent kit. cAMP 

concentrations in the control are expressed as 100%, and the concentrations in the 

other groups were calculated in comparison with the control. 

 

RNA interference by small interfering RNA of CREB 

Predesigned small interfering RNA (siRNA) against human CREB and 

non-targeting control-pool siRNA were purchased from Dharmacon Inc. 

(Lafayette, Colorado). EA.hy926 cells were cultured and allowed to grow to 80% 

confluence. EA.hy926 cells were transfected with CREB siRNA SMARTpool by 

using DharmaFECT1 transfection reagent (Thermo) according to the 

manufacturer’s instructions. The 4 siRNAs against the human CREB gene are (1) 

GAGAGAGGUCCGUCUAAUG, (2) UAGUACAGCUGCCCAAUGG, (3) 

CAACUCCAAUUUACCAAAC, and (4) GCCCAGCCAUCAGUUAUUC. A 

non-targeting control-pool siRNA was also tested. Non-targeting control-pool was 

as negative control (NTC). After 8 h of transfection, cells were treated with AP for 

16 h before incubation with TNF-α for another 6 h. Cell samples were collected 

for Western blotting analysis. 

 

Statistical analysis 

Data were analyzed by using analysis of variance (SAS Institute, Cary, NC). 

The significance of the difference among mean values was determined by one-way 

analysis of variance followed by the Tukey’s test. P values ＜0.05 were taken to 

be statistically significant. 
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Results 

Cell viability 

The MTT assay was used to evaluate whether the concentrations of 

andrographolide or andrographolide and TNF-α used caused cell damage in 

EA.hy926 cells. As shown in panels A and B of Figure 1, the cell viability of 

EA.hy926 cells was more than 85% up to an andrographolide concentration of 10 

μM in the presence or absence of 1 ng/mL TNF-α, which was used to induce the 

expression of ICAM-1. The highest concentration of andrographolide used in this 

study was 10 μM, and thus, the effects of andrographolide observed below were 

not due to its cytotoxicity. 

 

Andrographolide inhibits TNF-α-induced ICAM-1 expression in EA.hy926 

cells 

TNF-α (1 ng/mL) significantly induced ICAM-1 expression in EA.hy926 cells 

(p < 0.05) and the induction pattern was time-dependent (Figure 2). EA.hy926 

cells were pretreated with 10 μM andrographolide for the indicated times before 

being exposed to 1 ng/mL TNF-α for 6 h. The protein expression of ICAM-1 was 

significantly suppressed after pretreatment for 4 h compared with that treated with 

TNF-α alone, and the inhibition was sustained with pretreatment for up to 24 h 

(Figure 3). To determine whether the TNF-α-induced protein and mRNA 

expression of ICAM-1 were dose-dependently affected by andrographolide, 

concentrations of andrographolide ranging from 0 to 10 μM were studied. As 

shown in panels A and B of Figure 4, the inhibition of TNF-α-induced protein and 

mRNA expression of ICAM-1 by andrographolide was in a dose-dependent 
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manner. A significantly inhibitory effect of andrographolide on ICAM-1 protein 

expression was observed at concentrations greater than 5 μM, and a significantly 

inhibitory effect on ICAM-1 mRNA expression was observed at concentrations 

greater than 10 μM. The expression of ICAM-1 on cell surfaces was determined 

by flow cytometry. Cells pretreated with 5 and 10 μM andrographolide had 

significantly lower ICAM-1 expression on cell surfaces compared with those 

treated with TNF-α alone (Figure 5). 

 

Andrographolide inhibits TNF-α-induced HL-60 cell adhesion 

We next determined whether andrographolide pretreatment could inhibit HL-60 

cell adhesion. As shown in Figure 6, TNF-α significantly increased HL-60 cell 

adhesion. However, andrographolide pretreatment inhibited HL-60 cell adhesion 

in a dose-dependent manner, and a significant inhibitory effect was found at 10 

μM. 

 

Andrographolide inhibits TNF-α-induced ICAM-1 luciferase reporter activity 

To investigate the role of andrographolide in TNF-α-induced ICAM-1 gene 

transcription, promoter activity assays were performed using a human ICAM-1 

promoter-luciferase construct, pIC339 (-339 to 0). TNF-α-induced ICAM-1 

promoter activation was inhibited by 5 and 10 μM andrographolide (Figure 7). 

