
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


이학박사학 논  

 

 

Dehydrodiconiferyl Alcohol  항 만, 

항염증, 항산  에 한  

분자 포 생 학  분  

 

Molecular Cell Biological Characterization of Anti-

Adipogenic, Anti-Inflammatory and Anti-Oxidative 

Stress Activities of Dehydrodiconiferyl Alcohol 

 

 

 

 

 

2013  8 월 

 

 

 

 

울 학  학원 

생명과학부 

이  훈 



Dehydrodiconiferyl Alcohol  항 만, 

항염증, 항산  에 한 

분자 포 생 학  분  

Molecular Cell Biological Characterization of Anti-

Adipogenic, Anti-Inflammatory and Anti-Oxidative 

Stress Activities of Dehydrodiconiferyl Alcohol 

 

지도     

이 논  이학박사 학 논  출함 

2013  6 월 

울 학  학원 

자연과학 학 생명과학부 

이  훈 

이 훈  이학박사 학 논  인 함 

2013  6 월 

 

 원 장                        (인) 

부 원장                        (인) 

    원                        (인) 

    원                        (인) 

    원                        (인) 

 



i 

 

Abstract 

 Dehydrodiconiferyl alcohol (DHCA) is a lignan compound (MW : 358) isolated from 

stem parts of Cucurbita moschata. Using NIH3T3-L1 cells, DHCA was previously shown to 

reduce the expression of several adipocyte marker genes, and also suppress the mitotic clonal 

expansion of preadipocytes. In this thesis work, the underlying mechanisms of these anti-

adipogenic effects were investigated, using primary mouse embryonic fibroblasts (MEFs). 

DHCA decreased the intracellular lipid when MEFs were induced to differentiation into 

adipocytes and reduced the expression of various genes involved in adipogenesis, such as 

PPARγ, C/EBPα and SREBP-1c, at the RNA level. Data from 2D gel analysis and ChIP assay 

suggested that DHCA inhibited the phosphorylation of C/EBPβ, and subsequently reduced the 

DNA binding activity of this transcription factor to the C/EBP regulatory elements present in 

the promoter of PPARγ, C/EBPα and aP2. In summary, DHCA appears to control the mitotic 

clonal expansion by blocking the phosphorylation as well as the DNA binding activity of 

C/EBPβ, resulting in the inhibition of adipocyte differentiation. 

 Data from microarray analysis indicated that DHCA affected the expression profile of 

a variety of genes in primary MEF and Raw264.7 cells. The affected genes included a series of 

inflammatory and anti-oxidative molecules. First, the effects of DHCA on the production of 

various inflammatory molecules were investigated using Raw264.7 cells, a mouse macrophage 

cell line. DHCA decreased the protein level of pro-inflammatory cytokines such as TNF-α, IL-6, 

IL-1β and MCP-1. Similar results were obtained, using primary macrophages derived from 

mouse bone marrow cells. The data from Northern and Western blot hybridizations and 

electrophoretic mobility shift assays suggested that DHCA-mediated down-regulation of these 

inflammatory genes occurred at the transcriptional level through the control of IKKα/β and 

subsequently NF-κB. This lignan molecule also reduced the production of NO and PGE2 by 

down-regulating the expression of iNOS and COX-2, respectively. In the case of IL-1β, the 
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production of this cytokine was regulated in two ways, one at the RNA level and another by 

lowering the production of ROS and thus inhibiting caspase-1 in the inflammasome.  

 As NF-κB is also known to play a significant role in the Th-mediated inflammatory 

responses, I further assessed whether DHCA controls the Th17-mediated production of IL-17, 

another important pro-inflammatory cytokine. When primary CD4 T cells were used, DHCA 

down-regulated the expression of IL-17 at the transcriptional level, most likely by controlling 

the expression of RORα and RORγt. Taken together, these data indicate that DHCA may exert a 

broad range of anti-inflammatory activities by regulating key molecules involved in 

inflammation and oxidative stress. 

 Oxidative stress is induced by the accumulation of free radicals, resulting in the 

imbalanced cellular redox state which has been implicated in a variety of major human diseases. 

Because DHCA decreased the production of ROS in the above study, it was further tested 

whether DHCA could affect the expression of HO-1, initially using a mouse macrophage cell 

line, Raw264.7. DHCA increased the protein and RNA level of HO-1 and upregulated the 

promoter activity of this gene. Data from transient transfection assays indicated that ARE 

sequences located in the E1 region of the HO-1 promoter are important in this DHCA-mediated 

induction of HO-1 expression. DHCA was shown to enhance the nuclear translocation and 

binding of Nrf2 to the respective DNA sequences by Western blot and ChIP analyses. 

Upregulation of HO-1 expression by DHCA was also observed in primary macrophages derived 

from wild type animals, but not in those from Nrf2 KO mice. To understand the underlying 

mechanism, various pharmacological inhibitors were used. Effects of DHCA on HO-1 and Nrf2 

were reduced when cells were treated with CK2 inhibitors such as LY294002 and TBB, but not 

by a PI3K/Akt inhibitor, Wortmannin. These data suggested that DHCA could induce the 
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expression of HO-1 by the control of its promoter activity using CK2-Nrf2 pathways, and thus 

DHCA might have a potential as an effective antioxidant molecule.  

 Data from the above experiments indicated that DHCA could control the inflammatory 

responses and upregulate the production of several anti-oxidative enzymes. As both the 

inflammation and oxidative stress play a significant role in the development of inflammatory 

diseases, it was further investigated whether DHCA could produce any therapeutic benefits, 

using a mouse experimental autoimmune encephalomyelitis (EAE) system, a model for human 

multiple sclerosis. In mouse EAE model, DHCA could ameliorate the severity of clinical 

symptoms in a dose-dependent manner. In particular, the development of EAE was completely 

suppressed at 300mg/kg of DHCA. DHCA treatment was found to down-regulate the generation 

of MOG-specific Th17 cells and suppress the expression of various inflammatory genes in 

spinal cords. 

 In conclusion, these data suggested that DHCA contains potent anti-adipogenic, anti-

inflammatory and anti-oxidative stress activities by controlling the activity of key transcription 

factors and upstream signaling proteins and that it could suppress the development and 

progression of EAE in the mouse model. Given the therapeutic potential of DHCA as well as its 

various biological activities, further investigations are warranted, such as those for the 

pinpointing of the target molecules(s), in vivo pharmacokinetics or pharmacodynamics studies 

and the tests of other disease models.  

 

Key words : Dehydrodiconiferyl alcohol, adipogenesis, inflammation, oxidative stress, C/EBPβ, 

NF-κB, Nrf2, RORγt, EAE model 
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1. Background information 

  

 One of the major programs of our laboratory has been the search for biologically active 

compounds from plant sources. It was previously shown by my predecessor that the water-

soluble extract from the stems of Cucurbita moschata, called PG105, contained potent anti-

obesity activity in a high fat diet-induced obesity mouse model (Choi, et al., 2007). In this 

animal model, increased body weight and fat storage were suppressed after the 8-week oral 

administration of 500mg/kg PG105, while the overall amount of food intake was not affected. 

Furthermore, PG105 protected the development of fatty liver and increased hepatic β-oxidation 

activity. The results from the blood analysis showed that the levels of triglyceride and 

cholesterol were significantly lowered after the administration of PG105. 

 One of the biological characteristics of PG105 was the inhibition of 3T3-L1 adipocyte 

differentiation. To isolate the compound(s) responsible for this activity, conventional solvent 

fractionation was performed, and the various fractions were tested for anti-adipogenic activity 

using oil red O staining. A single spot on the thin-layer chromatography of the chloroform 

fraction showed potent anti-adipogenic activity. When purified, the structure of the major 

component of this fraction was identified as dehydrodiconiferyl alcohol (DHCA), a lignan, by 

NMR and mass spectrometry analysis.  

 In 3T3-L1 cells, synthesized DHCA significantly reduced the expression of several 

adipocyte marker genes, including peroxisome proliferator-activated receptor γ (PPARγ), 

CCAAT/enhancer -binding protein α (C/EBPα), adipocyte protein 2 (aP2), sterol response 

element binding protein-1c (SREBP1c), and stearoyl-coenzyme A desaturase-1 (SCD-1), and it 

decreased lipid accumulation without affecting cell viability (Lee, et al., 2012). DHCA also 

suppressed the mitotic clonal expansion of preadipocytes (an early event of adipogenesis) and 



- 3 - 

 

lowered the production of CyclinA and cyclin-dependent kinase 2 (Cdk2), which was associated 

with a reduction in DNA synthesis and cell division. Taken together, these data suggested that 

DHCA controls the mitotic clonal expansion, thereby inhibiting the differentiation of 

adipocytes; however, the exact molecular mechanisms underlying these effects were not known 

when I initiated my thesis work. 

 DHCA is a member of lignan family, and lignan compounds are phytoestrogens, which 

have generally been recognized as antioxidants (Adlercreutz, 2007). Although the biological 

activities of a few selective lignan compounds have been extensively investigated, little is 

known about DHCA. A number of plants, such as garlic, magnolia and Anastatica hierochuntica, 

have been reported to contain DHCA, but the biological effects and underlying mechanisms of 

this lignan molecule remain largely unknown (Lee, et al., 2009, Matsutomo, et al., 2013, 

Nakashima, et al., 2010). 

 My thesis research initially focused on characterizing the molecular mechanism(s) 

underlying the DHCA-mediated inhibition of adipogenesis. Because lignan compounds have 

been reported to control inflammatory responses and oxidative stress, I also investigated the 

effects of DHCA on the production of inflammatory molecules and reactive radicals using in 

vitro cell culture systems. Based on the data obtained from these experiments, the therapeutic 

potential of DHCA was tested in a mouse model for multiple sclerosis. 

  

2. Lignan compounds 

 

 Plants produce a variety of chemical substances for protection from harmful 

environments. For example, plants synthesize a variety of anti-bacterial and anti-oxidative 

molecules in response to the infection of foreign intruders and to scavenge ROS produced 
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during the photosynthesis (Balandrin, et al., 1985). Because stresses mediated by infections or 

free radicals also play an important role in human pathogenesis, the therapeutic potential of a 

wide range of plant-derived chemical compounds has been tested.  

 Plant-derived compounds are divided into several groups based on their chemical 

structures. Among these groups, phenolic compounds containing phenols and terpenes having 

isoprene units are the two major constituents. Polyphenols, such as flavonoid, anthocyanin, 

isoflavone, phenolic acid and lignan, belong to the phenolic compound group, whereas the 

terpene group comprises carotene, xanthophyll, saponin and triterpenoid. There are other minor 

groups such as betalain, indole and organosulfide (Fig. 1). 

 Some of these botanicals have been extensively characterized at the biochemical level, 

and shown to produce therapeutic benefits in several human diseases. For example, resveratrol, 

mainly found in grape seed, has been reported to activate SIRT1 protein to induce pleiotropic 

effects such as anti-inflammatory, anti-diabetic, anti-oxidative and neuro/cardio-protective 

activities (Borra, et al., 2005, Smoliga, et al., 2011). A number of human trials are underway to 

determine whether resveratrol exerts therapeutic benefits in Alzheimer’s disease and type II 

diabetes (Smoliga, et al., 2011). 

 Salicylic acid, a phenolic acid originally isolated from the bark of willow trees, is a 

widely used non-steroidal anti-inflammatory drug (NSAID), popularly called Aspirin. This 

chemical compound directly inhibits the activity of cyclooxygenases, resulting in the 

suppression of prostaglandin synthesis, leading to anti-inflammation (Yin, et al., 1998). 

Currently, salicylic acid is also used to prevent cardiovascular diseases and colorectal cancer 

and to treat inflammation-mediated pain, fever and headache. 

 Lutein, a xanthophyll, belongs to the carotenoid group and is broadly distributed 

throughout the green leaves of various plants. When administrated to humans, lutein becomes  
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Figure 1. Plant-derived chemical compounds. 

Plant-derived compounds can be divided into 2 major and 2 minor groups based on their 

chemical structures. Phenolic compounds and terpenes are the two major constituents. Phenolic 

compounds compose of polyphenols such as flavonoid, anthocyanin, phenolic acid and lignan, 

while the carotene, xanthophyll, saponin and triterpenoid belong to terpene group. Betalain, 

indole and organosulfide are other minor groups.  
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concentrated in the macula of the eye and enhances the function of various photoreceptors. 

Specifically, lutein serves as an antioxidant in the eye through the reduction of reactive radical 

production mediated by high energy blue and ultraviolet light, subsequently preventing a wide 

range of eye-related disorders such as macular degeneration and blindness (Krinsky, et al., 

2003). Many other plant-derived chemicals have been shown to produce various biological 

effects such as anti-oxidative stress, anti-inflammatory and anti-cancer activities (Table 1). 

 Lignan molecules are phenolic compounds belonging to the phytoestrogen family. At 

present, eleven different compounds have been characterized as a lignan, and they are thought to 

act as an antioxidant and also affect estrogen receptors (Fig. 2). 

 Secoisolariciresinol diglucoside (SDG), found mainly in flaxseed, is the best-

characterized lignan molecule. SDG exhibited protective effects in rodent models of 

atherosclerosis and obesity, and decreased the level of cholesterol in a rabbit model of 

hypercholesterolemia (Prasad, 1999, Prasad, 2008). Sesamin, from sesame oil, exerts anti-

cancer effects not only by inhibiting the proliferation of various types of cancer cell lines but 

also by decreasing the expression of angiogenic factors (Hirose, et al., 1992, Miyahara, et al., 

2000). Pinoresinol and arctigenin also showed anti-cancer activities (Awale, et al., 2006, Fini, et 

al., 2008). However, the detailed mechanisms underlying these biological activities were not 

clearly understood.  

 In this thesis work, the lignan molecule DHCA is investigated. DHCA has been 

isolated from a few plant species, such as garlic, magnolia and Anastatica hieroshuntica, and 

acts as an antioxidant by scavenging ROS and NO (Lee, et al., 2009, Matsutomo, et al., 2013). 

However, the detailed molecular mechanisms remain unclear. Furthermore, the additional 

biological activities or therapeutic potential of DHCA have not been investigated in any 

meaningful way before I initiated my thesis work.  
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Table 1. List of plant-derived compounds showing various biological effects 

 

Chemical 

compounds 
Group 

Main 

source 

Biological 

activities 
Mode of Action 

Resveratrol Stillbenoid Red grapes 

Anti-aging 

Anti-cancer 

Anti-diabetes 

Sirtuin 1 

activation 

Salicylic acid Phenolic acid Willow tree 

Anti-inflammation 

Pain relieve 

Cardioprotection 

COX inhibition 

Lutein 
Carotenoids 

(Xanthphyll) 

Green 

plants 
Antioxidant 

High energy light 

absorbtion 

Epigallocatechin 

gallate 
Flavonoid Green tea 

Anti-HIV 

Anti-cancer 

Anti-inflammation 

Signaling 

pathways 

modulation 

Curcumin Phenolic acid tumeric 
Anti-inflammation 

Anti-cancer 
NF-κB inhibition 

Lycopene Carotene tomato 

Cardioprotection 

Anti-cancer 

Antioxidant 

ROS scavenge 

Sulforaphane Organosulfide Broccoli 

Anti-Helicobacter 

pylori 

Anti-cancer 

ROS scavenge 
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Figure 2. Lignan compounds. 

Lignan molecules belong to the phytoestrogen family. Eleven different compounds have been 

characterized as a lignan, and they are generally recognized as an antioxidant.  
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3. Inflammation 
 

 3.1 Macrophage and inflammation 

 

 Inflammation is one of the key responses in innate immunity, and a variety of cell 

types are critically involved in this process. Inflammatory responses are initiated to defend the 

host from various pathogens such as bacteria, parasites and viruses. Macrophages serve as a first 

line of defense against a wide range of pathogens and play an essential role(s) in the 

inflammatory response. Macrophages reside in almost every tissue of the body and recognize 

foreign intruders, engulf pathogens or infected cells through phagocytosis, and present antigens 

to activate secondary immune responses mediated by T and B lymphocytes. Macrophages also 

produce a broad range of pro-inflammatory mediators to induce local inflammation.  

 The macrophage-mediated production of inflammatory mediators plays a significant 

role in the innate immunity (Fig. 3). TNF-α, IL-1β and IL-6 are three major cytokines that 

directly induce the apoptosis of pathogens or infected cells and stimulate adjacent cells to 

produce more pro-inflammatory cytokines. MCP-1 and CCL22 are chemokines that recruit 

various immune cells to local inflammatory sites, resulting in the amplification of inflammatory 

responses. The expression of these cytokines is typically controlled at the transcriptional level. 

Macrophages express a variety of pattern recognition receptors (PRRs), such as Toll-like 

receptors, Nod-like receptors and C-type lectin receptors, to recognize the molecular patterns of 

foreign molecules. When foreign molecules binds to PRRs, these receptors become activated to 

transduce various signaling through signaling cascades and subsequently activate key 

transcription factors. For example, TLR4 stimulates downstream signaling transduction 

pathways in a MyD88-dependent manner. MyD88 then induces the ubiquitynation of the 

TRAF6 protein and activates the TAK1/TAB1/TAB2 protein complex. This complex 

phosphorylates IKKα/β to degrade I-κB, leading to the translocation of the transcription factor 

NF-κB. TAK1 also binds to TAB2/TAB3 to activate MKK4, which subsequently  
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Figure 3. Macrophage-mediated production of inflammatory mediators. 

Macrophage-mediated production of inflammatory mediators plays a significant role in the 

regulation of innate immunity. Various signaling pathways and transcription factors are involved 

in this response. For example, TLR4 stimulates downstream signaling pathways through 

MyD88 adaptor protein. MyD88 then induces the ubiquitynation of the TRAF6 protein, and 

thereby activates the TAK1/TAB1/TAB2 protein complex. As a consequence, IKKα/β complex 

are phosphorylated to degrade I-κB, leading to the translocation of the transcription factor NF-

κB. TAK1 also binds to TAB2/TAB3 to activate MKK4, which then phosphorylates MAPK 

signaling proteins such as ERK, p38 and JNK, resulting in the activation of AP-1. NF-κB and 

AP-1 both induce the expression of various inflammatory genes such as TNF-α, IL-1β, IL-6, 

MCP-1, iNOS and COX-2.  
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phosphorylates MAPK signaling proteins such as ERK, p38 and JNK, resulting in the activation 

of AP-1 transcription factor. NF-κB and AP-1 eventually induce the expression of various 

inflammatory genes by directly binding to their promoter.  

 The production of inflammatory mediators should be tightly regulated as 

overproduction could result in the apoptosis of not only the infected cells but also normal cells, 

leading to tissue damage and eventual organ dysfunction. Therefore, the production of excessive 

amounts of inflammatory mediators produced by highly activated macrophages is critically 

involved in the pathogenesis of various inflammatory diseases such as inflammatory bowel 

disease, psoriasis, hepatitis, diabetes, atherosclerosis, multiple sclerosis and arthritis (Clark and 

Kupper, 2006, Eling, et al., 1984, Feldmann and Maini, 1999, Moore and Tabas, 2011, 

Papadakis and Targan, 2000, Tetley, 2002).  