This result suggests that andrographolide has an inhibitory effect on 

TNF-α-mediated ICAM-1 promoter activation. 

 

Andrographolide inhibits TNF-α-induced activation of NF-κB 



 

43 

Several putative recognition sequences for a variety of transcriptional activators, 

including AP-1, retinoic acid-response element (RARE), C/EBP, NF-κB, Ets-1, 

interferon-stimulated response element (IRE), Sp1, and AP-2 were present in the 

human proximal ICAM-1 promoter-enhancer region (-346 to -24) (Huang and 

Chen, 2005). We determined the role of NF-κB in the inhibition of ICAM-1 gene 

activation by andrographolide. It was reported that NF-κB was activated by 

IKKα/β (Sakurai et al., 2003). As shown in Figure 8, TNF-α induced both IKKα 

and IKKβ phosphorylation. The activation of IKKα and IKKβ were significantly 

attenuated by andrographolide pretreatment. Treatment with TNF-α caused 

phosphorylation and degradation of IκBα (at 5 min and 15 min, respectively) in 

EA.hy926 cells. However, the phosphorylation effect was abolished and the 

degradation effect was attenuated by pretreatment with andrographolide for 16 h 

(Figure 9). Under basal conditions, NF-κB is sequestered in the cytosol by its 

inhibitor protein IκBα and remains inactive. After exposure to stimuli, IκBα was 

phosphorylated and degraded. After then, NF-κB was released and translocated to 

the nucleus where it binds the response elements of the target genes (Hayden and 

Ghosh, 2004). To investigate the effect of andrographolide on NF-κB activation, 

p65 content of nucleus was determiend by Western blotting. Nuclear translocation 

of p65 was induced by TNF-α, and this effect was attenuated by andrographolide 

pretreatment (Figure 10). The NF-κB nuclear protein-DNA binding activity was 

analyzed by EMSA. TNF-α increased NF-κB nuclear protein-DNA complex 

formation, and pretreatment with andrographolide resulted in the inhibition of 

NF-κB nuclear protein-DNA complex formation (Figure 11). These results 

indicate that andrographolide inhibits TNF-α-induced NF-κB activation. 
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Andrographolide increases intracellular cAMP concentration and induces 

phosphorylation of CREB in EA.hy926 cells 

Many studies have reported that NF-κB-mediated transcription could be 

attenuated by activation of cAMP/PKA/CREB signaling pathway. This effect was 

due to the competition for CBP between NF-κB and CREB (Ollivier et al., 1996; 

Parry and Mackman, 1997; Shames et al., 2001). Our previous study has shown 

that andrographolide elevated intracellular cAMP and activated CREB in primary 

hepatocytes (Yang et al., 2010). In order to investigate whether cAMP and CREB 

were involved in the inhibition of ICAM-1 expression by andrographolide, 

intracellular cAMP concentration and CREB phosphorylation were analyzed. 

Intracellular cAMP concentration was significantly increased by treatment with 10 

μM andrographolide for 30 min (Figure 12), and the phosphorylation of CREB 

was significantly increased by treatment with 10 μM andrograpohlide for 0.5 and 2 

h (Figure 13).  

 

CREB siRNA shows no effect on andrographolide inhibition of ICAM-1 

expression in the presence of TNF-α 

To demonstrate whether the competition of CBP by CREB was involved in the 

inhibition of andrographolide, CREB siRNA was used. After transient transfection 

with CREB siRNA knocked down CREB expression in EA.hy926 cells. However, 

CREB siRNA did not affect the inhibition of ICAM-1 expression by 

andrographolide (Figure 14). These results suggest that CREB is not involved in 

the suppression of ICAM-1 by andrographolide.  
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Figure 1. Effect of andrographolide (AP) on the cell viability of EA.hy926 
cells in the presence or absence of TNF-α. (A) Cells were treated with 0-20 μM 
andrographolide for 16 h. (B) Cells were pretreated with 0-20 μM andrographolide 
for 16 h followed by incubation with 1 ng/mL TNF-α for an additional 6 h. Cell 
viability was measured by using the MTT assay. Values are means ± SD of three 
independent experiments. Values not sharing an alphabetic letter are significantly 
different (p < 0.05). 
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Figure 2. TNF-α induces the expression of ICAM-1 in EA.hy926 cells. Cells 
were treated with 1 ng/ mL TNF-α for various time periods. Aliquots of total 
protein (20 μg) were used for Western blot analysis. The levels in control cells 
were set at 1. Values are means ± SD of three independent experiments. Values 
not sharing an alphabetic letter are significantly different (p < 0.05). 
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Figure 3. Effect of andrographolide (AP) on TNF-α-induced ICAM-1 protein 
expression in EA.hy926 cells. Cells were pretreated with 10 μM AP for various 
time periods followed by incubation with 1 ng/mL TNF-α for an additional 6 h. 
Aliquots of total protein (20 μg) were used for Western blot analysis. The levels in 
control cells were set at 1. Values are means ± SD of three independent 
experiments. Values not sharing an alphabetic letter are significantly different (p < 
0.05). 
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expression induced by TNF-α in EA.hy926 cells. Cells were pretreated w
andrographolide for 16 h followed by incubation with 1 ng/mL TNF-α for an 
additional 6 h. (A) Aliquots of total protein (20 μg) were used for Western blo
analysis. (B) Total RNA was isolated from cells and was subjected to RT-PCR 
with specific ICAM-1 and GAPDH primers as described in Materials and Meth
The levels in control cells were set at 1. Values are means ± SD of three 
independent experiments. Values not sharing an alphabetic letter are sign
different (p < 0.05). 
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Figure 5. Andrographolide (AP) inhibits TNF-α-induced ICAM-1 protein 
expression on cell surfaces of EA.hy926 cells. Cells were pretreated with 
andrographolide for 16 h followed by incubation with 1 ng/mL TNF-α for an 
additional 6 h. Control cells were maintained in the vehicle before being 
challenged with TNF-α. The levels in control cells were set at 1. Values are means 
± SD of three independent experiments. Values not sharing an alphabetic letter are 
significantly different (p < 0.05). 
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Figure 6. Andrographolide decreases TNF-α-induced HL-60 cell adhesion. 
Cells were pretreated with andrographolide for 16 h before being challenged with 
1 ng/mL TNF-α for an additional 6 h. The levels in control cells were set at 1. 
Values are means ± SD of three independent experiments. Values not sharing an 
alphabetic letter are significantly different (p < 0.05). 
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Figure 7. Andrographolide inhibits TNF-α-induced ICAM-1 promoter 
activity in EA.hy926 cells. Cells transfected with the pIC339 luciferase 
expression vector were pretreated with andrographolide for 16 h followed by 
incubation with TNF-α for an additional 5 h. The cells were then lysed and 
analyzed for luciferase activity. Luciferase activity was assayed as described in 
Materials and Methods. Induction is shown as an increase in the normalized 
luciferase activity in the treated cells relative to the control. Values are means ± 
SD of three independent experiments. Values not sharing an alphabetic letter are 
significantly different (p < 0.05). 
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Figure 8. Andrographolide attenuates TNF-α-induced IKKα/β 
phosphorylation in EA.hy926 cells. Cells were pretreated with 10 μM 
andrographolide for 16 h followed by incubation with 1 ng/mL TNF-α for the 
various time periods. Aliquots of total protein (20 μg) were used for Western blot 
analysis. Fold is shown as an increase in the normalized phorphorylation in the 
treated cells relative to the control. Values are means ± SD of three independent 
experiments. Values not sharing an alphabetic letter are significantly different (p < 
0.05). * p < 0.05 indicates significant effect of andrographolide on TNF-α-induced 
IKKα/β phosphorylation. 
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Figure 9. AP diminishes TNF-α-induced IκBα phosphorylation and 
degradation in EA.hy926 cells. Cells were pretreated with 10 μM 
andrographolide for 16 h followed by incubation with 1 ng/mL TNF-α for various 
time periods. Aliquots of total protein (20 μg) were used for Western blot analysis. 
The levels in control cells were set at 1. Values are means ± SD of three 
independent experiments. Values not sharing an alphabetic letter are significantly 
different (p < 0.05). 
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Figure 10. Andrographolide decreases TNF-α-induced p65 nuclear 
translocation in EA.hy926 cells. Cells were pretreated with 10 μM 
andrographolide for various time periods followed by incubation with 1 ng/mL 
TNF-α for an additional 1 h. Nuclear extracts (10 μg) were used for Western blot 
analysis. The levels in control cells were set at 1. Values are means ± SD of three 
independent experiments. Values not sharing an alphabetic letter are significantly 
different (p < 0.05). 
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Figure 11. Effect of andrographolide on TNF-α-induced NF-κB-DNA binding 
activity in EA.hy926 cells. Cells were pretreated with 10 μM andrographolide for 
various time periods followed by incubation with 1 ng/mL TNF-α for an additional 
1 h. Aliquots of nuclear extracts (10 μg) were used for EMSA. One representative 
experiment out of three independent experiments is shown. 
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Figure 12. Effect of andrographolide on intracellular cAMP concentration in 
EA.hy926 cells. Cells were treated with 10 μM andrographolide for 30 min. 
Values are means ± SD of three independent experiments. Values not sharing an 
alphabetic letter are significantly different (p < 0.05). 
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Figure 13. Andrographolide induces CREB phosphorylation in EA.hy926 
cells. Cells were treated with 10 μM andrographolide for various time periods. 
Nuclear extracts (15 μg) were used for Western blot analysis. The levels in control 
cells were set at 1. Values are means ± SD of three independent experiments. 
Values not sharing an alphabetic letter are significantly different (p < 0.05). 
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Figure 14. Effect of CREB siRNA on andrographolide inhibition of 
TNF-α-induced ICAM-1 expression in EA.hy926 cells. A CREB siRNA system 
was used to silence CREB mRNA in cells and to create an siRNA knockdown 
EA.hy926 cell model. Eight h after transfection, cells were pretreated with 10 μM 
andrographolide for 16 h followed by incubation with 1 ng/mL TNF-α for an 
additional 6 h. Aliquots of total protein (20 μg) were used for Western blot 
analysis. The levels in control cells were set at 1. Values are means ± SD of three 
independent experiments. Values not sharing an alphabetic letter are significantly 
different (p < 0.05). One representative immunoblot from three independent 
experiments is shown. 
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Discussion 
 