 TNF-α, IL-1β, IL-6 and MCP-1 proteins have important roles in the progression of 

inflammatory diseases. The detailed mechanisms of action of these cytokines might be different, 

depending on specific molecules, but all of these proteins bind to respective receptors to 

promote excessive inflammatory responses through enhanced production of other inflammatory 

cytokines, recruiting various immune cells to local sites and inducing cellular apoptosis. 

Naturally, the development of effective anti-inflammatory agents that inhibit these inflammatory 

pathways has been attempted.  

 

 3.2 Macrophage-mediated production of inflammatory cytokines 

 

 TNF-α, primarily produced by macrophages, is a major cytokine that plays an 

important role in the regulation of inflammatory responses. When macrophages are stimulated 

with foreign pathogens, these cells immediately produce TNF-α within an hour to activate other 

immune cells and induce the apoptosis of foreign pathogens or infected cells. When TNF-α 

binds to the TNF receptor, various signaling proteins, such as MAPKs and IKK, become 
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activated, subsequently leading to the activation of NF-κB and AP-1. The TNF-α signaling 

pathway also induces caspase cascades to promote apoptosis.  

The level of TNF-α should be tightly controlled, as excessive TNF-α production could 

damage self-tissues, resulting in the dysfunction of various organs. For example, TNF-α could 

directly induce the destruction of cartilage and the loss of bone mass and density through the 

simultaneous induction of chondrocyte apoptosis and osteoclast differentiation, leading to the 

development of various types of arthritis (Feldmann, et al., 1996). This cytokine also induces 

the epithelial tissue damage in the intestine and colon, resulting in the progression of 

inflammatory bowel diseases (Sands and Kaplan, 2007). TNF-α also induces the 

phosphorylation of insulin receptor substrate-1, leading to the progression of insulin resistance 

(Hotamisligil, et al., 1996). 

The overproduction of TNF-α is also important for the pathogenesis of various 

neurodegenerative diseases such as Alzheimer’s diseases and multiple sclerosis. When 

overproduced by microglia, this cytokine intensifies inflammation in the CNS and promotes 

neurological dysfunction by inducing the apoptosis of neurons (Neumann, et al., 2002). 

 Macrophages also produce IL-1β, which controls the immune responses of our body. 

The production of IL-1β is uniquely regulated by the special protein complex called 

inflammasomes (Conforti-Andreoni, et al., 2011, Davis, et al., 2011, Strowig, et al., 2012). 

Similar to other cytokines, the expression of IL-1β mRNA is mediated by the activation of 

inflammatory transcription factors such as NF-κB and AP-1. The pro-form of IL-1β protein is 

produced after mRNA translation, but the maturation and secretion of IL-1β is dependent on the 

activity of the inflammasome complex, which converts pro-IL-1β to the mature form. 

Inflammasomes are multi-protein complexes comprising caspase-1, ASC and NLR 

family proteins. Caspase-1 is an enzyme that directly cleaves the pro-form of IL-1β to its mature 
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form. The ASC protein is an adaptor protein that stabilizes the oligomerization of the 

inflammasome complex, and NLR family proteins function as PRRs to recognize foreign 

particles. In summary, inflammasomes, mostly expressed on macrophages, play a key role in the 

control of the innate immunity through the recognition of foreign pathogens to produce IL-1β 

and IL-18.  

Inflammasomes recognize different pathogens depending on the types of NLR proteins. 

Nlrp1 and AIM2 inflammasomes detect anthrax toxins and dsDNA viruses, respectively. Unlike 

other NLR proteins, Nlrp3 recognizes not only foreign molecules, such as influenza virus, but 

also endogenous deleterious signals such as cholesterol crystals and monosodium urate. Nlrp3 

also interacts with Amyloid β or palmitate to produce large amounts of IL-1β, leading to the 

development of neurodegeneration or metabolic disorders. The mechanism underlying 

inflammasome activation remains unknown; however, ROS production has been implicated in 

the induction of Nlrp3 inflammasome oligomerization, subsequently activating caspase-1 

(Martinon, 2010, Tschopp and Schroder, 2010).  

IL-1β binds to the IL-1 receptor to activate signaling transduction pathways, such as 

MAPK and IKK, leading to the production of inflammatory cytokines, promotion of cellular 

apoptosis and induction of Th17 cell differentiation (Acosta-Rodriguez, et al., 2007). Similar to 

TNF-α, IL-1β is critically involved in the progression of various inflammatory diseases. The 

overproduction of IL-1β could directly damage pancreatic β cells and interfere with insulin 

signaling pathways to promote the development of type I/II diabetes and other metabolic 

disorders (Masters, et al., 2010, Nerup, et al., 1988). IL-1β plays an important role in the 

development of cryopyrin (Nlrp3)-associated periodic syndrome, as this disease is associated 

with mutations in the Nlrp3 gene, resulting in the uncontrolled release of IL-1β (Dinarello, 

2011). Other inflammatory disorders, such as arthritis, psoriasis and inflammatory bowel 
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diseases are also mediated by the production of IL-1β (Davis, et al., 2011, Dinarello, 2009, 

Dinarello, 2011). 

 IL-6 is a pro-inflammatory cytokine produced by various types of cells such as 

macrophage, fibroblast and endothelial cells. IL-6 induces the activity of the transcription factor 

STAT3 through binding to the IL-6 receptor and activating JAK-STAT pathways. STAT3 then 

promotes not only the expression of pro-inflammatory genes, but also the differentiation of 

pathogenic Th17 cells (Kimura and Kishimoto, 2010, Rincon, 2012). 

 MCP-1 is a chemokine that induces the migration of monocytes/macrophages to the 

local inflammation site. Thus, the production of MCP-1 could recruit macrophages to the 

lesions of inflammatory diseases, such as rheumatoid arthritis, psoriasis and diabetes, resulting 

in the amplification of inflammation (Harrington, 2000, Panee, 2012). MCP-1 could also do the 

same in the CNS, as this chemokine could induce the migration of microglia to the region of 

inflammation, leading to the progression of various neurological disorders such as multiple 

sclerosis, brain ischemia and epilepsy (Mahad and Ransohoff, 2003).  

 

 3.3 Inflammation and Th17 cells 

 

 T lymphocytes, particularly effector CD4 T helper (Th) cells, are also involved in 

inflammatory responses. Several types of CD4 Th cells have been identified, and these cells 

could be differentiated from naïve CD4 T cells by the stimulation with different cytokine 

combinations. Differentiated effector Th cells directly interact with other immune cells and 

produce various cytokines to orchestrate immune responses. Among them, Th1 and Th17 cells 

play a pivotal role in the amplification of inflammation through the production of IFNγ and IL-

17, respectively. 
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Th17 cells are newly described CD4 T cell subtypes that play an important role in the 

regulation of pro-inflammatory responses in the epithelial tissue of skin and the mucous tissue 

of the intestine (Bettelli, et al., 2008, Korn, et al., 2009, Miossec and Kolls, 2012). Th17 cells 

are differentiated by the stimulation with TGF-β and IL-6 in the presence of T cell receptor 

(TCR) activation (Fig. 4). TGF-β binds to the TGF receptor to promote the activation of 

Smad2/3 transcription factor, while IL-6 increases the activation of STAT3 through the IL-6 

receptor-signaling pathway. TCR induces the activity of NF-κB and NFAT through PKCθ and 

calcineurin, respectively. These transcription factors cooperatively bind to the promoter region 

of RORγt, leading to the expression of this gene. RORγt eventually induces the promoter 

activity of IL-17 and significantly increases the production of IL-17 (Ivanov, et al., 2006). NF-

κB and STAT3 have also been implicated in the induction of IL-17 expression (Ruan, et al., 

2011, Wei, et al., 2007). 

Other cytokines, such as IL-1β and IL-23, are also involved in the differentiation and 

function of Th17 cells. IL-1β plays an essential role in the differentiation of human Th17 cells 

(Acosta-Rodriguez, et al., 2007). IL-23 seems to be involved in the stabilization and 

proliferation of differentiated Th17 cells, rather than affecting the early steps of differentiation. 

Although naïve CD4 T cells express low levels of IL-23 receptor, its expression increases when 

cells are activated by IL-6 stimulation. IL-23 subsequently binds to IL-23 receptor and induces 

the production of various inflammatory cytokines such as IL-17, IL-21 and GM-CSF, leading to 

the stabilization of Th17 cells (Codarri, et al., 2011, Iwakura and Ishigame, 2006, Langrish, et 

al., 2005).  

The Th17-mediated production of IL-17 could amplify the inflammatory responses by 

inducing the expression of a broad range of pro-inflammatory mediators. Indeed, the excessive 

production of IL-17 has recently been implicated in the pathogenesis of chronic inflammatory 
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Figure 4. Differentiation of Th17 cells. 

Th17 cells are highly pathogenic lymphocytes, which are differentiated by the stimulation with 

both TGF-β and IL-6 in the presence of T cell receptor (TCR) activation. TGF-β binds to the 

TGF receptors and activates Smad2/3 transcription factor, while IL-6 induces the activation of 

STAT3 in an IL-6 receptor dependent manner. TCR promotes the activity of NF-κB and NFAT 

through PKCθ and calcineurin, respectively. All of these transcription factors cooperatively 

bind to the promoter region of the RORγt, and the RORγt protein induces the promoter activity 

of IL-17 and GM-CSF. NF-κB and STAT3 can also induce the expression of IL-17.  
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diseases such as multiple sclerosis, rheumatoid arthritis, psoriasis, inflammatory bowel diseases 

and diabetes (Bettelli, et al., 2008, Korn, et al., 2009). Genetically engineered mice deficient in 

the IL-17 gene showed decreased clinical symptoms in a mouse model of various inflammatory 

diseases. Naïve mice treated with neutralizing antibodies against IL-17 exhibited a lower 

clinical score (Hofstetter, et al., 2005, Komiyama, et al., 2006). In humans, the level of IL-17 

was markedly increased in various lesions of inflammatory diseases. Moreover, neutralizing 

antibodies against IL-17 ameliorated the clinical severity of psoriasis in human phase II clinical 

trials (Papp, et al., 2012, Wu, 2012).  

Taken together, Th17 cells appear to be highly pathogenic reflecting the 

overproduction of IL-17 in these cells. Consequently, IL-17 has been the major target molecule 

in various attempts to develop anti-inflammatory therapeutics. For example, neutralizing agents 

against IL-17 or the IL-17 receptor and small molecules inhibiting the expression or DNA 

binding activity of RORγt have been reported to show beneficial effects in rodent models of 

inflammatory diseases (Fan, et al., 2011, Huh, et al., 2011, Solt, et al., 2011, Xu, et al., 2011). 

 

 3.4 Th17-mediated production of inflammatory cytokines 

 

 IL-17 is a relatively recently described cytokine playing an important role in the 

induction of inflammatory responses. IL-17 is produced in several cell types, such as NK cells, 

NKT cells and neutrophils, and activates adjacent cells to induce the expression of various pro-

inflammatory cytokines. Previous studies have shown that IL-17 is involved in airway 

remodeling and promotes allergic responses, leading to the progression of asthma (Wang and 

Wills-Karp, 2011).  

 More recently, distinctive non-Th1 and non-Th2 CD4 T subtypes have been 

characterized as Th17 cells. These cells produce a high level of IL-17, resulting in the 
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development of various inflammatory disorders such as multiple sclerosis, psoriasis and arthritis. 

The expression of IL-17 in Th17 cells is generally dependent on the activity of RORγt 

transcription factor. IL-17 protein then binds to the IL-17 receptor and activates NF-κB. IL-17-

mediated inflammation might induce damage in various tissues such as skin, cartilage, CNS and 

pancreas, leading to the progression of psoriasis, rheumatoid arthritis, multiple sclerosis and 

type I diabetes, respectively (Korn, et al., 2009).  

 The well-known cytokine GM-CSF is critically involved in the differentiation, survival 

and proliferation of macrophages. It has previously been shown that the overproduction of this 

cytokine is associated with the pathogenesis of several inflammatory diseases. Recently, several 

reports suggested that the pathogenicity of Th17 cells is dependent on the production of GM-

CSF. RORγt drives the expression of GM-CSF, leading to the activation of various immune 

cells (Codarri, et al., 2011, El-Behi, et al., 2011).  

 

 3.5 Inflammatory diseases and therapeutic approaches 

 

 The inflammatory responses are essentially involved in the pathogenesis of a broad 

spectrum of diseases such as diabetes, atherosclerosis, multiple sclerosis, Alzheimer’s disease, 

rheumatoid arthritis, psoriasis and inflammatory bowel diseases. Although the detailed 

mechanisms of the pathogenesis of each disease are different, the production of inflammatory 

cytokines commonly plays a pivotal in tissue and organ damage. 

 In diabetes, MCP-1 recruits pro-inflammatory macrophages to adipose tissue, and 

TNF-α, IL-1β and IL-6 not only disrupts the insulin signaling of adipocytes but also induces the 

death of pancreatic β cells. Oxidized low-density lipoprotein activates TLR4, expressed in 

macrophages, to enhance both the production of pro-inflammatory cytokines and the 

differentiation of foam cells, leading to the formation of arterial plaques and the eventual 

development of atherosclerosis.  
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 Inflammation in the CNS promotes the progression of various neurological disorders 

such as multiple sclerosis, Alzheimer’s disease and Parkinson’s disease. When microglia cells of 

the CNS are activated to produce inflammatory cytokines, these proteins directly induce 

neuronal cell death and subsequently dysfunction. The Th17-mediated production of IL-17 

could also damage the myelin sheath of neurons. Inflammatory responses, which occur in 

cartilage, skin and intestine, play a key role(s) in the development of arthritis, psoriasis and 

inflammatory bowel diseases, respectively.  

 Because the production of pro-inflammatory cytokines is critically involved in the 

pathogenesis of various inflammatory disorders, these cytokines are recognized as an attractive 

therapeutic target. Currently, several drugs have been approved for the treatment of these 

diseases (Table 2).  

 The strategy for these treatments is to suppress inflammatory responses, which could 

be achieved by two different ways: blocking the activity of cytokines and controlling cytokine 

expression. Most neutralizing agents are developed to block cytokine activity. Neutralizing 

antibodies are considered the most potent agents because they are relatively stable in serum and 

bind to a specific target. Several neutralizing antibodies had been developed, and extensive 

studies are currently underway to discover more effective antibodies (Table 2). Monoclonal 

antibodies against TNF-α or IL-6 receptor have been used to ameliorate the severity of 

rheumatoid arthritis, and antibodies against IL-1β have been developed for the treatment of 

cryopyrin-associated periodic syndrome. Furthermore, recent clinical trials have shown that an 

antibody against IL-17A exhibited therapeutic benefits in psoriasis patients. 

 The second strategy involves the inhibition of inflammatory cytokine production. 

Small molecule drugs such as cortisol, methotrexate and cyclosporine are designated as 

immunosuppressants that down-regulates the expression of various inflammatory genes, and 

inhibit the activity of inflammatory cells such as macrophages and Th cells. Because several key 

signaling proteins and transcription factors, such as NF-κB, AP-1 and NFAT, play an important  
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Table 2. List of current therapeutics against various inflammatory diseases 

 

 

Name Company Type of drug 
Year of 

approval 
Target diseases 

Mode of 

Action 

Adalimumab 

(Humira) 
Abbott 

Humanized 

Monoclonal 

Antibody 

2002 

Rheumatoid arthritis 

Crohn’s disease 

Psoriasis 

TNF-α 

inhibition 

Golimumab 

(Simponi) 
Centocor 

Human 

Monoclonal 

Antibody 

2009 Rheumatoid arthritis 
TNF-α 

inhibition 

Canakinumab 

(Ilaris) 
Novatis 

Human 

Monoclonal 

Antibody 

2009 
Cryopyrin-associated 

periodic syndrome 

IL-1β 

inhibition 

Tocilizumab 

(Actemra) 

Hoffman-La 

Roche and 

Chugai 

Humanized 

Monoclonal 

Antibody 

2010 Rheumatoid arthritis 
IL-6R 

inhibition 

Dexamethasone . 
Small 

molecule 
. Inflammatory diseases 

Steroid 

hormone 

analogue 

Methotrexate 
Yellapragada 

Subbarao 

Small 

molecule 
. Autoimmune diseases 

Inhibition of 

folic acid 

synthesis 

Cyclosporin Novatis 
Small 

molecule 
. 

Organ transplantation 

Autoimmune diseases 

Calcineurin 

inhibition 
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role in the induction of inflammatory gene expression, efforts are underway to develop a novel 

immunosuppressant by targeting one of these key proteins.  

 Current therapeutics, however, contain undesirable adverse effects as these treatments 

extensively suppress immune responses, thereby increasing opportunistic infections. 

Immunogenicity is a major issue for neutralizing antibodies as several elements of the antibody 

could evoke unnecessary immune responses. The Fc receptors of antibodies could also activate 

macrophages or NK cells. Small molecule drugs induce severe damage to various organs such 

as the liver, kidney and intestine. Therefore, the need for the development of both effective and 

safe therapeutics remains. 

 

 4. Oxidative stress 

 

 Oxidative stress is critically involved in the development of various degenerative 

diseases such as neurodegenerative disorder, arthritis and atherosclerosis, and the accumulation 

of reactive molecules, such as ROS and NO, is one of the major factors in the pathogenesis of 

these diseases. Overproduced radicals not only damage cellular DNA, protein, lipids and 

organelles, but they also disrupt various signaling transduction cascades, leading to the 

dysfunction of tissues and organs. Thus, the production of these radicals should be finely 

controlled.  

 

 4.1 ROS and nitric oxide (NO) 

 

 ROS is the primary source of oxidative stress and these molecules are endogenously 

produced during oxidative phosphorylation in mitochondrial electron transfer systems. 

Electrons pass through various components of this system to generate ATP and eventually 
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couple with oxygen molecules, reducing them to water. However, some oxygen molecules are 

inappropriately reduced, generating the hyperactive superoxide radicals (Murphy, 2009). 

 Cells endogenously express several anti-oxidative enzymes, such as superoxide 

dismutase, catalase and heme oxygenase-1, which directly scavenge ROS to maintain the redox 

balance. However, various exogenous stimulations, such as inflammatory cytokine, pathogens, 

ionizing radiation and ultraviolet light, dramatically induce the production of ROS when cells 

cannot deal with their endogenous enzymes (Fig. 5). The accumulated ROS subsequently 

induces deleterious effects, such as DNA mutation, lipid peroxidation, ER stress and protein 

dysfunction, leading to the impairment of cellular metabolism and induction of apoptosis 

(Kohen and Nyska, 2002). 