In previous studies, andrographolide has been reported to have diverse 

properties including anti-inflammatory, anti-cancer, anti-viral, anti-oxidative, 

anti-hyperglycemic, and hepato-protective (Akowuah et al., 2008; Chandrasekaran 

et al., 2010; Chen et al., 2009; Qi et al., 2007; Singha et al., 2007; Yu et al., 2003). 

Atherosclerosis is an inflammatory response, and adhesion molecules were 

involved in atherosclerotic progression (Reiss and Engelhardt, 1999). We 

examined whether andrographolide inhibits TNF-α-induced ICAM-1 expression 

and the possible mechanisms involved. In the present study, TNF-α-induced both 

protein and mRNA levels of ICAM-1 was significantly inhibited by 10 μM 

andrographolide (Figure 3 and 4), and the results were consistent with that 

reported by Habtemariam (1998). These results suggest that andrographolide 

negatively regulates ICAM-1 expression at transcriptional level. The expression of 

adhesion molecule including ICAM-1 on the surface of endothelial cells is 

required for the firm adhesion of rolling monocytes (Kadono et al., 2002; 

Lehmann et al., 2003). It was shown that andrographolide reduced TNF-α-induced 

ICAM-1 expression on cell surfaces and monocyte adhesion (Figure 5 and 6). 

Based on the results, attenuation of ICAM-1 expression on cell surfaces plays an 

important role in the anti-monocyte adhesion. 

There are a number of signaling pathways involved in TNF-α-mediated 

responses. They are IKK/NF-κB (Spiecker et al., 2002), MAPK (Clark et al., 2008; 

Hung et al., 2008), PI3K/Akt (Oh and Kwon, 2009), PKC (Min et al., 2005), and 

JAK/STAT (Kim et al., 2007). In addition to transcription factor NF-κB, AP-1 and 

STAT were considered to be involved in TNF-α-induced inflammatory gene 
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expression (Do et al., 2009; Wang et al., 2010). NF-κB is one kind of transcription 

factor which can be activated by TNF-α, ox-LDL, LPS, and other stimuli. The 

activation of NF-κB was modulated by IKK and IκBα (Sakurai et al., 2003). 

Many phytochemicals have been shown to reduce inflammation through 

blocking NF-κB activation. For example, curcumin decreased the expression of 

ICAM-1, MCP-1, and IL-6 induced by TNF-α (Kim et al., 2007); incensole acetate 

reduced inflammation in the mouse paw model (Moussaieff et al., 2007); phloretin 

suppressed expression of endothelial adhesion molecules and reduced activation of 

human platelets (Stangl et al., 2005); and both lycopene and carnosol inhibited 

TNF-α-induced endothelial ICAM-1 expression and monocyte adhesion (Hung et 

al., 2008; Lian et al., 2010). These effects were attributed to the inhibition of 

NF-κB activation. In our study, we observed that TNF-α induced ICAM-1 

promoter activity and this effect was abolished by 5 and 10 μM andrographolide 

(Figure 7). It was considered that the effect of andrographolide acts through the 

inhibition of NF-κB activation. To investigate whether IKK/NF-κB pathway was 

involved in the inhibition by andrographolide, IKKα/β phosphorylation, IκBα 

phosphorylation and degradation, p65 content in nucleus, and DNA binding 

activity of NF-κB were analyzed. Our data disclose that andrographolide inhibits 

TNF-α-induced IKKα/β phosphorylation (Figure 8), and reduces the 

phosphorylation and degradation of IκBα (Figure 9), p65 nuclear translocation 

(Figure 10), and DNA binding activity of NF-κB (Figure 11). Thereby, our results 

demonstrate that IKK is an andrograpjolide target in the NF-κB pathway. The 

inhibition of IKK/NF-κB signaling pathway by andrographolide was also found in 

human bronchial epithelial cells (Bao et al., 2009). 
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Additionally, several lines of evidence suggest that cAMP/PKA/CREB 

signaling pathway negatively regulates NF-κB-mediated transcription. Cilostazol, 

which increased intracellular cAMP level, inhibited THP-1cells adhesion to 

HUVECs (Mori et al., 2007). In human airway smooth muscle cells, pretreatment 

with forskolin, dibutryl cAMP, or isoproterenol inhibited TNF-α-induced ICAM-1 

and VCAM-1 expression (Panettieri et al., 1995). The suppression was considered 

to occur due to the competition for the limited amount of CBP between p65 and 

CREB. Parry and Mackman (1997) indicated that the inhibition by forskolin was 

promoted by overexpression of CREB and was attenuated by overexpression of 

CBP in HUVECs. In our previous study, treatment with 40 μM andrographolide 

for 30 min dramatically elevated intracellular cAMP concentration by 22-fold and 

induced phosphorylation of CREB in rat primary hepatocytes (Yang et al., 2010). 

In EA.hy926 cells, we also observed the cAMP enhancing effect of 

andrographolide (Figure 12 and 13), although the magnitude was not as large as 

that seen in rat primary hepatocytes (Yang et al., 2010). The different results in the 

two cell culture systems can be attributed to the dose of andrographolide used and 

the different cell models examined. The increased cAMP level and CREB 

phosphorylation in response to andrographolide may play a role in suppression of 

ICAM-1 expression. In order to demonstrate the role of CREB phosphorylation in 

ICAM-1 expression, knockdown of CREB by using CREB siRNA was performed. 

Results showed that the inhibitory effect of andrographolide on TNF-α-induced 

ICAM-1 expression was not affected by CREB silencing (Figure 14). 
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In summary, andrographolide inhibits TNF-α-inducedICAM-1 expression and 

monocyte adhesion in EA.hy926 cells and this effect may involve the suppression 

of IKK/NF-κB signaling pathway rather than CREB phosphorylation. 
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Conclusion 

 

In the present study, we demonstrate that andrographolide inhibited TNF-α 

induced ICAM-1 expression and monocyte adhesion. This inhibition is at least 

partially through suppression of IKK/NF-κB signaling pathway exerted by 

andrographolide. The findings of this study are schematically presented in Figure 

15. 