 Nitric oxide (NO) is another reactive molecule playing a role(s) in various biological 

phenomena such as vasodilation, neurotransmission and the immune response. In the context of 

the immune response, the production of NO depends on the expression of inducible nitric oxide 

synthase in macrophages to kill foreign pathogens and promote the production of other 

inflammatory cytokines. Similar to other inflammatory mediators, excessive amounts of NO 

damage a wide range of tissues, resulting in the progression of various inflammatory diseases 

(Bogdan, 2001). Taken together, the production and accumulation of free radicals, such as ROS 

and NO, could induce oxidative stress, eventually resulting in the development of a wide range 

of degenerative diseases.  

  

 4.2 The regulation of oxidative stress 

 

 As previously discussed, the induction of oxidative stress is critically involved in the 

development of degenerative diseases, and thus various attempts are currently underway to 

identify an effective antioxidant molecules including several phenolic compounds derived from 

plants, such as resveratrol, curcumin and tocopherol, which have been used to induce the  
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Figure 5. Regulation of Oxidative Stress. 

The expression of HO-1 is controlled mainly at the transcriptional level. Various exogenous 

stimulations such as ROS, LPS, growth factors and antioxidants can activate a broad range of 

signaling proteins such as MAPKs, PI3K/Akt, PERK, and CK2. These signaling pathways 

eventually activate several transcription factors such as AP-1, CREB and Nrf2. Among these 

proteins, Nrf2 plays an important role in the induction of the cluster of anti-oxidative genes 

including HO-1, catalase, superoxide dismutase and glutamate cysteine ligase. Nrf2 directly 

binds to the antioxidant response element (ARE) sequences present in the promoter regions of 

the respective genes, leading to the expression of each gene.  
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expression of phase II detoxifying enzymes such as heme-oxygenase-1(HO-1), catalase and 

superoxide dismutase. 

HO-1 plays a key role(s) in the maintenance of the cellular redox state. This enzyme 

induces the degradation of heme to generate byproducts such as biliverdin, carbon monoxide 

(CO) and Fe2+. These molecules protect cells from oxidative stress by scavenging the excess 

radicals such as ROS and NO (Gozzelino, et al., 2010). Moreover, induction of HO-1 expression 

has also exhibited therapeutic benefits in several mouse disease models. Therefore, it has been 

suggested that HO-1 exerts protective effects against a variety of cellular stresses (Abraham and 

Kappas, 2008). 

The expression of HO-1 is controlled mainly at the transcriptional level (Alam, et al., 

1999, Alam and Cook, 2003, Gozzelino, et al., 2010, Ishii, et al., 2000). The promoter sequences 

of HO-1 contain binding motifs for a variety of transcription factors such as activator protein 

(AP)-1, cAMP-responsive element binding protein (CREB) and Nrf2 (Alam and Cook, 2003). 

Nrf2, a cap’n’collar-type basic leucine zipper protein, plays a major role in the regulation of the 

cluster of anti-oxidative genes including HO-1, catalase, superoxide dismutase and glutamate 

cysteine ligase (Jaiswal, 2004). Nrf2 induces the expression after binding to antioxidant 

response element (ARE) sequences present in the promoter regions of the respective genes. 

Various stimulations, inducing oxidative stress such as UV light, radiation and pathogen 

infection, activate a wide range of signaling pathways, such as MAPKs, PI3K/Akt, PERK or 

CK2, which phosphorylates Nrf2 for subsequent translocation to the nucleus (Cullinan, et al., 

2003, Pi, et al., 2007, Wang, et al., 2008, Yu, et al., 2000). 

Because the activity of Nrf2 is critically involved in the expression of various phase II 

detoxifying enzymes, agents promoting Nrf2 activity might be useful for the development of 

effective therapeutics (Calkins, et al., 2009, Hybertson, et al., 2011). A number of chemical 
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compounds derived from plant sources, such as resveratrol, curcumin, tocopherol, 

epigallocatechin-3-gallate (EGCG), carnosol or sulforaphane, have shown protective effects 

against oxidative stress both in vitro or in vivo by controlling the activity of Nrf2 and the 

expression of HO-1 (Balogun, et al., 2003, Chen, et al., 2005, Kim, et al., 2008, Kumar, et al., 

2011, Martin, et al., 2004, Na, et al., 2008, Yang, et al., 2009).  

Data from several human clinical trials suggested that some of these molecules indeed 

improve human health and prevent several diseases (Hatcher, et al., 2008, Patel, et al., 2011). 

For example, the consumption of resveratrol decreased the production of inflammatory 

cytokines, such as TNF-α, and prevented cardiovascular diseases. Lutein has also been reported 

to prevent eye diseases such as age-related macular degeneration. Indeed, Nrf2 remains a major 

target molecule in the development of drugs related to oxidative stress diseases.  

   

 5. Purpose of this study 

 

 In the previous study performed by my predecessor in the laboratory, DHCA was 

isolated from the extract of stem parts of Cucurbita moschata and shown to inhibit the 

differentiation of adipocytes in a 3T3-L1 cell line. Therefore, in my thesis work, I initially 

attempted to unravel the detailed molecular mechanism underlying the inhibitory effects of 

DHCA, especially using primary mouse embryonic fibroblasts (MEF).  

 To elucidate the effect that DHCA exerts on gene expression in general, a microarray 

analysis was performed. The preliminary microarray data indicated that DHCA decreased the 

expression of various inflammatory genes, while the expression levels of anti-oxidative genes 

increased. Therefore, I aimed to determine whether DHCA contained anti-inflammatory or anti-

oxidative stress activities using relevant cell lines and primary cells. The underlying 
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mechanisms were also studied. The results of these studies revealed that DHCA regulates the 

expression of TNF-α, IL-1β, IL-6, MCP-1, IL-17 and HO-1. DHCA is a small molecule with a 

molecular weight of 358 Daltons and can be readily synthesized. Therefore, the ability of this 

lignan molecule to produce therapeutic benefits was further tested using a mouse model of 

human multiple sclerosis (MS). In the mouse experimental autoimmune encephalomyelitis 

(EAE) model, injection of 300mg/kg DHCA could completely suppress the development of 

EAE; thus, the effects of DHCA on various pathological parameters have been studied. 

Furthermore, DHCA down-regulated the expression of IL-17 at the transcriptional level, 

probably by controlling the expression of transcription factors, RORα and RORγt, in the 

primary CD4 T cells. Therefore, DHCA would be a useful candidate for the development of 

effective drugs to target various inflammatory disorders. 

 

 



- 27 - 

 

 

 

Chapter II 

 

Materials and Methods 

 

 

 

 



- 28 - 

 

1. Cell culture and Reagents 

 

1.1 DHCA and other chemical and biological reagents 

 

 DHCA was synthesized and purified from Biochemnet (Seoul, Korea) by previously 

described methods (Hu and Jeong, 2006). The structure of the synthesized chemical was 

confirmed to be the same as that of DHCA purified from PG105. Oil red O, insulin, isobutyl-1-

methylxanthine (IBMX), dexamethasone, LPS (Escherichia coli, 0111:B4), palmitate and 

bovine serum albumin (BSA), SB203580, SP600125, TBB, Wortmannin, myelin 

oligodendrocyte glycoprotein (MOG) and Pertussis toxin (PTX) were purchased from Sigma (St. 

Louis, MO), macrophage-colony stimulating factor (M-CSF) was purchased from Prospec (East 

Brunswick, NJ), PD98059 and LY294002 were purchased from Calbiochem (Darmstadt, 

Germany), and Freund incomplete adjuvant and tuberculosis (H37RA) were purchased from 

DIFCO (Detroit, MT). Dextran sulfate sodium salt was purchased from MPbio (Santa Ana, CA). 

All of recombinant protein used for the differentiation of Th17 cells was purchased from 

eBioscience (San Diego, CA). 

 

1.2 Raw264.7 cell line 

 

Raw264.7 macrophages were purchased from the American Type Culture Collection 

(Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 5% fetal bovine serum (FBS; Hyclone, Logan, UT), 100 U/ml penicillin and 100 

μg/ml streptomycin. 
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1.3 Preparation and differentiation of primary mouse embryonic 

fibroblasts (MEFs) 

 

Primary MEFs were prepared and used for cell differentiation experiments as described 

previously (Teng, et al., 2011). Briefly, embryos at day 14 post coitum were obtained, at which 

point the brains and dark red organs were removed. Embryos were then finely minced and 

digested with trypsin-EDTA (37°C) at 250 μl per embryo with gentle shaking for 30 min. The 

reaction was stopped by adding an equal volume of cold PBS with 50% FBS. The solution was 

filtered through a Falcon 40 μm cell strainer and then collected by centrifugation (1,500 rpm, 2 

min). Cells were washed twice with culture media [Dulbecco’s modified Eagle’s medium 

(DMEM) containing 10% FBS (Cellgrow)], and then plated with warm media. The medium was 

changed 3 hours later to remove unattached cells. Remaining cells were cultured and frozen for 

later use. To induce differentiation, 2-day post-confluent MEFs (designated day 0) were 

incubated in differentiation medium consisting of 5 μg/ml insulin, 1 μM dexamethasone, 0.5 

mM IBMX and 10% FBS in DMEM for 3 days. The cells were then incubated in the same 

DMEM, but lacking dexamethasone and MIX, for another 2 days, and the medium was 

replenished every other day for an additional 4 days. DHCA was added along with the culture 

media over the entire period of differentiation. 

 

1.4 Preparation and differentiation of primary bone marrow derived 

macrophages (BMDMs) 

 

Bone marrow cells were prepared and differentiated into macrophages using M-CSF as 

previously described (Zhang, et al., 2008). Briefly, femurs from male C57/J mice were prepared 
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and the bone marrow cavity of each femur was flushed out by 25-G syringe with 5 ml of 

Dulbecco’s phosphate-buffered saline (DPBS) without calcium and magnesium. Cells were 

collected by centrifugation at 1,500 rpm for 3 minutes and red blood cells were removed using 

RBS lysis buffer (Sigma). Cells were then washed twice with DPBS and cultured in sterile 

plastic petri dish in DMEM/F12 (Invitrogen, Carlsbad, CA) containing 10% FBS (Hyclone), 

penicillin-streptomycin-glutamin (PSG; Gibco, Carlsbad, CA) and 20 ng/ml of M-CSF. After 3 

days, 5 ml of fresh culture media was added. On day 7, fully differentiated macrophages were 

washed twice with DPBS and used for experiments. 

 

1.5 Preparation of naïve CD4 T cells and the differentiation of Th17 cells 

 

To isolate naïve CD4+ T cells, mouse splenocytes were obtained from the spleens of 

C57BL/J mice by physically mincing the tissue through a 40μm nylon cell strainer (BD Falcon, 

Falcon, Franklin Lakes, NJ) and cultured in RPMI-1640 (Cellgro) in the presence of 200 U/ml 

penicillin G, 150 U/ml streptomycin and 10% FBS (Cellgro). The splenocytes were 

subsequently stained with anti-CD4, anti-CD25 and anti-CD44 antibodies for an hour on ice. 

The cells were washed twice with cold PBS and subjected to sorting through FACS Aria II (BD 

science). CD4+ CD25low CD44low populations were selected and purified to represent naïve 

CD4+ helper T cells. Isolated naïve CD4+ T cells (5 X 105 cells) were cultured and simulated 

with anti-CD3 (1μg/ml), anti-CD28 (1μg/ml), TGFβ (1ng/ml), IL-6 (30ng/ml), anti-IFNγ 

(5μg/ml) and anti-IL-4 (5μg/ml) to induce Th17 differentiation. All antibodies and recombinant 

protein used in this study were purchased from eBioscience (San Diego, CA).  

 

1.6 Preparation and treatment of palmitate 
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Palmitate was purchased from Sigma and prepared as previously described (Wen, et al., 

2011). Briefly, 20 mg of palmitate was dissolved in 830 μl of 95% ethanol overnight at 65°C. 

Six hundred microliters of palmitate solution was then mixed with 3 ml of culture media 

containing 0.108g of fatty acid free BSA to yield final concentration of 15 mM palmitate and 

3% BSA. Raw264.7 cells were plated and after 24 hours, cells were treated with 200 ng/ml LPS 

for 3 hours and then treated with BSA conjugated palmitate (palmitate-BSA). After appropriate 

time, the culture supernatant was collected and the level of IL-1β was measured by ELISA. To 

measure the level of ROS, cells were incubated with DCF-DA dye and analyzed by FACS. Total 

RNAs were prepared and subjected to Northern blot hybridization to determine the mRNA level 

of IL-1β. Cell lysates were isolated followed by Western blot analysis, using antibodies against 

caspase-1 (1:200, Santa Cruz Biotechnology). 

 

 

2. Molecular cellular biological techniques 

 

2.1 Oil red O staining 

 

After the induction of differentiation, MEFs were washed with phosphate-buffered 

saline (PBS) and fixed with 10% formalin in PBS for 1 hour, then washed additional three times 

with water, and finally air-dried. Cells were then stained with oil red O [6 parts of saturated oil 

red O dye (0.6%) in isopropanol and 4 parts of water] for 15 minutes. Excess of stain was 

removed by washing with 70% ethanol, and stained cells were washed with TDW. Cells were 

then observed, using microscope in 10X magnification fold. Spectrophotometric quantification 
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of the stained cells was performed by dissolving the stained lipid droplets with 4% Nonidet P-40 

in isopropanol for 5 minutes followed by the determination of optical density, using microplate 

reader at the absorbance of 520 nm. 

 

2.2 Measurement of cytokines, NO and PGE2 

 

To examine the protein level of leptin, resistin and lipocalin2, primary MEFs were 

differentiated into adipocytes in the presence of DHCA. At the day 0, 2, 4 and 6, the culture 

supernatants were obtained and subjected to respective ELISA kits (R&D System, Minneapolis, 

MN) according to the manufacturer’s instructions. To determine the effects of DHCA on 

differentiated adipocytes, primary MEFs were incubated with media containing MDI to induce 

differentiation. At day 6, cells were treated with DHCA for appropriate time points. The culture 

supernatants were analyzed, using specific ELISA kits. 

Measurement of inflammatory cytokines, NO and PGE2 was performed as previously 

described (Choi, et al., 2012). Briefly, Raw264.7 cells and BMDMs were plated 2.5 X 105 

cells/ml/well in 24-well culture plates. Twenty-four hours later, cells were treated with 100 

ng/ml (for TNF-α, IL-6, MCP-1 and PGE2) or 1μg/ml (for IL-1β) of LPS and various 

concentrations of DHCA for 24 or 48 hour, respectively. The supernatant was collected, and the 

amount of secreted cytokines and PGE2 was measured by specific ELISA kits (TNF-α, IL-6 and 

MCP-1, Thermo, Wobum, MA; IL-1β and PGE2, R&D System) according to the manufacturer’s 

instruction. The level of NO in culture supernatant was measured using a modified method as 

previously described (Choi, et al., 2012). Briefly, the level of nitrite was measured by adding 

100 μl of Griess reagent (1% sulphanilamide and 0.1% naphthylenediamine in 5% phosphoric 
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acid) to 50μl of culture supernatant. The optical density at 550 nm was measured with a 

microplate reader and then determined from a sodium nitrite standard curve. 

 

2.3 RNA preparation and Northern blot hybridization 

 

 To examine the RNA level of genes of interest in primary MEFs, MEFs were incubated 

with media containing MDI stimulation in the presence of various concentrations of DHCA. 

Cells were then scraped into PBS and total RNAs were prepared using TRIzol reagent 

(Invitrogen, Carlsbad, CA). Twenty micrograms of RNA were resolved by electrophoresis in a 

1% agarose-formaldehyde gel and transferred to a nylon membrane by overnight capillary 

blotting. Membranes were then hybridized with the specific 32P-labelled probes overnight at 

68°C, using Expresshyb solution (Clontech, CA), and developed using autoradiography films or 

phosphoimager BAS-1500 (Fujifilm, Tokyo).  

To determine the RNA level in Raw264.7 cells, cells were plated 2.5 X 106 cells/dish in 

60 mm culture dishes. Twenty-four hours later, appropriately treated cells were collected, 

followed by RNA isolation using TRIzol reagent (Invitrogen). The identical Northern blot 

procedures were performed as used to detect the RNA level of MEFs. The same membrane was 

used to analyze the RNA level of TNF-α, IL-1β, IL-6, MCP-1, iNOS, COX-2 and GAPDH. 

Specific cDNA probes for mouse PPARγ, C/EBPα, SREBP-1c, leptin, resistin, 

lipocalin2, TNF-α, IL-1β, IL-6, MCP-1, iNOS, COX-2, HO-1 and GAPDH were labeled using 

Random primer kit (Stratagene, La Jolla, CA) and [α-32P]dCTP (Perkin Elmer, Norwalk, CT) 

under the manufacturer’s instruction. Primer sequences used to generate these cDNA probes 

were as follows: 

PPARγ 
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forward 5’- TTC AAG GGT GCC AGT TTC GAT CCG T - 3’ 

reverse 5’ - TAG CCA AGT CAC TGT CAT CTA ATT C - 3’ 

C/EBPα  

forward 5’- AGG TGC TGG AGT TGA CCA GT - 3’ 

reverse 5’- CAG CCT AGA GAT CCA GCG AC - 3’ 

SREBP-1c  

forward 5’- GGA GCC ATG GAT TGC ACA TT - 3’ 

reverse 5’- AGG AAG GCT TCC AGA GAG GA - 3’ 

Leptin 

forward 5’- CTT GGA GAA GGC CAG CAG AT - 3’ 

reverse 5’ - GAG GAA AAT GTG CTG GAG AC - 3’ 

Resistin 

forward 5’- TCC CCG TCC CTG TCA ACA TA - 3’ 

reverse 5’- AGT CCT CTG CCA CGT ACC CA - 3’ 

Lipocalin2 

forward 5’- TGGCCCTGAGTGTCATGTG - 3’ 

reverse 5’ - CTCTTGTAGCTCATAGATGGTGC - 3’ 

TNF-α 

forward 5’- TGG CCT CCC TCT CAT CAG TTC TAT G - 3’  

reverse 5’ - GTC TAA GTA CTT GGG CAG ATT GAC C - 3’ 

IL-1β 

forward 5’ - AAA TCT CGC AGC AGC ACA TCA A - 3’  

reverse 5’ - TCT TCT TCT TTG GGT ATT GCT T - 3’ 

IL-6 



- 35 - 

 

forward 5’ - CAT GTT CTC TGG GAA ATC GTG G - 3’ 

reverse 5’ - AAC GCA CTA GGT TTG CCG AGT A - 3’ 

MCP-1 

forward 5’ - CAG CCA GAT GCA GTT AAC G - 3’  

reverse 5’ - GAA GTG CTT GAG GTG GTT GTG - 3’ 

iNOS 

forward 5’ - ACC CGT CCA CAG TAT GT - 3’  

reverse 5’ - TGT TGG TGG CAT AAA GTA TGT - 3’ 

COX-2 

forward 5’ - CCC GGA CTG GAT TCT ATG - 3’ 

reverse 5’ - AAC CCA GGT CCT CGC TTA TGA - 3’ 

HO-1 

forward 5’- CAC GCA TAT ACC CGC TAC CT - 3’ 

reverse 5’ - GTT CCT CTG TCA GCA TCA CC - 3’ 

GAPDH 

forward 5’ - ACG GCA AAT TCA ACG GCA CAG - 3’ 

reverse 5’ - GGC GGC ACG TCA GAT CC - 3’ 

 

2.4 Protein preparation and Western blot analysis 

 

To isolate cellular proteins, MEFs, Raw264.7 cells and primary BMDMs were plated 

in culture dishes or plate and appropriately treated with respective stimulations in the presence 

of DHCA. Cells were the washed with cold PBS and scraped into PBS. Cell pellets collected by 

centrifugation at 800 X g for 5 minutes and lysed to prepare cell lysates using phosphosafe 
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extraction buffer (Novagen, Madison, WI) for whole proteins or Nucbuster protein extraction kit 

(Novagen) for nuclear proteins. Total protein contents in the supernatant were determined by 

Bradford assay. 