 
Figure 15. Model showing pathways that mediate the inhibition of expression 
of ICAM-1 and adhesion of HL-60 cells to EA.hy926 cells by andrographolide 
under inflammatory conditions. Andrographolide inhibits TNF-α-induced IKK 
activation, IκBα phosphorylation and degradation, p65 nuclear translocation, and 
DNA binding activity of NF-κB; eventually, suppresses ICAM-1 expression and 
monocyte adhesion. ＃(Mackay et al., 1993)
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附錄 

 

細胞內cAMP濃度測定 (Measurement of intracellular cAMP concentrations) 

原理：利用cAMP-acetylcholinesterase (AChE) conjugate (cAMP Tracer) 和

樣品中的cAMP互相競爭與cAMP EIA antiserum的結合。反應後移除未結合的 

cAMP Tracer並加入Ellman’s Reagent進行呈色反應。Ellman’s Reagent含有

AChE的受質，與cAMP Tracer反應後會呈現黃色，可於波長412 nm下讀取其

吸光值，最後可依標準曲線計算出樣品的cAMP含量。 

實驗操作：EA.hy926細胞處理穿心蓮內酯30分鐘後以冰的PBS洗兩次，加

入0.1 N HCl 200 μL於室溫下反應20分鐘。刮取細胞至1.5 mL離心管中混合均

勻，以1000×g離心10分鐘後吸取上清液。利用Cyclic AMP EIA kit (Cayman 

Chemical Company, Ann Arbor, MI) 測定細胞內cAMP濃度。取cyclic AMP EIA 

kit中的96孔盤分別加入50 μL樣品或標準品後依序加入50 μL cAMP AChE 

Tracer與50 μL cAMP EIA antiserum於4℃下反應18小時。反應結束後以200 μL 

Wash Buffer清洗五次，加入200 μL Ellman’s Reagent於室溫下反應120分鐘。

反應後利用ELISA reader測定415 nm下之吸光值，並繪製標準曲線計算出樣品

的cAMP含量。另將樣品利用Coomassie Plus protein assay reagent kit進行蛋白

質定量，最後將樣品的cAMP含量 (pmol/mL細胞液) 與蛋白質濃度 (mg/mL

細胞液) 進行校正，計算出樣品的cAMP濃度 (pmol/mg protein)，並以控制組

作為100%
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RNA 干擾術 (RNA interference by small interfering RNA of CREB) 

原理：藉由雙股 RNA 片段送到細胞內後，被 Dicer作用分解成小片段 RNA 

(small interfering RNA, siRNAs)，此雙股的 siRNA 會與 RNA-induced silencing 

complex (Risc) 產生交互作用形成單股 siRNA 並與目標基因的 mRNA 互補結

合。而此互補結合的 RNA 片段會被切下並降解，使得目標基因無法進行轉譯

作用，抑制該基因的表現。 

實驗操作：人類 CREB siRNA 與 non-targeting control-pool siRNA 購自

Dharmacon Inc. (Lafayette, Colorado)，而人類 CREB siRNA 序列如下：(1) 

GAGAGAGGUCCGUCUAAUG，(2) UAGUACAGCUGCCCAAUGG，(3) 

CAACUCCAAUUUACCAAAC，(4) GCCCAGCCAUCAGUUAUUC。當

EA.hy926 細胞培養至八分滿時進行 siRNA 轉染：取三試管，於試管ㄧ中加入

OPTI medium100 μL 與 2 μM non-targeting control-pool siRNA 100 μL、試管二

中加入 OPTI medium 100 μL 與 2 μM 人類 CREB siRNA 100 μL、試管三則依

3 μL：197 μL 的比例取 DharmaFECT1 transfection reagent 與 OPTI medium 混

合，在室溫下反應 5 分鐘後由試管三取出 200 μL 分別加入試管ㄧ與試管二中

混合，並於室溫反應 20 分鐘。以回溫的 PBS 清洗細胞兩次後分別將試管ㄧ

與試管二的 mixture 各自加到培養皿中，並補足 2 mL OPTI medium，使欲轉

染的 siRNA 最後濃度為 0.1 μM。轉染 8 小時後改以含 10％ FBS 的 DMEM 

medium 預處理穿心蓮內酯 16 小時後再與 TNF-α共同培養 6 小時，收取細胞

蛋白質進行西方墨點法分析蛋白質表現。 
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