 To analyze the level of cellular protein, Western blot assay was performed as 

previously described (Choi, et al., 2012). Briefly, 20 μg of proteins were subjected to SDS-

PAGE. Proteins separated by SDS-PAGE were then electrophoretically transferred to 

nitrocellulose membrane. Membranes were incubated with TBST containing antibodies against 

Cyclin A (1:500, Santa Cruz Biotechnology, Santa Cruz, CA), Cdk2 (1:2,000, BD bioscience, 

Franklin Lakes, NJ), C/EBPβ (1:500, Santa Cruz biotechnology), iNOS (1:4,000, BD 

bioscience), COX-2 (1:200, BD science), phosphorylated IKK (1:500, Cell signaling, Beverly, 

MA), IKK (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) , I-κB (1:500, Santa Cruz 

Biotechnology), phosphorylated p38 (1:1000, Cell signaling), p38 (1:500, Santa Cruz 

Biotechnology), phosphorylated ERK (1:1000, Cell signaling), ERK (1:500, Santa Cruz 

Biotechnology), phosphorylated JNK (1:500, Santa Cruz Biotechnology), JNK (1:500, Santa 

Cruz Biotechnology), HO-1 (1:4,000, Enzo Lifescience, Farmingdale, NY), Nrf2 (1:500, Santa 

Cruz Biotechnology), Gclc (1:500, Santa Cruz Biotechnology), Gclm (1:500, Santa Cruz 

Biotechnology) or β-actin (1:100,000, Sigma) at 4°C overnight. Membranes were then 

incubated with horsera dish peroxidase-conjugated anti-mouse or anti-rabbit IgG (1:100,000, 

Sigma) and visualized in films using ECL solution (Milipore, Billerica, MA). 

 

2.5 Immunofluorescence assay 

 

For immunofluorescence assay, cells were cultured in a 24-well microplate using the 

differentiation medium with or without DHCA for 16 hours, fixed using 4% paraformaldehyde 
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in PBS for 20 minutes at room temperature, and permeabilized by incubating in methanol for 7 

minutes at –20°C. After washing 3 times in PBS and blocking in 10% BSA-containing PBS, 

cells were incubated for 1 hour at room temperature with antibody against C/EBPβ (1:100, 

Santa Cruz Biotechnology) diluted in blocking buffer. Cells were then incubated with secondary 

antibody mix containing Alexa588-conjugated anti-rabbit IgG (1:200) diluted in blocking buffer 

in the presence of 1 ng/ml of DAPI (4’, 6-diamidino-2-phenylindole; Molecular Probes, Eugene, 

OR, USA) or Hoechst (Polyscience, Warrington, PA, USA) for an hour at room temperature. 

Cells were washed and observed by inverted immunofluorescence microscopy (Axiovert 200M, 

Zeiss, Gottingen, Germany). 

 

2.6 2-Dimensional Isoelectric Focusing/SDS-PAGE 

 

Primary MEFs were prepared at 0 or 16 h after MDI treatment and lysed in buffer 

containing 7M urea, 2M Thiourea, 4%(w/v) 3-[(3-cholamidopropy) dimethyammonio]-1-

propanesulfonate (CHAPS), 1% (w/v) dithio-threitol (DTT), 2% (v/v) pharmalyte, and 1 mM 

benzamidine. The lysates were subjected to IPG strips (pI 3-10), and isoelectrofocused using the 

Muliphore II System (Amersham Pharmacia Biotech, Uppsala, Sweden). Proteins were then 

further resolved by 10% SDS-PAGE, and the phosphorylated status of C/EBPβ was detected by 

using antibody to C/EBPβ (1:500, Santa Cruz Biotechnology). 

 

2.7 Chromatin immunoprecipitation (ChIP) assay 

 

ChIPs were performed using the ChIP-IT™ Express Kit (Active Motif, Carlsbad, CA, 

USA). Briefly, primary MEFs or Raw264.7 cells were fixed by adding 37% formaldehyde to 
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media and lysed according to the manufacturer’s instructions. Chromatins sheared by sonication 

were precipitated with anti-C/EBPβ antibody (Santa Cruz Biotechnology) or anti-Nrf2 antibody 

(Santa Cruz Biotechnology), respectively. PCR amplifications were performed with input DNA 

or precipitated DNA templates and specific primers encompassing the C/EBP binding sites in 

the proximal promoter of PPARγ, C/EBPα, and aP2 genes or ARE sites in the E1 promoter of 

HO-1. The amplified products were resolved by electrophoresis in 1% agarose gel. Primer 

sequences used to amplify the specific fragment of the promoter are as follows: 

C/EBPα  

forward 5’ - TCC CTA GTG TTG GCT GGA AG - 3’ 

reverse 5’- CAG TAG GAT GGT GCC TGC TG - 3’ 

PPARγ  

forward 5’ - TTC AGA TGT GTG ATT AGG AG - 3’ 

reverse 5’ - AGA CTT GGT ACA TTA CAA GG - 3’ 

aP2 

forward 5’ - CCT CCA CAA TGA GGC AAA TC - 3’ 

reverse 5’ - CTG AAG TCC AGA TAG CTC - 3’ 

HO-1 

forward 5’ - AAG AGC TCC ACC CCC ACC CA - 3’ 

reverse 5’ - GGG CTA GCA TGC GAA GTG AG - 3’ 

 

2.8 Promoter luciferase assay 

 

Raw264.7 cells were plated 2.5 X 105 cells/ml/well in the 24-well culture plate. After 

24 hours, transfection was performed using Attractene reagent (Qiagen, Frederick, MD) 



- 39 - 

 

according to the manufacturer’s instruction. Briefly, cells were transfected with 0.4 μg/well of 

plasmid DNA in the presence of 2 μl/well Attractene reagent in the serum free condition. Three 

hours later, DMEM containing 10% FBS were added and incubated for another 21 hours. After 

transfection, cells were treated with LPS and DHCA for 24 hours. Total proteins were obtained 

using reporter lysis buffer (Promega, Madison, WI) and 100 μl of luciferin were added to an 

aliquot of 20 μg proteins. The activity of luciferase was measured, using microplate 

luminometer (Berthold Technologies, Bad Wildbad) and normalized by negative control. 

 

2.9 Electrophoretic mobility shift assay (EMSA) 

 

Raw264.7 (7.5 X 106 cells/dish) cells were plated in 100 mm culture dishes. Twenty-

four hours later, cells were treated with 100 ng/ml LPS and various concentrations of DHCA for 

1 hour. Cells were washed with cold PBS, and harvested by centrifugation at 800ⅹg for 5 

minutes. Cell pellets were resuspended with 200 μl of lysis buffer A (10mM HEPES [pH7.9], 10 

mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA and 1 mM dithiothreitol) and incubated on ice for 20 

minutes. Twenty microliters of lysis buffer B (lysis buffer A containing 0.5% Nonidet-P40) was 

added for another 20 minutes to disrupt cell membranes, followed by centrifugation at 5000ⅹg 

for 5 minutes. Crude nuclei were resuspended in 20 μl of lysis buffer C (10 mM HEPES [pH7.9], 

400 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol) and incubated on ice for 1 

hour. The nuclear proteins were obtained by centrifugation at 16,000ⅹg for 10 minutes. An 

aliquot of 10 μg of nuclear proteins were mixed with 0.01 unit poly(dI-dC), 2 μg salmon sperm 

DNA and 0.05 pmol [32P]-labeled DNA probe in EMSA binding buffer (Novagen) and 

incubated for 30 minutes on ice. The DNA-protein complex was resolved in a non-denaturing 

7% polyacrylamide gel with 0.5X TBE buffer (44.5 mM Tris base, 22.3 mM boric acid, and 1 
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mM EDTA [pH 8.0]). Gels were dried and radioactive bands were detected using 

autoradiography film. An oligonucleotide for NF-κB (Promega) was radiolabeled with [γ-

32P]ATP (Perkin Elmer) by incubating with T4 polynucleotide kinase (Takara, Tokyo, Japan) for 

30 minutes at 37°C and inactivated at 65°C. Specificity of the retarded complexes was 

confirmed by competition with 100-fold excess amount of unlabeled WT or MT oligonucleotide. 

 

2.10 DCF-DA assay 

 

DCF-DA dye (Roche, Mannheim, Germany) was used to determine the production 

level of intracellular ROS. Raw264.7 cells were plated 2.5 X 105 cells/ml/well in 24-well 

culture plate. After 24 hours, cells were treated with 100 ng/ml LPS and various concentrations 

of DHCA for 24 hours. Cells were washed twice with cold PBS and incubated with PBS 

containing 5 μM of DCF-DA dye for 30 minutes. After incubation, the total amount of ROS was 

analyzed by FACS to measure the intensity of fluorescence produced by the conversion of DCF-

DA to DCF. 

 

2.11 RT-qPCR 

 

Naïve CD4 cells (5 X 105 cells) were cultured and simulated with Th17 differentiation 

conditions in the presence or absence of DHCA for 3 days. The cell pellets were obtained, 

followed by RNA preparation using TRIzol reagent, according to the manufacturer’s 

instructions. Further procedures were performed according to the manufacturer’s instructions.  

Total cDNAs were then synthesized using AMV reverse transcriptase (Takara), and 

subjected to real-time quantitative PCR (Thermal Cycler Device Real Time System, Takara) 
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using SYBR Premix Ex TaqTM reagent (Takara). The cycle threshold (Ct) values of each gene 

were obtained and normalized to that of GAPDH. The following specific primers were used to 

detect the RNA levels of the respective genes:  

IL-17A 

forward 5’- TTT AAC TCC CTT GGC GCA AAA - 3’  

reverse 5’- CTT TCC CTC CGC ATT GAC AC - 3’ 

IL-17F 

forward 5’ - GGG AGG TAG CAG CTC GGA AGA - 3’ 

reverse 5’ - GGT GGA CAA TGG GCT TGA CA - 3’ 

RORγt 

forward 5’ - GAC CCA CAC CTC ACA AAT TGA - 3’  

reverse 5’ - AGT AGG CCA CAT TAC ACT GCT - 3’ 

RORα 

forward 5’ - GTG GAG ACA AAT CGT CAG GA - 3’ 

reverse 5’ - GAC ATC CGA CCA AAC TTG AC - 3’ 

GAPDH 

forward 5’ - AGC CTC GTC CCG TAG ACA A - 3’ 

reverse 5’ - AAT CTC CAC TTT GCC ACT GC - 3’. 

 

2.12 Microarray analysis 

 

Microarray analysis was performed using GeneChip Gene 1.0 ST array system for 

mouse (Affymetrix, Santa Clara, CA). Total RNA from primary MEF and Raw264.7 cells were 

prepared followed by the biotylation of RNA, according to the manufacturer’s instructions. 
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Single-stranded cDNAs were subsequently synthesized and hybridized to GeneChip 1.0 ST 

arrays for 17 hours at 45°C. Genechips were then stained in the Affymetrix Fluidics Station 450 

and the intensity of signals was detected by using GeneChip scanner 3000 7G. The expression 

level of each gene was analyzed using Expression consol software (Affymetrix), and the Robust 

Multi-array Analysis algorithm was employed for the probeset intensity analysis. 

 

2.13 Statistical analysis 

 

All individual experiments were repeated at least three times. The films exposed in 

high quality were selected and represented as figures. All values are presented as the means ± 

SD of triplicate samples, and differences between the two groups were statistically analyzed 

using Student’s t-test. The P-values were calculated, and less than 0.05 were considered as 

statistically significant. 

 

3. Mouse EAE models 

 

3.1 Experimental Animals 

 

All animal protocols were performed in compliance with the guidelines of the 

Institutional Animal Care and Use Committee of Seoul National University. Male or female 7-

week-old C57BL/6 mice were purchased from Orientbio Inc. (Seongnam, Korea) and housed in 

an air-conditioned facility at Seoul National University with a fixed 12-hour light/dark cycle. To 

prepare bone marrow cells or splenocytes, the mice were euthanized with CO2, and the femurs 
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or spleens were isolated for further procedures. For the induction of mouse disease models, the 

mice were housed at least a week for adaptation, followed by immunization with MOG peptide 

to induce EAE. 

 

 3.2 Mouse experimental autoimmune encephalomyelitis (EAE) model 

 

Mouse EAE model was induced by the introduction of myelin oligodendrocyte 

glycoprotein(MOG) peptide35-55 (Sigma) as previously described (Stromnes and Goverman, 

2006). Antigen/adjuvant mixture solution was prepared by emulsifying 200μg of MOG peptide 

into Complete Freund’s adjuvant containing 500μg of heat-killed Mycobacterium tuberculosis 

H37Ra (DIFCO, Detroit, MI). C57BL/J mice were anesthetized, and 50μl of emulsified 

mixtures were injected subcutaneously into two different sites on each hind flank (designated as 

day 0). Pertussis toxin powder (Sigma) was dissolved in PBS and intraperitoneally injected at 

day 0 and day 2. Clinical scores and the body weight of each mouse were measured once a day. 

The symptom of EAE was assessed and graded according to the previous report (Stromnes and 

Goverman, 2006). 0, normal; 0.5, partially limp tail; 1, fully paralyzed tail; 2, loss of normal 

movement; 2.5, one hind limb paralyzed; 3, both hind limb paralyzed; 4, paralyzed forelimb; 5, 

moribund or death. 

 

 3.3 H&E staining 

 

EAE-induced mice were sacrificed at day 21. To perform H&E staining, spinal cord 

tissues were isolated and fixed in 10% neutral buffered formalin solution. Fixed tissues were 

then decalcified, using Calci clear rapid (Natural diagnostics, Somerville, NJ), followed by 
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paraffin sectioning into 4-μm thick slices. Hematoxylin and eosin staining was performed, and 

the infiltrated immune cells were measured after counting the lesions of each sample. 

 

 3.3 MOG re-stimulation 

 

At day 21, splenocytes from the spleens of the sacrificed mice were obtained and 

cultured in RPMI media containing 10% FBS. The cells were then plated at 5 X 106 in 24-well 

plates, followed by treatment with 10μg/ml of MOG peptide for 3 days. The protein levels of 

IL-17 were analyzed in the culture supernatants using IL-17 ELISA. 

 

 3.4 RT-qPCR 

 

To isolate total RNAs from the spinal cords, frozen spinal cord tissues were 

homogenized, vigorously vortexed and incubated in TRIzol reagent, according to the 

manufacturer’s instructions. Total cDNAs were synthesized using AMV reverse transcriptase 

(Takara), followed by real-time quantitative PCR (Thermal Cycler Device Real Time System, 

Takara) using SYBR Premix Ex TaqTM reagent (Takara). The cycle threshold (Ct) values of each 

gene were obtained and normalized to that of GAPDH. Specific primers used to examine the 

RNA levels of the respective genes were as follows:  

TNF-α 

forward 5’- CCC TCA CAC TCA GAT CAT CTT CT - 3’  

reverse 5’ - GCT ACG ACG TGG GCT ACA G - 3’ 

IL-1β 

forward 5’ - GCA ACT GTT CCT GAA CTC AAC T - 3’  
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reverse 5’ - ATC TTT TGG GGT CCG TCA ACT - 3’ 

IL-6 

forward 5’ - TAG TCC TTC CTA CCC CAA TTT CC - 3’ 

reverse 5’ - TTG GTC CTT AGC CAC TCC TTC - 3’ 

MCP-1 

forward 5’ - TTA AAA ACC TGG ATC GGA ACC AA - 3’  

reverse 5’ - GCA TTA GCT TCA GAT TTA CGG GT - 3’ 

iNOS 

forward 5’ - GTT CTC AGC CCA ACA ATA CAA GA - 3’  

reverse 5’ - GTG GAC GGG TCG ATG TCA C - 3’ 

COX-2 

forward 5’ - CCC GGA CTG GAT TCT ATG - 3’  

reverse 5’ - AAC CCA GGT CCT CGC TTA TGA - 3’ 

IL-17 

forward 5’- TTT AAC TCC CTT GGC GCA AAA - 3’  

reverse 5’- CTT TCC CTC CGC ATT GAC AC - 3’ 

GM-CSF 

forward 5’ - TCG TCT CTA ACG AGT TCT CCT - 3’ 

reverse 5’ - CCT GCT CGA ATA T CT TCA GGC - 3’ 

RORγt 

forward 5’ - GAC CCA CAC CTC ACA AAT TGA - 3’  

reverse 5’ - AGT AGG CCA CAT TAC ACT GCT - 3’ 

RORα 

forward 5’ – GTG GAG ACA AAT CGT CAG GA - 3’  
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reverse 5’ - GAC ATC CGA CCA AAC TTG AC - 3’ 

GAPDH 

forward 5’ - AGC CTC GTC CCG TAG ACA A - 3’  

reverse 5’ - AAT CTC CAC TTT GCC ACT GC - 3’ 
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Chapter III 

 

Anti-adipogenic Activities of DHCA in 

primary mouse embryonic fibroblasts 
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1. Background 

 

Obesity and insulin resistance are major health problems in modernized society, 

leading to the development of complications such as type II diabetes, atherosclerosis and other 

metabolic syndromes (Friedman, 2000, Kopelman, 2000, Reaven, 1995).  

Obesity occurs when energy consumption exceeds energy expenditure. Excess energy 

is stored in the form of fat in organs, such as the liver and adipose tissues. In adipose tissue, 

adipocytes play a major role in this storage process. Adipocytes take up and converts various 

sources of energy into triglycerides, leading to the accumulation of lipids and subsequently to an 

increase in the size, number and total mass of adipocytes (Sethi and Vidal-Puig, 2007). Thus, the 

mechanism underlying the regulation of adipocyte expansion has been extensively investigated 

(Koutnikova and Auwerx, 2001, Tang and Lane, 2012). 

Adipocyte differentiation directly causes adipose tissue hyperplasia and obesity. 

Adipocytes are differentiated from fibroblast-like precursor cells, and the molecular 

mechanisms of adipogenesis have typically been investigated using in vitro model systems, such 

as 3T3-L1 cell line and primary mouse embryonic fibroblasts (MEFs), as these cells can be 

differentiated in vitro into fully matured adipocytes (Tang and Lane, 2012).  

In vitro adipocyte differentiation can be induced in 3T3-L1 or MEF cells using a 

mixture of insulin, iBMX (isobutyl-1-methylxanthine) and dexamethasone (MDI), which 

promotes immoderate cell proliferation and gene expression reprogramming. When cells 

undergo proliferation stage designated as mitotic clonal expansion, DNA remodeling occurs to 

induce the expression of various adipocyte-specific genes such as PPARγ, C/EBPα and SREBP-

1c (Tang, et al., 2003).  
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A variety of cellular signaling kinases and transcription factors are critically involved 

in these processes (Tang and Lane, 2012). For example, Wnt signaling suppresses adipogenic 

responses through the inhibition of the expression of PPARγ and C/EBPα, while various growth 

factors, such as insulin, FGF and EGF, activate PI3K/Akt/CREB pathways to induce adipocyte 

differentiation.  

Among many factors, C/EBPβ plays a particularly important role in the adipogenesis 

(Tang, et al., 2003). This transcription factor not only initiates mitotic clonal expansion but also 

induces the expression of adipocyte-specific genes through directly binding to the promoter of 

these genes. It has been reported that the DNA binding activity of C/EBPβ is determined by the 

sequential phosphorylation induced by two distinct upstream kinases, ERK and GSK3β (Tang, 

et al., 2005). When stimulated with the MDI mixture, ERK initially activates to phosphorylate 

C/EBPβ, and subsequently, GSK3β promotes a second phosphorylation to enhance the DNA 

binding activity of C/EBPβ. Therefore, identifying the agents that control the activity of 

C/EBPβ and its related factors would be useful to be developed as an efficient therapeutics (Fig. 

6). 

 In our previous study, we identified DHCA from the extract of stem parts of Cucurbita 

moschata. It was shown by my predecessor that natural and synthetic DHCA inhibit the 

differentiation of 3T3-L1 cells to adipocytes, but the detailed molecular mechanisms remained 

unknown. Furthermore, 3T3-L1 cells are a permanent cell lines that might not necessarily 

represent the actual in vivo pre-adipocytes. Therefore, in my thesis work, I attempted to 

characterize the detailed molecular mechanism underlying adipogenesis using primary mouse 

embryonic fibroblasts (MEF). Here, I showed that DHCA reduced the differentiation and 

accumulation of intracellular lipid when MEFs were induced to differentiate into adipocytes. 

Furthermore, DHCA affected the expression of various genes involved in adipogenesis, such as  
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Figure 6. Differentiation of Adipocytes. 

Adipocyte differentiation can be induced in 3T3-L1 or MEF cells. In the early phase of 

adipogenesis, cells undergo proliferation stage designated as mitotic clonal expansion. Gene 

expression reprogramming subsequently occurs to induce the expression of various adipocyte-

specific genes such as PPARγ and C/EBPα. C/EBPβ transcription factor plays an important role 

in the orchestration of adipocyte differentiation. The DNA binding activity of C/EBPβ is 

determined by the sequential phosphorylation mediated by two different upstream kinases, ERK 

and GSK3β. When cells are stimulated with the MDI mixture, ERK induces the first 

phosphorylation of C/EBPβ. GSK3β then phosphorylates and finally enhances the DNA binding 

activity of C/EBPβ. The dual phosphorylated C/EBPβ effectively binds to the promoter region 

of PPARγ and C/EBPα 
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PPARγ, C/EBPα and SREBP-1c, at the RNA level. DHCA controlled the DNA binding activity 

of the C/EBPβ transcription factor to inhibit the expression of PPARγ, C/EBPα and aP2 to 

suppress the mitotic clonal expansion. Taken together, these data suggested that DHCA affected 

the overall process of adipogenesis through the regulation of key transcription factors, 

indicating potential for development as an effective therapeutic reagent targeting obesity. 

 

2. Results 

 

2.1 Effects of DHCA on the adipocyte differentiation of primary MEFs 

 

My predecessor showed that DHCA inhibited the differentiation of 3T3-L1 cells to 

mature adipocytes. To test whether DHCA could do the same when primary precursor cells were 

used, MEFs were prepared from an E14.5 mouse and induced to differentiate into adipocytes 

through stimulation with the MDI mixture (day 0). Two days later, the media was replenished 

with insulin-containing media and the cells were incubated for another 2 days, followed by 

incubation with normal media for 4 more days (day 8). DHCA was simultaneously added to the 

media and then every other day. On day 8, the cells were subjected to oil red O staining to 

determine the level of accumulated lipids. As shown in Fig. 7, adipocytes were produced 

through MDI stimulation, showing a high level of intracellular lipids, and DHCA treatment 

down-regulated the lipid level in a dose-dependent manner. To quantify the level of accumulated 

lipids in each sample, oil red O stained lipids were isolated from adipocytes using isopropanol 

treatment, and the staining intensity was measured at 520 nm. The IC50 value of DHCA was 

estimated to be 31 μM (Fig. 8).  
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Figure 7. Microscopic analysis of oil red O-stained primary MEFs.  

MEFs were treated with the MDI mixture in the presence of 70µM DHCA. The cells 

cultured for 8 days, followed by oil red O staining and visualized using microscope. 

The magnification was ×100. 
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Figure 8. Quantitative analysis of anti-adipogenic effects of DHCA.  

Primary MEFs were stimulated with the differentiation medium and treated with 

various concentrations of DHCA followed by oil red O staining. The stain bound to the 

intracellular lipids in MEFs was extracted using isopropanol and the optical density was 

analyzed using spectrophotometer. The estimated IC50 of DHCA on primary MEFs was 

31 µM. 
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 Data from experiments involving 3T3-L1 cells indicated that DHCA reduces the 

expression of various adipocyte-specific genes during adipocyte differentiation. Therefore, the 

effects of DHCA on the RNA levels of PPARγ, C/EBPα and SREBP-1c were analyzed using 

adipocytes differentiated from MEFs (Ntambi and Young-Cheul, 2000). MEFs were treated with 

MDI to induce differentiation into adipocytes in the presence of various concentrations of 

DHCA. Total RNAs were extracted and the RNA level of the respective genes was determined 

by Northern blot hybridization using specific primers. As shown in Fig. 9, the RNA levels of 

PPARγ, C/EBPα and SREBP-1c were low in normal cells, but these levels was dramatically 

increased in differentiated adipocytes. Such induction was inhibited by the treatment of DHCA 

in a dose-dependent manner, and the expression of these transcription factors was virtually shut 

down to basal levels at 70 μM DHCA. These data indicated that DHCA might down-regulate 

the expression of the genes involved in adipogenesis at the transcriptional level. 

  

2.2 Effects of DHCA on the mitotic clonal expansion and the expression of cell 

cycle markers 

 

Adipogenesis is initially induced through the proliferation of precursor cells designated 

as mitotic clonal expansion, followed by terminal differentiation (Tang, et al., 2003). To 

investigate the mechanism underlying the DHCA-mediated inhibition of adipogenesis, the 

protein levels of Cdk2 and Cyclin A were examined, as these proteins strongly promote the cell 

cycle machinery to induce mitotic clonal expansion. 

Primary MEFs were cultured and stimulated with MDI in the presence or absence of 70 

μM DHCA for 24 hours. Total cell lysates were prepared, followed by Western blot analysis, 

using antibodies to CyclinA and Cdk2. The protein levels of CyclinA and Cdk2 were low in  
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Figure 9. Effects of DHCA on the RNA level of adipocyte-specific genes.  

Effect of DHCA on the RNA level of adipogenic or lipogenic genes in primary MEFs. MEFs 

were cultured in differentiation medium in the presence of various concentrations of DHCA 

as indicated (7, 35, 70 µM). Eight days after treatment, total RNAs were extracted and 20 µg 

of RNA was used for Northern blot analysis. GAPDH was used as a loading control. 
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undifferentiated cells, but upregulated after MDI treatment, indicating that these cells underwent 

mitotic clonal expansion. DHCA significantly lowered the expression level of these proteins 

indicating that the MDI-mediated proliferation of primary MEFs could be effectively inhibited 

by this lignan molecule (Fig. 10). 

 

2.3 Effects of DHCA on the phosphorylation and the DNA binding activity of 

C/EBPβ transcription factor 

 

 The inhibitory activity of DHCA on mitotic clonal expansion indicated that this lignan 

molecule might suppress specific signals involved in the re-entry of growth-arrested 

preadipocytes into the cell cycle. The results from previous works presented by my predecessor 

suggested that DHCA had no significant effects on the activity of various proteins, such as IGF-

1R, IRS-1, ERK1/2 and CREB, which are responsible for the initiation of the cell cycle during 

the early stages of adipocyte differentiation. Thus, I attempted to unravel the underlying 

mechanism in the context of the C/BEPβ transcription factor as this protein is critically involved 

in the initiation of mitotic clonal expansion and the induction of the expression of pleiotropic 

transcription factors, such as PPARγ and C/EBPα. 

 It has been reported that the expression of C/EBPβ increases immediately upon the 

induction of differentiation, while the DNA binding activity of C/EBPβ is observed later, for 

example, between 12 and 16 hours after MDI stimulation, concurrent with the entry of 

preadipocytes into S phase at the onset of mitotic clonal expansion (Tang and Lane, 1999, Tang, 

et al., 2003, Tang, et al., 2005). To examine whether the DNA binding activity of C/EBPβ was 

affected by DHCA, primary MEFs were stimulated with MDI in the absence or presence of 

DHCA for 16 hours and treated with Hoechst stain and an antibody against C/EBPβ. In this  
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Figure 10. Effects of DHCA on the expression of CyclinA and Cdk2.  

A. Western blot analysis of cell cycle-related proteins in primary MEFs. MEFs were 

cultured in differentiation medium in the absence or presence of 70 µM DHCA for 24 

hours. Total cell lysates were extracted and 30 µg of protein was subjected to SDS-

PAGE, and immunoblotted with antibodies to CyclinA, Cdk2, and β-actin. The β-

actin protein was used as a loading control. 
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immunofluorescence assay, the C/EBPβ protein was localized to the nucleus, and a ‘punctate’ 

pattern of C/EBPβ was observed when the cells were treated with MDI only (Fig. 11; compare 

expanded boxes). The punctate pattern indicates that C/EBPβ acquired DNA binding activity 

and localized to centromeres (Lee, et al., 2009, Tang and Lane, 1999). In the presence of DHCA, 

however, the C/EBPβ protein was dispersed throughout the nucleus (Fig. 11).  

To confirm this result, ChIP experiment was performed using the same cell lysates as 

used for the immunofluorescence assay. The data from these experiments showed that MDI 

treatment induced the binding of C/EBPβ to chromatins associated with the C/EBP regulatory 

element present in the promoters for C/EBPα, PPARγ and aP2 (Fig. 12; compare lines 4 and 5), 

while these interactions were disrupted in DHCA-treated cells (Fig. 12; compare lines 5 and 6).   

 It has previously been reported that the sequential phosphorylation of C/EBPβ, initially 

by MAPK (on Thr-188) and later by glycogen synthase kinase 3β (GSK3β) (on Ser-184 or Thr-

179), is necessary to induce the DNA binding activity of C/EBPβ (Kim, et al., 2007, Tang, et al., 

2005). To verify whether DHCA affects the status of phosphorylated C/EBPβ, cell lysates were 

prepared in the same way as those used in the ChIP assay and subjected to 2D gel 

electrophoresis, followed by immunoblotting using an anti-C/EBPβ antibody. The results 

showed that at 16 hours after MDI treatment, C/EBPβ exhibited lower isoelectric points 

compared with those from unstimulated cells (Fig. 13). However, DHCA treatment highly 

inhibited the MDI-mediated conversion of C/EBPβ to more acidic (pI) forms, resulting in a 

large amount of the protein with more basic pIs. This result indicated that DHCA blocked the 

phosphorylation of C/EBPβ, consistent with data showing that DHCA reduces the DNA binding 

activity of C/EBPβ as measured by above immunofluorescence and ChIP assays. 

Taken together, DHCA could suppress mitotic clonal expansion by blocking the 

phosphorylation and the DNA binding activity of C/EBPβ, resulting in the inhibition of  



- 59 - 

 

 

Figure 11. Effects of DHCA on the activity of C/EBPβ.  

Immunofluorescence analysis of the cells immunostained with antibodies against C/EBPβ. 

Primary MEFs were incubated in differentiation medium with or without 70 µM DHCA for 16 

hours. Nuclei were detected with Hoechst staining method. 



- 60 - 

 

 

Figure 12. Effects of DHCA on the DNA activity of C/EBPβ.  

ChIP analysis on the interaction between C/EBPβ and the C/EBP-binding site in 

the promoters of C/EBPα, PPARγ, or aP2. Primary MEFs under the 

same conditions with immunofluorescence analysis were used. 
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Figure 13. 2D gel electrophoresis and Western blotting of C/EBPβ. 

Cell lysates were prepared under the same conditions as those for the above ChIP 

analysis, migrated in the immobilized pH gradient strips, and then subjected to SDS-

PAGE, followed by Western blot analysis using antibody against C/EBPβ.  
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adipogenic differentiation without affecting the expression of C/EBPβ and its upstream 

signaling pathways. 

 

2.4 Effects of DHCA on the production of pro-inflammatory adipokines 

 

 The primary function of adipocytes is not only to store excessive consumed energy in 

the form of fats but also to control the physiological condition of adipose tissue by the 

production of a variety of adipokines such as leptin, resistin and lipocalin 2 (Rabe, et al., 2008). 

The overproduction of these adipokines, however, could amplify inflammatory responses, 

subsequently leading to the progression of various metabolic syndromes (Ouchi, et al., 2011, 

Trayhurn and Wood, 2004). The expression of these adipokines is controlled primarily at the 

transcription level, and a variety of transcription factors are involved in this process. In 

particular, C/EBPβ has been reported to induce the expression of several secretory proteins in 

adipocytes, including leptin, resistin and lipocalin 2 (Hartman, et al., 2002, Mason, et al., 1998, 

Yan, et al., 2007). Because DHCA suppresses the differentiation of adipocytes through 

controlling the activity of C/EBPβ, I examined whether this lignan could reduce adipocyte-

mediated production of adipokines.  

 Primary MEFs were differentiated into adipocyte by stimulation with the MDI mixture 

in the presence or absence of DHCA for 6 days. The culture supernatants were collected every 2 

days and subjected to specific ELISA for leptin, resistin and lipocalin 2. The protein level of 

each adipokine was nearly undetectable in undifferentiated MEFs and markedly increased as the 

cells underwent adipocyte differentiation (Fig. 14). The protein level of lipocalin 2 was highly 

upregulated at day 2 and gradually decreased. Such induction was significantly reduced to the 

basal level by the treatment of 70 μM DHCA (Fig. 14). The effects of DHCA were also dose- 
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Figure 14. Effects of DHCA on the production of adipokines.  

Effects of DHCA on the production of adipokines in various time points. Primary MEFs were 

stimulated with the MDI mixture and treated with 70 µM DHCA. The culture supernatants were 

collected every 2 days followed by respective ELISA. 
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Figure 15. Dose-dependent suppression of adipokine production. 

Primary MEFs were cultured in the differentiation medium in the 

presence of various concentrations of DHCA. The culture supernatants 

were prepared and subjected to specific ELISA. 
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dependent. MEFs were treated simultaneously with MDI and various concentrations of DHCA 

for 6 days. The protein levels of leptin, resistin and lipocalin 2 in the culture supernatant were 

examined by respective ELISA. As shown in Fig. 15, the protein level of each adipokine was 

low in naïve MEFs, and MDI stimulation highly induced their level. DHCA treatment, however, 

decreased the level of the respective adipokines in a dose-dependent manner, and the IC50 value 

was estimated to be 3.7, 6.5 and 20.5 μM, respectively. 

 The production of leptin, resistin and lipocalin 2 is primarily regulated at the 

transcription level (Trayhurn and Wood, 2004). To test whether DHCA affected the RNA level 

of each adipokine, the cells whose supernatants were used for the ELISA (Fig. 15) were 

collected and total RNAs were extracted, followed by Northern blot hybridization using a 

specific DNA probe. As shown in Fig. 16, basal level of each gene was undetectable, but MDI 

stimulation increased their level. DHCA decreased the RNA level of respective genes in a dose-

dependent manner, consistent with the protein data. Treatment with 70 μM DHCA efficiently 

reduced RNA expression to levels comparable with that of negative control.  

 To further examine whether DHCA controls the production of adipokines in fully 

differentiated adipocytes, MEFs were stimulated with the MDI mixture to induce differentiation 

into adipocytes, followed by DHCA treatment for 2 days. The culture supernatants were 

obtained every 12 hours and subjected to specific ELISA for leptin, resistin and lipocalin 2. 

During the whole period of experiment, the level of each adipokine was gradually increased in 

the adipocytes. When cells were treated with DHCA, the protein levels of these adipokines were 

also steadily increased, but their level at each time point was highly reduced compare with that 

of untreated adipocytes (Fig. 17). 

 The inhibitory effects of DHCA were also dose-dependent (Fig. 18). MEFs were 

differentiated into adipocytes and treated with various concentrations of DHCA for 2 days. The  
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Figure 16. Effects of DHCA on the RNA level of adipokines.  

Total RNAs were isolated from the cells whose supernatants were used in Fig. 

17. An aliquot of 20µg RNA was analyzed by Northern blot hybridization using 

specific DNA probe. 
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Figure 17. Effects of DHCA on the production of adipokines in differentiated adipocytes.  

Primary MEFs were differentiated into adipocytes and treated with 70 µM DHCA. The culture 

supernatants were collected every 12 hours and subjected to specific ELISA. 
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Figure 18. Dose-dependent inhibition of adipokines in adipocytes.  

Primary MEFs were stimulated with the MDI mixture to induce adipocyte 

differentiation. Cells were then treated with various concentrations of DHCA. The 

culture supernatants were subjected to ELISA (upper) and total RNAs were extracted 

followed by Northern blot analysis (lower). 
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protein level of each adipokine in the culture supernatant was analyzed by respective ELISA. 

Differentiated adipocyte produced high level of adipokines, but DHCA treatment lowered their 

expression in a dose-dependent manner. The estimated IC50 values for each adipokine were 

46.25, 37.46 and 34.47, respectively.  

 To determine whether DHCA controlled the production of adipokines at the 

transcription level, total RNAs were prepared from the cells previously used for protein analysis, 

followed by Northern blot hybridization. As shown in Fig. 18, the expression levels of the 

respective gene in the differentiated adipocytes were high, and treatment of DHCA reduced 

these levels in a dose-dependent manner. Taken together, these data suggested that DHCA could 

reduce the production of pro-inflammatory adipokines, such as leptin, resistin and lipocalin 2, 

by controlling their expression at the transcriptional level.   

 

2.5 Microarray analysis 

 DHCA appears to suppress the activity of C/EBPβ, thereby resulting in the inhibition 

of both adipocyte differentiation and adipokine production, which suggests that DHCA may 

influence multiple genes. To understand the overall mechanism, a microarray assay was 

employed (Fig. 19). In total, 990 genes displayed a 1.5-fold reduction in gene expression (Fig. 

19). Among these genes, several inflammatory genes, such as leptin, resistin and lipocalin 2, 

were included, consistent with the previous observation (Table 3). Furthermore, the expression 

level of other inflammatory cytokines, such as IL-6 and IL-33, was also decreased following 

DHCA treatment. DHCA also induced the expression of several anti-oxidative genes, such as 

HO-1. These data indicated that DHCA might affect pathways associated with inflammation and 

oxidative stress. 
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Figure 19. Microarray analysis in primary MEF and Raw264.7 cell line. 
Microarray analysis was performed as described in Materials and Methods. The expression 
level of each gene was detected and the fold of change between untreated NC and DHCA 
treated sample was calculated. 
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Table 3. List of genes affected by DHCA treatment in primary MEF and Raw264.7 cell line 

Cell type Gene Fold of Change 

MEF 

Lipocalin 2 -4.5 

Resistin -3.0 

Matrix metallopeptidase 3 -2.5 

IL-33 -2.3 

CD34 -2.1 

Leptin -1.7 

IL-6 -1.8 

Glutathione S-transferase, 
alpha 1 

6.0 

Heme oxygenase-1 2.1 

Peroxiredoxin 1 1.7 

Raw264.7 

IL1α -7.1 

IL-6 -4.2 

Matrix metalloprotease 9 -4.2 

IL-18 -3.4 

MCP-1 -2.9 

iNOS -2.9 

IL-1β -2.9 

Lipocalin 2 -2.4 

TNF -1.6 

Heme oxygenase-1 8.6 

Glutamate cysteine ligase 
regulatory subunit 

5.4 

Catalase 2.0 

Biliverdin reductase 1.7 

Glutamate cysteine ligase 
catalytic subunit 

1.6 
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Because macrophages represent one of the major cell types that produce various inflammatory 

mediators, another microarray analysis was performed, using the Raw264.7 cell line. As 

observed with the primary MEFs, DHCA reduced the expression of various inflammatory genes 

such as TNF-α, IL-1β, IL-6, IL-18 and MCP-1, by more than 1.5-fold. The expression level of 

anti-oxidative genes, such as HO-1 and Gclc, was increased by the treatment of DHCA by 8.6- 

and 5.4-fold, respectively. Taken together, these data suggested that DHCA might control 

inflammatory responses and oxidative stress in macrophages, and further experiments were 

therefore performed accordingly.  

 

3. Discussion 

 

In this study, the anti-adipogenic effects of DHCA were confirmed and the underlying 

molecular mechanisms were investigated using primary MEFs. Consistent with previous works 

involving 3T3-L1 cells, DHCA inhibited the MDI-mediated differentiation of MEFs into 

adipocytes through decreasing the accumulation of intracellular lipids and the expression of 

adipogenic genes such as PPARγ, C/EBPα and SREBP-1c. Data obtained from the Western blot 

analysis indicated that DHCA might suppress the mitotic clonal expansion by controlling the 

production and stability of cell cycle markers such as Cdk2 and Cyclin A. 

DHCA down-regulates the phosphorylation of the C/EBPβ transcription factor, 

subsequently inhibiting its DNA binding activity. Data from the 2D gel analysis showed that the 

band patterns of MDI-stimulated cells were presented as 3 distinct spots, representing 

unphosphorylated, mono-phosphorylated and dual-phosphorylated forms of this protein. DHCA 

induced the conversion of the dual-phosphorylated into the mono-phosphorylated form, but not 

to the unphosphorylated form suggesting that the inhibitory effect of DHCA on the 
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phosphorylation of C/EBPβ might be particularly restricted to the conversion of dual-

phosphorylated form to mono-phosphorylated form. 

It has previously been reported that C/EBPβ is expressed early during adipocyte 

differentiation and that ERK1/2 immediately phosphorylates this protein at the Thr-188 site, 

which is required but not sufficient for its DNA binding activity. Following a period of lengthy 

delay, GSK3β translocates from the cytoplasm into the nucleus and additionally phosphorylates 

Ser-184 or Thr-179 of C/EBPβ, resulting in a conformational change and the acquirement of 

DNA binding activity. In addition, dually phosphorylated C/EBPβ is localized to C/EBP 

consensus-binding sites present in centromeric satellite DNA, concurrent with the synchronous 

re-entry of preadipocytes into the cell cycle. 

Our data showed that DHCA inhibits the phosphorylation, DNA-binding, and 

centromeric localization of C/EBPβ. Although the effects of DHCA on C/EBPβ phosphorylation 

remain unknown, it is clear that C/EBPβ is the key target molecule of DHCA for anti-

adipogenic activity in primary MEFs. Because DHCA had little effects on both the activity of 

ERK1/2 and the first phosphorylation of C/EBPβ, it might be possible that DHCA might inhibit 

the nuclear translocation of GSK3β to suppress the second phosphorylation of C/EBPβ.  

C/EBPβ, also known as NF-IL-6, plays an essential role(s) in the regulation of various 

biological functions such as inflammation, osteoporosis as well as adipogenesis (Poli, 1998, 

Smink and Leutz, 2010). In adipocytes, C/EBPβ not only controls the differentiation of 

adipocytes but also enhance the production of pro-inflammatory adipokines such as leptin, 

resistin and lipocalin 2. Because DHCA controlled the activity of C/EBPβ to inhibit 

adipogenesis, it is possible that this lignan molecule might also affect the activity of C/EBPβ to 

down-regulate the production of adipokines. 
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In the context of inflammation, C/EBPβ regulates the inflammatory responses not only 

in adipocytes but also in macrophages through the induction of the expression of various 

inflammatory mediators such as IL-6, IL-1β, MCP-1 and iNOS (Poli, 1998). Data from 

microarray analysis also suggested that DHCA could inhibit the expression of several pro-

inflammatory genes. Thus, I investigated whether DHCA could inhibit the production of 

inflammatory mediators using the Raw264.7 macrophage cell line and primary macrophage 

cells.  

Taken together, these data suggest that DHCA inhibited the differentiation of 

adipocytes and suppressed the production of adipokines probably by controlling the activity of 

C/EBPβ. Because both adipocyte hyperplasia and the excessive amount of adipokines play a 

significant role in the progression of various metabolic disorders, DHCA might have potential 

as a therapeutic for these diseases. 
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Chapter IV 

 

Suppressive effects of DHCA on pro-

inflammatory molecules  
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1. Background 

 

 The preliminary microarray analysis data shown in Chapter 3 suggested that DHCA 

could decrease the RNA level of several inflammatory cytokines. To verify these observations, 

the effects of DHCA on the production of pro-inflammatory mediators were further investigated 

by analyzing macrophage RNA and protein levels. 

 Inflammation is one of the primary defense mechanisms involved in innate immunity, 

playing a key role(s) in pathogen clearance and wound healing (Chen and Nunez, 2010). 

Invasion of pathogens causes a series of cellular immune responses, which macrophages are 

critically involved in. Macrophages directly recognize pathogens through pattern recognition 

receptor such as Toll-like receptors (TLRs) or Nod-like receptors (NLRs), and ingest pathogens 

by phagocytosis. They also produce various pro-inflammatory mediators including TNF-α, IL-6, 

IL-1β, MCP -1, NO or PGE2. These mediators play an essential role in not only strengthening 

innate immune responses but also activating other immune cells such as dendritic cells, 

lymphocytes or granulocytes to promote secondary immune responses (Chen and Nunez, 2010, 

Medzhitov and Horng, 2009). 

 Lipopolysaccharide (LPS) is a component of Gram-negative bacterial cell walls that 

activates macrophages via TLR4 to initiate various pro-inflammatory responses. When 

recognized by TLR4, signal transduction pathways such as mitogen-activated protein kinase 

(MAPK) or I-κB kinase (IKK) activate pro-inflammatory transcription factors including NF-κB, 

AP-1 and CREB (Akira and Takeda, 2004, Oeckinghaus, et al., 2011). These transcription 

factors are fundamentally involved in the expression of various pro-inflammatory genes such as  
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Figure 20. Transcriptional control of inflammatory genes.  

Lipopolysaccharide activates TLR4 to induce the activation of downstream signaling pathways. In the 

case of MyD88-dependent pathway, MyD88 promotes the ubiquitynation of the TRAF6 protein, and 

thereby activates the TAK1/TAB1/TAB2 protein complex. As a consequence, IKKα/β complex 

activates to degrade I-κB, leading to the translocation of the transcription factor NF-κB. TAK1 can 

also bind to TAB2/TAB3 complex and activates MKK4. MKK4 then phosphorylates MAPK signaling 

proteins such as ERK, p38 and JNK, eventually leading to the activation of AP-1. NF-κB and AP-1 

both play an important role in the induction of the expression of various inflammatory genes. 
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TNF-α, IL-6, IL-1β, MCP-1, iNOS or COX-2 (Fig. 20) (Caivano and Cohen, 2000, Kleinert, et 

al., 2004). 

 Production of pro-inflammatory mediators should be tightly regulated as excessive 

amounts of these molecules result in a chronic inflammatory state, which severely damages 

tissue and leads to the initiation of various inflammatory diseases including inflammatory bowel 

diseases, metabolic diseases or arthritis (Feldmann, et al., 1996, Osborn and Olefsky, 2012, 

Papadakis and Targan, 2000). Thus, agents efficiently controlling these pro-inflammatory 

mediators are considered to be a promising therapeutic for these diseases (Pizarro and Cominelli, 

2007). 

 Inflammasomes are protein complexes composed of the NLR family, Apoptosis-

associated speck-like protein containing a CARD (ASC) and caspase-1, which are normally 

activated upon the infection of pathogens or cellular stress to produce fully functioning IL-1β 

and IL-18 (Davis, et al., 2011, Franchi, et al., 2009, Rock, et al., 2010, Tschopp and Schroder, 

2010). For their secretion, two distinct signals are necessary. The first is priming signals such as 

LPS, which induce transcription and translation of pro-form of IL-1β. The second is activating 

signals such as cholesterol crystal, monosodium urate or palmitate which promote lysosomal 

dysfunction, K+ efflux or production of the cellular reactive oxygen species (ROS), leading to 

the conversion of pro-IL-1β to IL-1β (Tschopp and Schroder, 2010). Thus, the effective 

blockade of inflammatory response and oxidative stress simultaneously is thought to be a 

therapeutic goal of inflammasome-related diseases such as cryopyrin-associated periodic 

syndromes, gout or diabetes (Strowig, et al., 2012). 

 CD4 T helper lymphocytes also play an important role in the inflammatory responses. 

In particular, Th17 cells produce IL-17 to promote inflammation and intensify the progression 

of various inflammatory diseases such as multiple sclerosis and inflammatory bowel disease. 
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Th17 cells are differentiated from naïve T cells by TGF-β and IL-6 stimulation in the presence 

of TCR activation. Downstream signaling cascades subsequently activate NF-κB, and this 

transcription factor binds to the promoter region of RORγt, a master regulatory transcription 

factor of Th17 cells. Finally, RORγt induces the production of cytokine IL-17 (Bettelli, et al., 

2008, Korn, et al., 2009).  

 Th17-mediated production of IL-17 appears to be important for the development of 

various diseases, as mice harboring a deletion in IL-17 or RORγt are resistant to multiple 

sclerosis, inflammatory bowel disease and other inflammatory diseases. Therefore, several 

efforts to develop novel therapeutics targeting Th17 cells have been made. 

 Dehydrodiconiferyl alcohol (DHCA), a single chemical compound isolated from the 

stem parts of Cucurbita moschata, commonly called pumpkin, has recently been identified as a 

lignan to show anti-adipogenic and anti-lipogenic effects (Lee, et al., 2012). A variety of 

phytochemicals including polyphenols or lignans have previously been reported to contain anti-

inflammatory activity largely by inhibiting the DNA binding activity of NF-κB (Jobin, et al., 

1999, Manna, et al., 2000), and data from preliminary microarray assay suggested that DHCA 

could inhibit the expression of several inflammatory cytokines. In this study, the effect of 

DHCA on the production of various pro-inflammatory mediators was investigated using LPS-

stimulated Raw264.7 cells. Our data suggested that DHCA reduced the LPS-mediated 

expression of pro-inflammatory genes by lowering the activity of IKK, subsequently the DNA 

binding activity of NF-κB. Moreover, DHCA efficiently decreased the palmitate-mediated 

secretion of IL-1β by suppressing both of two key steps. Taken together, our data suggest that 

DHCA might induce anti-inflammatory effects by controlling the activities of key factors, 

consequently the expression of pro-inflammatory molecules. 
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2. Results 

 

2.1 Effects of DHCA on the production of pro-inflammatory cytokines and ROS 

  

 DHCA, a lignan isolated from Cucurbita moschata, was previously shown to have 

anti-adipogenic and anti-lipogenic activities in 3T3-L1 cells and primary mouse embryonic 

fibroblasts (Lee, et al., 2012). Because some lignan compounds were reported to contain anti-

inflammatory or anti-oxdative activities (Jobin, et al., 1999, Leonard, et al., 2003, Manna, et al., 

2000), it was investigated whether DHCA affected the production of relevant molecule, using 

Raw264.7 cells, a murine macrophage cell line. Raw264.7 cells were treated with LPS and 

various concentrations of DHCA for 24 hours and the supernatant level of TNF-α, IL-6, IL-1β 

and MCP-1 was measured by ELISA. Background levels of these cytokines were very low or 

undetectable, but treatment with LPS dramatically increased their level. Treatment with DHCA 

decreased the level of these cytokines in a dose-dependent manner and the estimated IC50 values 

for TNF-α, IL-6, IL-1β and MCP-1 were 37.3, 19.3, 11.8 and 12.7 μM, respectively (Fig. 21). 

As previously shown (Lee, et al., 2012), DHCA did not have any significant cytotoxic effect on 

Raw264.7 cells at the concentrations used in this study (data not shown). 

 Pro-inflammatory cytokines induced by LPS are known to be regulated mainly at the 

transcriptional level (Akira and Takeda, 2004, Medzhitov and Horng, 2009). To test whether 

DHCA affected the production of these proteins at the RNA level, total RNAs were prepared 

and subjected to Northern blot hybridization. The RNA level of all pro-inflammatory genes 

measured in this study was highly increased by LPS stimulation, but significantly decreased by 

DHCA treatment in a dose-dependent manner, consistent with the protein data (Fig. 22). Forty 

micromole of DHCA reduced the RNA level of IL-6, IL-1β and MCP-1 to an almost  
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Figure 21. Effect of DHCA on the protein level of cytokines. 

To measure the level of various proteins, Raw264.7 cells were treated as described in Materials 

and Methods. The culture supernatants were collected, and then followed by a respective 

ELISA. 
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Figure 22. Effect of DHCA on the RNA level of inflammatory cytokines. 

Total RNAs isolated from Raw264.7 cells treated with LPS and DHCA, were subjected to 

Northern blot hybridization using [32P]-labeled gene specific probes. After hybridization, 

specific bands were visualized using BAS-1500 (for TNF-α and MCP-1), or on films (for IL-

1β, IL-6 and GAPDH). GAPDH mRNA was measured as a loading control. 
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undetectable point. These data suggested that DHCA could efficiently down-regulate the 

production of pro-inflammatory cytokines by controlling their mRNA levels. 

 It was also examined whether DHCA could regulate the production of cellular ROS, 

one of the highly active pro-inflammatory molecules causing oxidative stress. Raw264.7 cells 

were treated with LPS and various concentrations of DHCA for 24 hours and the level of ROS 

was determined by using the DCF-DA dye. As shown in Fig. 23, DHCA lowered the LPS-

induced production of cellular ROS in a dose dependent manner with the IC50 value of 14.7 μM. 

Taken together, these data suggested that DHCA could control a broad range of inflammatory 

molecules. 

 

2.2 Effects of DHCA on the production of NO, PGE2, iNOS, and COX-2 

  

 NO and PGE2 are important inflammatory mediators mainly produced by macrophages 

(Bogdan, 2001). To examine the effect of DHCA on these mediators, Raw264.7 cells were 

treated with LPS and various concentrations of DHCA for 24 hours. The level of NO and PGE2 

in the culture supernatant was measured using Griess assay and ELISA, respectively. The level 

of both mediators were very low or undetectable under the normal condition, but was 

dramatically increased by LPS stimulation. DHCA treatment significantly lowered the level of 

NO and PGE2 in a dose-dependent manner and the estimated IC50 value for NO and PGE2 was 

estimated to be 13.4 and 7.6 μM, respectively (Fig. 24).  

 It has been reported that iNOS and COX-2 are the key enzymes involved in the 

production of NO and PGE2, respectively (Kleinert, et al., 2004, Park, et al., 2006). To 

investigate whether DHCA affected the expression of these enzymes, Raw264.7 cells were 

treated with LPS and various concentrations of DHCA for 24 hours. Total cell lysates were  
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Figure 23. Effect of DHCA on the production of ROS.  

Raw264.7 cells were treated under the same condition as those used in Fig. 22, followed by 

DCF-DA assay and analyzed by FACS.  
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Figure 24. Effect of DHCA on NO and PGE2.  

To measure the level of NO and PGE2, the culture supernatant used in Fig. 1A was analyzed 

using Griess assay and ELISA, respectively. 
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prepared followed by Western blot analysis, using specific antibodies to iNOS and COX-2. In 

the presence of LPS, the protein level of iNOS and COX-2 was highly increased, but DHCA 

treatment lowered their level in a dose-dependent manner (Fig. 25).  

 Similar to the case of pro-inflammatory cytokines, iNOS and COX-2 are also known to 

be regulated at the transcription level (Kleinert, et al., 2004, Park, et al., 2006). Their RNA 

levels were analyzed by Northern blot hybridization. LPS stimulation dramatically increased the 

RNA level of iNOS and COX-2, but DHCA reduced their level in a dose dependent manner (Fig. 

26). These data indicated that DHCA could also down-regulate the production of NO and PGE2 

by controlling the RNA and protein levels of iNOS and COX-2. 

 

2.3 Effects of DHCA on MAPKs and NF-κB pathways 

 

 To understand the molecular mechanism underlying the inhibitory effects of DHCA, 

the activity of NF-κB and AP-1 was analyzed by luciferase promoter assay as they are key 

transcription factors involved in the expression of pro-inflammatory proteins (Akira and Takeda, 

2004). Raw264.7 cells were transfected with reporter plasmids in which luciferase expression is 

under the control of DNA binding sequences for each transcription factors, followed by  

treatment of LPS and various concentrations of DHCA. After 24 hours, total cell lysates were 

prepared and the relative activity of luciferase was examined by luminometer. As shown in Fig. 

27, treatment of DHCA lowered the LPS-induced activity of NF-κB in a dose dependent manner, 

but not that of AP-1.  

 To confirm this result, EMSA was performed using the NF-κB binding oligonucleotide 

sequences. Raw264.7 cells were treated with LPS and various concentrations of DHCA for 1 

hour. Nuclear proteins were prepared and subjected to EMSA, using a probe specific for NF-κB.  
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Figure 25. Effect of DHCA on the protein level of iNOS and COX-2. 

An aliquot of total cell lysate prepared from Raw264.7 cells treated with 

LPS and DHCA for 24 hours was subjected to Western blot, using specific 

antibodies against iNOS, COX-2 and β-actin. β-actin protein was used as 

a loading control. 
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Figure 26 Effect of DHCA on the RNA level of iNOS and COX-2.  

The membrane used to examine the RNA level of cytokines in Fig. 23 was 

hybridized with a specific [32P]-labeled probe for iNOS or COX-2, and 

specific bands were visualized by exposing the blot on films. The RNA level 

of GAPDH measured in Fig. 23 was used as a loading control. 
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The basal level of retarded DNA-protein complex was undetectable (Fig. 28, lane 1). LPS 

stimulation increased the level of DNA-protein complex, but DHCA treatment decreased the 

amount of DNA-protein complex (Fig. 28, compare lanes 2, 3 and 4). This DNA-protein 

complex was specific because it was effectively competed by the unlabeled wild-type 

oligonucleotide, but not by respective mutant sequence (Fig. 28, compare lanes 5 and 6). 

 To understand how NF-κB was controlled by DHCA, the protein level of upstream 

signaling molecules such as IKKα/β, and I-κB was measured. Under normal conditions, I-κB 

binds to NF-κB, preventing its translocation to nucleus. When stimulated by LPS, however, 

IKKα/β becomes activated and phosphorylates I-κB, resulting its degradation and translocation 

of NF-κB (Hacker and Karin, 2006). Raw264.7 cells were treated with LPS and various 

concentrations of DHCA for 30 minutes. Total cell lysates were analyzed by Western blot, using 

antibodies to p-IKKα/β, IKKα/β and I-κB. As shown in Fig. 29, the level of total IKKα/β was 

high in all conditions, and the basal level of p-IKKα/β was very low. LPS stimulation highly 

increased the level of p-IKKα/β, but DHCA treatment down-regulated the level of p-IKKα/β in 

a dose dependent manner (Fig. 29). As expected from this result, the protein level of I-κB was 

decreased by LPS stimulation, but 40 μM of DHCA treatment increased the level of I-κB, 

comparable to that of negative control (Fig. 29, compare lanes 1 and 4).   

 The activity of NF-κB is also regulated by MAPKs such as p38, ERK and JNK 

(Hayden and Ghosh, 2004). To examine whether DHCA had effect on these kinases, Raw264.7 

cells were treated with LPS in the presence or absence of 40 μM DHCA for 30 minutes. Total 

cell lysates were isolated and subjected to Western blot analysis, using specific antibodies for 

unphosphorylated or phosphorylated forms of respective kinases. The phosphorylated form of 

these kinases was low or undetectable at normal condition, while LPS stimulation induced its 

level. However, none of these kinases were influenced by DHCA (Fig. 30). Taken together, 

these data suggested that  
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Figure 27. Effect of DHCA on the promoter activity of AP-1 and NF-κB.  

Raw264.7 cells were transfected with plasmid containing the luciferase gene whose 

expression is under the control of the DNA binding sequences of AP-1 or NF-κB, 

respectively. Twenty four hours later, cells were treated with LPS and various 

concentrations of DHCA followed by luciferase assay. 100 μl of luciferin was added to an 

aliquot of 20 μg proteins and the activity of luciferase was analyzed using luminometer. 
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Figure 28. Effect of DHCA on the DNA binding activity of NF-κB.  

Raw264.7 cells were treated with LPS and various concentrations of DHCA for 1 hour. 

Nuclear proteins were prepared, followed by EMSA using [32P]-labeled oligonucleotide 

targeting NF-κB and visualized by using films. The specificity of the DNA-protein 

complex was determined by competition analysis using excessive amount of unlabeled 

wild type (WT) or mutant (MT) oligonucleotides. 
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Figure 29. Effect of DHCA on the protein level of IKK and I-κB.  

Total cell lysates were isolated from Raw264.7 cells and subjected to Western blot 

analysis, using specific antibodies to p-IKKα/β, IKKα/β, I-κB and β-actin. The 

protein level of IKKα/β and β-actin was measured as a loading control for p-

IKKα/β and I-κB, respectively. 
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Figure 30. Effect of DHCA on the protein level of MAPKs.  

Total cell lysates were prepared from Raw264.7 cells and analyzed by Western 

blot assay, using specific antibodies to phosphorylated or unphosphorylated 

forms of MAPKs. The protein level of the unphosphorylated form of MAPKs 

was used as a control. 
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DHCA could down-regulate the production of various pro-inflammatory mediators specifically 

by lowering the level of p-IKKα/β, consequently inhibiting the NF-κB binding to its nucleotide 

sequences. 

 

2.4 Effects of DHCA on the production of IL-1β 

 

 Inflammasomes are protein complexes which convert pro-IL-1β to it mature form and 

palmitate, a saturated fatty acid, has recently been reported to activate Nlrp3 inflammasomes by 

inducing the production of cellular ROS (Davis, et al., 2011, Tschopp and Schroder, 2010, Wen, 

et al., 2011). Because DHCA could control the level of IL-1β and ROS, its effect on the 

palmitate-mediated production of IL-1β was tested. Raw264.7 cells were stimulated with LPS 

for 3 hours and treated with palmitate-BSA and various concentrations of DHCA for another 21 

hours. The culture supernatants were collected and the level of IL-1β was measured by ELISA. 

Treatment with palmitate-BSA following LPS stimulation highly increased the level of IL-1β, as 

compared with those with LPS or palmitate-BSA alone. However, DHCA decreased such 

palmitate-mediated induction of IL-1β in a dose dependent manner and the IC50 value was 

estimated to be 2.8 μM (Fig. 31). 

 To understand the underlying mechanisms, the RNA level of IL-1β was examined. 

Raw264.7 cells were stimulated with LPS for 3 hours, and then treated with palmitate-BSA and 

DHCA for 6 hours. Total RNAs were analyzed by Northern blot hybridization. Consistent with 

the data from Fig. 22, untreated normal cells produced the undetectable RNA level of IL-1β, but 

LPS stimulation increased its level (Fig. 32 compare lanes 1 and 2). Treatment of LPS-

stimulated cells with palmitate slightly decreased the level of IL-1β (Fig. 32 compare lanes 2 

and 3). When LPS- and palmitate-stimulated cells were treated with DHCA, the RNA level of  
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Figure 31. Effect of DHCA on the protein level of palmitate-medaited IL-1β.  

Raw264.7 cells were treated as described in Materials and Methods. The culture supernatants 

were collected and the protein level of IL-1β was analyzed using ELISA. 
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Figure 32. Effect of DHCA on the RNA level of IL-1β.  

Total RNAs, prepared from Raw264.7 treated with LPS for 3 hours following 

palmitate-BSA and DHCA for another 6 hours, were subjected to Northern blot 

hybridization using [32P]-labeled cDNA probe for IL-1β and GAPDH, and visualized 

by exposing the blot on films. GAPDH was measured as a loading control. 
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IL-1β was decreased to a point comparable to that of untreated negative control cells (Fig. 32). 

These data indicated that DHCA efficiently down-regulated the production of IL-1β by 

controlling its RNA level.  

 Next, it was tested whether DHCA affected the palmitate-mediated increase in the 

production of cellular ROS and the cleavage of caspase-1. Raw264.7 cells were stimulated with 

LPS for 3 hours, and then treated with palmitate-BSA in the absence or presence of 40 μM of 

DHCA for 3 or 6 hours, followed by the DCF-DA assay to determine the level of cellular ROS. 

The basal level of ROS was very low. When stimulated with LPS or palmitate-BSA alone, its 

level was slightly increased. When cells were primed with LPS and then treated with palmitate-

BSA, the level of ROS was greatly increased, but DHCA inhibited its level at each time point by 

up to 70% (Fig. 33). 

 The cellular ROS is a major upstream signal generated by palmitate to trigger the 

cleavage of pro-caspase-1 to its active form (Martinon, 2010, Tschopp and Schroder, 2010). To 

test the effect of DHCA on caspase-1, Raw264.7 cells were stimulated with LPS for 3 hours, 

followed by treatment of palmitate-BSA and various concentrations of DHCA for 21 hours. 

Total cell lysates were subjected to Western blot analysis. Consistent with the data from the 

DCF-DA assay, in LPS-stimulated cells, palmitate-BSA treatment increased the amount of 

cleaved form of caspase-1, but DHCA reduced it to a basal level at 40 μM (Fig. 34). Taken 

together, these data suggested that DHCA inhibited the production of cellular ROS and the 

active form of caspase-1. 

  

2.5 Effects of DHCA on pro-inflammatory cytokines in primary bone marrow-

derived macrophages 
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Figure 33. Effect of DHCA on the production of ROS.  

Raw264.7 cells were treated with LPS for 3 hours, and then stimulated with palmitate-BSA in 

the presence or absence of 20 μM DHCA. After 3 or 6 hours, DCF-DA assay was performed 

and the level of ROS was determined using FACS. 
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Figure 34. Effect of DHCA on the protein level of caspase-1.  

Total cell lysates were isolated from Raw264.7 cells treated under the same 

condition as described in Fig. 34 followed by Western blot analysis, using specific 

antibody to caspase-1. The pro-form of caspase-1 was measured as a loading control.
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To test that the above observations were not restricted to one particular cell line, the effects of 

DHCA were also tested using primary BMDMs. BMDMs were prepared from the femurs of 

mice, and differentiated into macrophages with the media containing 20 ng/ml of M-CSF. After 

7 days, differentiated macrophages were treated with LPS and various concentrations of DHCA 

for 24 hours. The culture supernatants were collected, and the level of TNF-α, IL-6 and MCP-1 

was measured by ELISA. LPS increased the protein level of these cytokines, and DHCA 

treatment decreased the level of respective cytokines in a dose-dependent manner without 

affecting the cell viability (Fig. 35). The estimated IC50 values for IL-6 and MCP-1 were 54 and 

22.2 μM, respectively. Overall, the responses of BMDMs to DHCA appears to be less sensitive 

as the IC50 value was increased with TNF-α being the least affected cytokine, consistent with 

data from Raw264.7 cells. 

 The effect of DHCA on the palmitate-mediated IL-1β secretion was also examined. 

BMDMs were stimulated with LPS for 3 hours, and then treated with palmitate-BSA with 

various concentration of DHCA for another 21 hours. When cells treated with palmitate-BSA 

following LPS stimulation, the level of IL-1β was dramatically increased, but was efficiently 

decreased in a dose dependent manner and IC50 value was estimated to be 21 μM (Fig. 36). 

These data indicated that DHCA could down-regulate the expression of various cytokines in 

primary macrophages. 

 

2.6 Effects of DHCA on the differentiation of CD4+ T helper 17(Th17) cells 

 

Data from previous experiments shown in this chapter indicated that DHCA inhibited 

the activity of NF-κB, resulting in the suppression of various inflammatory genes in 

macrophages. The CD4 helper T lymphocyte is an important cell type involved in the fine- 
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Figure 35. Effect of DHCA on the expression of cytokines in primary BMDMs. 

BMDMs were prepared as described in Materials and Methods, and treated with LPS 

and various concentrations of DHCA. The culture supernatant was collected and 

analyzed, using respective ELISA. 
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Figure 36. Effect of DHCA on the palmitate-mediated IL-1β secretion in BMDMs.  

BMDMs were treated under the same condition as described in Fig. 32. The level of IL-1β in the 

supernatant was measured by ELISA. 
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tuning of inflammatory responses. Because NF-κB plays an important role in the differentiation 

of Th cells, it was further tested whether DHCA controls the differentiation of Th17 cells.  

IL-17A/F has recently been reported to be produced by differentiated CD4+ T helper 17 

(Th17) cells to promote a variety of pro-inflammatory responses, leading to the development of 

chronic inflammatory diseases such as multiple sclerosis, inflammatory bowel diseases, 

psoriasis and rheumatoid arthritis (Korn, et al., 2009). TCR signaling activates NF-κB, which 

subsequently induces the expression of RORα and RORγt, key transcription factors that control 

the differentiation of Th17 cells.  

To test whether DHCA controls the differentiation of Th17 cells, splenocytes were 

prepared from mouse spleens, and naïve CD4 T cells (CD4+ CD44low CD25low) were isolated 

through FACS Aria II. These cells were subsequently differentiated into Th17 cells by the 

treatment with TGFβ and IL-6 in the presence or absence of DHCA for 3 days. The culture 

supernatants were obtained, and the protein levels of IL-17A were measured by ELISA. The 

level of IL-17A was undetectable in naïve CD4 T cells, while differentiated Th17 cells produced 

a large amount of IL-17A protein (Fig. 37). Treatment with DHCA decreased the production of 

IL-17A in a dose-dependent manner, and the IC50 value was estimated to be 1.67μM (Fig. 37). 

IL-17A/F has been reported to be regulated primarily at the transcriptional level 

(Ivanov, et al., 2006, Yang, et al., 2008). To test the effects of DHCA on the RNA levels of IL-

17A/F, naïve CD4 T cells were stimulated with TGFβ and IL-6, and treated with 4 different 

concentrations of DHCA for 3 days. Total RNAs were prepared, followed by RT-qPCR analysis. 

The basal RNA levels of IL-17A and IL-17F were very low, but these levels were highly 

increased in differentiated Th17 cells. DHCA treatment down-regulated the expression of IL-

17A and IL-17F in a dose-dependent manner, consistent with the protein data shown in Fig. 37  
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Figure 37. Effect of DHCA on the differentiation of Th17 cells.  

Splenocytes were prepared from mouse spleens, and naïve CD4 T cells (CD4+ 

CD44low CD25low) were isolated through FACS Aria II. These cells were treated 

with TGF-β and IL-6 in the presence or absence of DHCA for 3 days. The 

culture supernatants were collected followed by IL-17A specific ELISA. 
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Figure 38. Effects of DHCA on the RNA levels.  

Naïve CD4 T cells were stimulated with TGF-β and IL-6, and treated with various 

concentrations of DHCA. Three days later, total RNAs were extracted and the RNA level of 

each gene was analyzed using RT-qPCR. 
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(Fig. 38). The levels of IL-17A and IL-17F were almost undetectable when the cells were 

treated with 20μM DHCA.  

To understand the underlying mechanism, the RNA levels of RORα and RORγt were 

analyzed as these transcription factors play important role(s) in the regulation of IL-17 

expression (Yang, et al., 2008). Total RNAs used to measure the level of IL-17A/F were 

analyzed by RT-qPCR. As shown in Fig. 38, the RNA levels of RORα and RORγt were 

increased in Th17 cells, but DHCA treatment reduced the expression of these genes in a dose-

dependent manner. Treatment with 20μM DHCA could completely suppress the expression of 

RORα and RORγt. These data suggested that DHCA might suppress the differentiation of CD4+ 

Th17 cells by controlling the expression of RORα and RORγt, consequently leading to the 

reduction of IL-17 expression. 

 

3. Discussions 

 

DHCA, a member of the lignan family isolated from Curcurbita moschata, was 

previously shown to contain anti-adipogenic and anti-lipogenic activities in 3T3-L1 and primary 

mouse embryonic fibroblasts (Lee, et al., 2012). Our data suggested that DHCA could also 

decrease the level of various pro-inflammatory molecules such as TNF-α, IL-6, IL-1β, MCP-1, 

NO, PGE2 and ROS in Raw264.7 cells. The IC50 value of DHCA for almost all inflammatory 

molecules, except for TNF-α, was 10-20 μM. DHCA appears to regulate the expression of 

various proteins by the control of phosphorylation status of IKKα/β and eventually NF-κB 

activity. In the case of IL-1β, DHCA seems to affect an additional level of control through 

inflammasomes. 
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NF-κB and AP-1 are two pivotal transcription factors that modulate LPS-mediated 

inflammatory responses by triggering the expression of a variety of pro-inflammatory mediators 

(Hayden and Ghosh, 2004, Whitmarsh and Davis, 1996). LPS stimulates various signal 

transduction pathways, involving IKK and MAPKs (p38, ERK and JNK) which eventually 

activates NF-κB and AP-1. The IKK complex controls NF-κB, while MAPKs regulates both 

NF-κB and AP-1. Our data suggested that DHCA inhibited the activity of IKK and NF-κB, but 

not that of MAPKs and AP-1 indicating that this lignan compound might target specific proteins 

involved in the IKK signaling cascade. 

The activity of IKKα/β has been reported to be controlled by several upstream kinases 

such as mitogen activated protein kinase/ERK kinase kinase (MEKK1), NF-κB - inducing 

kinase (NIK) or TGF-β activated kinase 1 (TAK1) (Lee, et al., 1997, Ling, et al., 1998, Wang, et 

al., 2001). MEKK1 has been originally identified as an upstream kinase of JNK, but also shown 

to phosphorylate IKKα/β in a direct manner (Lee, et al., 1997). Because DHCA had no 

influence on JNK or AP-1, it is thought that MEKK1 might not be a target of DHCA. NIK and 

TAK1 have also been reported to activate IKKα/β. The former is a kinase responsible for the 

activation of IKK, but has no role in that of JNK (Ling, et al., 1998). TAK1 is an ubiquitin 

dependent kinase known to trigger the JNK or IKK signaling by binding to TAB1 or 2, 

respectively (Adhikari, et al., 2007, Wang, et al., 2001). It was previously reported that the 

formation of TAK1-TAB2 complex is necessary for the activation of IKK, while the TAK1-

TAB1 complex could activate both the JNK and IKK signaling pathway (Adhikari, et al., 2007). 

Taken together, the inhibitory effect of DHCA on NF-κB might have resulted from its 

suppression of NIK or interference of the interaction between TAK1 and TAB2. The effort in 

unraveling the detailed molecular mechanism is currently underway. 
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 TNF-α appears to be the least affected pro-inflammatory cytokine by DHCA among 

various molecules tested in this study. The IC50 value on the protein level of TNF-α was almost 

5-fold higher than that of PGE2, while the RNA level of TNF-α was decreased by 2-fold when 

that of other proteins was almost undetectable at the same concentration. DHCA has previously 

been shown to inhibit the phosphorylation of CCAAT/enhancer-binding protein (C/EBP)β and 

consequently down-regulating its DNA binding activity (Lee, et al., 2012). C/EBPβ has been 

reported to interact with NF-κB and produce synergistic effects on the production of pro-

inflammatory genes such as IL-6, IL-1β, MCP-1, iNOS or COX-2, but not on that of TNF-α 

(Dlaska and Weiss, 1999, Gorgoni, et al., 2001, Hu, et al., 2000, Liu, et al., 2000, Matsusaka, et 

al., 1993, Sakitani, et al., 1998, Sorli, et al., 1998, Stein, et al., 1993). Therefore, it is possible 

that DHCA may affect first 5 proteins to a greater extent than TNF-α by inhibiting two 

transcription factors, instead of one. 

DHCA appears to control the production of IL-1β. First, this lignan molecule lowers 

the RNA expression of IL-1β by controlling the activities of IKK and NF-kB. In addition, 

DHCA inhibited the palmitate-mediated increase of ROS production and subsequently the 

formation of the active form of caspase-1, resulting in the inhibition of the cleavage of the pro-

form of IL-1β to its mature entity. It has been reported that phytochemical compounds such as 

lignan can decrease the production of ROS in various ways, including the direct neutralization 

of free radicals, induction of anti-oxidative stress gene expression or activation of specific 

kinases such as AMPK (Blokhina, et al., 2003, Irrcher, et al., 2009, Perron and Brumaghim, 

2009). Palmitate has been reported to increase the production of ROS by interrupting the 

activity of AMPK, leading to the inhibition of autophagic activities (Wen, et al., 2011). The 

exact mechanism underlying how DHCA lowers the level of ROS is being investigated along 

this line. 
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DHCA might contain a broad range of anti-inflammatory effects by controlling the 

activities of key transcription factors. It is not yet clear whether these seemingly pleiotropic 

effects of DHCA are the result of its control of several individual proteins such as NF-κB and 

C/EBPβ or that of the one “master” upstream factor. Further investigations are warranted not 

only to unravel the molecular mechanism underlying anti-inflammatory activities of DHCA, but 

also to sort out the complex relationship between large number of signaling molecules and 

transcription factors involved in the regulation of inflammation and oxidative stress.  
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Chapter V 

 

Upregulation of HO-1 expression by 

DHCA through CK2-Nrf2 pathways 
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1. Background 

Oxidative stress is one of the primary causes of major human diseases such as cancer, 

neurodegenerative diseases or vascular dysfunction (Barnham, et al., 2004, Madamanchi, et al., 

2005, Reuter, et al., 2010, Simonian and Coyle, 1996), which results from the excessive amount 

of free radicals including reactive oxygen species (ROS). At normal conditions, primary source 

of these radicals is mitochondria constantly producing low level of ROS, and endogenous 

enzymes such as superoxide dismutase and catalase scavenge these radicals to maintain the 

equilibrium of cellular redox status. However, free radicals could be accumulated by the 

abnormal production of ROS induced by a broad range of exogenous stimulation such as 

lipopolysaccharide, amyloid beta or oxidized form of low density lipoprotein (Cominacini, et al., 

2000, Kadowaki, et al., 2005). Accumulated radicals can directly damage DNA, protein and 

cellular organelle to promote apoptosis and initiate the production of inflammatory mediators, 

leading to the development of various degenerative diseases (Kadowaki, et al., 2005, Wang, et 

al., 2004). Thus, effective blockades of these mediators are thought to be a promising approach 

to control such disorders.  

HO-1 is an anti-oxidative protein playing a key role(s) in the catabolic process of heme. 

HO-1 is a rate limiting enzyme that catalyzes the degradation of heme to a few byproducts such 

as biliverdin, carbon monoxide (CO) and Fe2+. All of these molecules are considered to be 

antioxidants protecting cells from undesirable cytotoxic conditions such as excessive production 

of ROS, TNF-induced apoptosis (Brouard, et al., 2000, Soares, et al., 1998) or NF-κB-mediated 

inflammation (Seldon, et al., 2007). HO-1 has also been reported to exhibit therapeutic benefits 

in a number of mouse disease models (Camara and Soares, 2005, Chora, et al., 2007, Lee and 

Chau, 2002). Therefore, induction of HO-1 has been thought to produce protective effects 

against a variety of cellular stresses (Abraham and Kappas, 2008). 
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The expression of HO-1 is known to be regulated mainly at the transcriptional level 

(Alam, et al., 1999, Alam and Cook, 2003, Gozzelino, et al., 2010, Ishii, et al., 2000). The 

promoter sequences of HO-1 contain two enhancer regions (E1 and E2) providing binding 

motifs for a variety of transcription factors such as activator protein (AP)-1, cAMP-responsive 

element binding protein (CREB) or Nrf2 (Alam and Cook, 2003). Among these transcription 

factors, Nrf2, a cap’n’collar-type basic leucine zipper protein, has been shown to play a major 

role in the regulation of the HO-1 promoter by the control of ARE sequences in E1 and E2 

regions (Ishii, et al., 2000, Kobayashi and Yamamoto, 2005). Nrf2 normally exists in cytosol by 

binding to its partner, Keap1. A wide range of exogenous signals, such as growth factors, heavy 

metals or phytochemicals, could activate various signaling pathways including mitogen-

activated protein kinases (MAPKs), PI3K/Akt, PERK or CK2, leading to the degradation of 

Keap1 or phosphorylation of Nrf2 (Cullinan, et al., 2003, Pi, et al., 2007, Wang, et al., 2008, Yu, 

et al., 2000). Keap1 degradation frees the Nrf2 protein to promote nuclear translocation. 

Phosphorylation of Nrf2 enhances its translocation to the nucleus and DNA binding activity 

(Apopa, et al., 2008, Kobayashi and Yamamoto, 2005, Lee and Johnson, 2004, Sun, et al., 2009).  

Because Nrf2 plays an essential role in the expression of HO-1, it is an attractive target 

for the development of effective therapeutics for numerous diseases (Calkins, et al., 2009, 

Hybertson, et al., 2011). Several phytochemicals derived from naturally occurring plants such as 

resveratrol, curcumin, epigallocatechin-3-gallate (EGCG), carnosol or sulforaphane have been 

reported to contain protective effects against oxidative stress in vitro or in vivo, by controlling 

the activity of Nrf2 and consequently the expression of HO-1 (Balogun, et al., 2003, Chen, et al., 

2005, Kim, et al., 2008, Kumar, et al., 2011, Martin, et al., 2004, Na, et al., 2008, Yang, et al., 

2009). A number of clinical trials are indeed underway to examine the efficacy of these 
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molecules in Alzheimer’s disease, multiple sclerosis or cardiovascular dysfunctions (Hsu and 

Cheng, 2007, Patel, et al., 2011).  

DHCA is a phytochemical isolated from Cucurbita moschata, which has previously 

been shown to contain anti-adipogenic and anti-lipogenic effects on 3T3-L1 cells and primary 

mouse embryonic fibroblasts (MEFs) (Lee, et al., 2012). Because the data from preliminary 

microarray analysis shown in Chapter 3 suggested that DHCA might control the expression of 

HO-1, it was tested whether DHCA could induce the expression of HO-1, using a mouse 

macrophage cell line, Raw264.7, and primary macrophages derived from mouse bone marrow 

cells (BMDMs) and the underlying mechanisms were investigated. Our data indicated that 

DHCA increased the level of the HO-1 at protein level. DHCA-mediated induction of the HO-1 

protein occurs at the RNA level by the control of the Nrf2 transcription factor. Data from a 

series of experiments involving various pharmacological inhibitors indicated that DHCA 

activated Nrf2 by regulating the activity of CK2. Taken together, our data suggested that DHCA 

may have a potential as an effective antioxidant by controlling Nrf2 through the CK2 pathway, 

and subsequently HO-1.  

  

2. Results 

2.1 Effects of DHCA on the expression of the HO-1 protein 

 

To test the effects of DHCA on the expression of HO-1, Raw264.7 cells, a mouse 

macrophage cell line, were treated with various concentrations of DHCA for 6 hours, and total 

cell lysates were prepared followed by Western blot analysis, using an antibody to HO-1. The 

basal level of the HO-1 protein was very low, but DHCA treatment increased its level in a dose 

dependent manner by up to ~7-fold at 20 μM (Fig. 39A). To examine the time kinetics of the  
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Figure 39. Effects of DHCA on the protein level of HO-1.  

Raw264.7 cells were treated with various concentrations of DHCA for 6 hours (for Fig. 38A) or 

20 μM of DHCA for appropriate time points (for Fig. 38B). Total cell lysates were obtained and 

subjected to Western blot, using specific antibodies to HO-1 and β-actin. The level of β-actin was 

measured as a loading control. 



- 115 - 

 

DHCA-mediated induction of HO-1, cells were treated with 20 μM DHCA from 30 minutes to 

36 hours. Total cell lysates were isolated and subjected to Western blot hybridization. In the 

absence of DHCA, the protein level of HO-1 was transiently increased, peaking at 12 hours and 

then decreasing (Fig. 39B). The overall kinetics of HO-1 protein expression was similar in the 

presence of DHCA, but its level was much higher. For example, the level of the HO-1 protein 

was almost 10-fold higher in DHCA-treated cells at 3 hours and at 6 hours as compared with 

that at the same time points. These data indicated that DHCA could upregulate the expression of 

HO-1 in a dose- and time- dependent manner. DHCA did not have any significant cytotoxic 

effects, as measured by MTT assay, under all experimental conditions used in this work, as 

previously reported. 

 

2.2 Effects of DHCA on the RNA level of HO-1 

 

To investigate at what level HO-1 expression is regulated, Raw264.7 cells were treated 

with various concentrations of DHCA for 6 hours, and followed by Northern blot analysis. 

DHCA increased the RNA level of HO-1 in a dose-dependent manner, showing almost a 15-fold 

higher level at 20 μM DHCA than in untreated negative control cells (Fig. 40, compare lanes 1 

and 6).  

To examine the role of the promoter region of HO-1, Raw264.7 cells were transfected 

with a reporter plasmid, pHO15-Luc, in which the expression of luciferase was under the 

control of the 15 kb-long HO-1 promoter. Twenty-four hours later, transfected cells were treated 

with various concentrations of DHCA for 9 hours. Total cell lysates were isolated, and the 

activity of luciferase was measured. The level of luciferase activity was increased by DHCA in a  
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Figure 40. Effect of DHCA on the RNA level of HO-1.  

Total RNAs, isolated from Raw264.7 cells treated with various concentrations of DHCA for 6 

hours, were analyzed by Northern blot hybridization using specific [32P]-labeled probes for HO-1 

and GAPDH. The mRNA level of GAPDH was used as a loading control. 
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dose-dependent manner, and treatment with 20 μM produced ~7-fold higher level as compared 

with untreated control cells (Fig. 42). 

The HO-1 promoter has E1 and E2 enhancer regions, and each enhancer contains three 

antioxidant responsive elements (AREs), which play an important role(s) in the expression of 

HO-1 (Fig. 41) (Alam and Cook, 2003). To test the effects of DHCA on these cis-acting 

elements, reporter plasmids containing E1 (pE1-Luc) and E2 (pE2-Luc) sequences, respectively, 

were used. Raw264.7 cells were transfected with each plasmid, and then treated with various 

concentrations of DHCA. Nine hours later, total cell lysates were obtained followed by 

luciferase assay. While DHCA increased the level of luciferase activity from pE1-Luc in a dose 

dependent manner, it had no significant effect on that from pE2-Luc (Fig. 43). It was further 

examined whether ARE sites present in the E1 region are involved in the DHCA-mediated 

induction, using a reporter plasmid containing mutant ARE sequences in this particular site, 

pE1M-Luc. Raw264.7 cells were transfected with pE1-Luc or pE1M-Luc, followed by 

treatment with 20 μM of DHCA. Nine hours later, cell lysates were prepared to measure the 

activity of luciferase. As shown in Fig. 44, treatment with 20 μM DHCA increased the level of 

luciferase activity from pE1-Luc by 4-fold, but had little effect when the mutant sequence was 

used. Taken together, these data suggested that DHCA regulated the RNA expression of HO-1 

by using AREs present in the HO-1 promoter.  

 

2.3 Effects of DHCA on the translocation and DNA binding activity of Nrf2 

 

It has been previously reported that ARE sites are used by a variety of transcription 

factors (Alam and Cook, 2003). Among them, Nrf2 is known to play a critical role in the 

expression of HO-1 (Alam, et al., 1999, Lee and Johnson, 2004). To examine the involvement of  
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Figure 41. Schematic diagram of the promoter region of HO-1. 
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Figure 42. Effect of DHCA on the promoter activity of HO-1.  

Raw264.7 cells were transfected with luciferase reporter plasmid which the expression of 

luciferase is dependent on the promoter activity of HO-1 (pHO15-Luc). Transfected cells 

were then treated with various concentrations of DHCA for 9 hours followed by 

luciferase assay. Cell lysates were prepared and 100 μl of luciferin was added to each 

sample. The activity of luciferase was measured using luminometer and normalized by 

the value taken from the negative control. 
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Figure 43. Effects of DHCA on the promoter activity of E1 and E2 enhancer regions of HO-1. 

Raw264.7 cells transfected with luciferase reporter plasmid which the expression of luciferase is 

under the control of the activity of E1 or E2 enhancer regions (E1-Luc or E2-Luc), respectively, 

were treated with various concentrations of DHCA. Nine hours later, total cell lysates were 

obtained and equal amount of luciferin was added. The activity of luciferase was examined using 

luminometer, and normalized by negative control. 
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Figure 44. Effect of DHCA on the E1 enhancer sequences.  

Raw264.7 cells were transfected with E1-Luc or reporter plasmid containing sequences for E1 

with mutation in ARE sites (E1M-Luc). Transfected cells were then treated with various 

concentrations of DHCA for 9 hours followed by luciferase assay. The activity of luciferase 

was measured using luminometer and normalized by untreated negative control. 
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Nrf2 on the DHCA-mediated induction of HO-1, the nuclear translocation and DNA binding 

activity of this transcription factor were analyzed. Raw264.7 cells were treated with 20 μM 

DHCA for 1, 3 and 6 hours. Nuclear proteins were isolated followed by Western blot 

hybridization, using an antibody to Nrf2. The protein level of Nrf2 was virtually undetectable in 

nuclear fraction from untreated cells. When cells were treated with DHCA, however, its level 

was increased in a transient fashion, reaching the maximum at 1 hour and then decreasing 

gradually (Fig. 45A). The effect of DHCA on Nrf2 was also dose-dependent. Raw264.7 cells 

were treated with various concentrations of DHCA for an hour. When nuclear proteins were 

analyzed by Western blot hybridization, the level of the Nrf2 protein increased by up to 5-fold at 

20 μM DHCA (Fig. 45B). 

 Based on the data from transient transfection assays, it was further tested whether 

DHCA affected the amount of the Nrf2 protein bound to AREs, using ChIP analysis. Raw264.7 

cells were treated with 20 μM DHCA for an hour. Chromatins were obtained, sheared by 

sonication, and then subjected to immunoprecipitation, using an antibody against Nrf2 to pull 

down Nrf2-bound chromatins. These precipitated chromatins were amplified by PCR, using a 

specific primer set for E1 sequences. DHCA treatment highly increased the amount of the Nrf2 

protein bound to AREs (Fig. 46). Taken together, these data indicated that DHCA might induce 

the expression of HO-1 by the control of the translocation of Nrf2 and its binding to the ARE 

cis-acting sequences present in the HO-1 promoter.  

 

2.4 Effect of DHCA on the protein level of HO-1, Gclc and Gclm in primary cells 

from wild type and Nrf2 KO mice 
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Figure 15. Effects of DHCA on the nuclear translocation of Nrf2.  

Raw264.7 cells were treated with 20 μM DHCA for 1, 3, 6 hours (for Fig. 44A) or 

various concentrations of DHCA for an hour (for Fig. 44B). Nuclear proteins were 

prepared as described in Materials and Methods followed by Western blot, using an 

antibody against Nrf2 and histone H1. Histone H1 was measured as a loading control. 
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Figure 46. Effect of DHCA on the DNA binding activity of Nrf2.  

Raw264.7 cells were treated with 20 μM DHCA for an hour and subjected to ChIP 

analysis as described in Materials and Methods. Chromatins precipitated with Nrf2 

antibody were amplified by PCR, using primers specific to E1 region of HO-1 

promoter. 
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To test if the above observations were not restricted to one particular cell line, primary 

macrophages derived from mouse bone marrow cells (BMDMs) were used. To confirm the 

involvement of Nrf2, BMDMs prepared from mice containing a deletion in the Nrf2 gene (Nrf2 

KO) were also used. BMDMs from wild type or Nrf2 KO mice were cultured in the presence of 

M-CSF to induce differentiation into macrophages. Seven days later, differentiated macrophages 

were treated with 20 μM of DHCA for 6 hours. Cell lysates were prepared, and the protein level 

of HO-1 was examined by Western blot analysis, using an antibody to HO-1. As expected, the 

basal level of HO-1 was undetectable in cells from wild type and Nrf2 KO mice. Treatment with 

DHCA increased the expression of HO-1 in BMDMs from wild type mice, but such induction 

was dramatically diminished in cells from Nrf2 KO mice (Fig. 47). These results indicated that 

Nrf2 plays a key role(s) in the DHCA-mediated induction of HO-1 expression, even when 

primary macrophages are used.  

It was further tested whether DHCA could also control other Nrf2-dependent 

antioxidant enzymes, using the same primary macrophages. Total lysates were used to measure 

the level of Gclc and Gclm by Western blot hybridization, using antibodies to respective 

proteins. Similar to the case of HO-1, DHCA increased the protein level of both Gclc and Gclm 

in wild type macrophages, but their level was almost undetectable in macrophages from Nrf2 

KO mice regardless of any treatment with DHCA (Fig. 47). These data confirmed that DHCA 

could control the expression of anti-oxidative enzymes by the regulation of Nrf2 in primary 

cells. 

 

2.5 Effects of DHCA on the signaling pathways involved in the induction of HO-1 
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Figure 47. Effects of DHCA on the expression of HO-1, Gclc and Gclm in BMDMs. 

Macrophages differentiated from bone marrow cells of WT or Nrf2 KO mice were cultured 

and treated with 20 μM of DHCA for 6 hours. Total cell lysates were prepared and subjected 

to Western blot analysis, using antibodies against HO-1, Gclc, Gclm and β-actin, respectively. 

The protein level of β-actin was measured as a loading control. 
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The expression of HO-1 has been reported to be regulated by several different 

signaling pathways such as MAPKs (ERK, p38 and JNK), PI3K/Akt, or CK2 (Apopa, et al., 

2008, Pi, et al., 2007, Sun, et al., 2009, Wang, et al., 2008). To identify the primary signaling 

pathway(s) involved in the DHCA-mediated HO-1 induction, Raw264.7 cells were treated with 

a variety of pharmacological inhibitors in the presence of 20 μM DHCA. Six hours later, total 

cell lysates were isolated followed by Western blot analysis, using an antibody to HO-1. The 

protein level of HO-1 was increased in DHCA treated cells. Three different chemicals 

specifically inhibiting MAPKs (PD98059 for ERK, SB203580 for p38 and SP600125 for JNK) 

had little effect on the DHCA-mediated induction of the HO-1 protein at all concentrations used 

in this study (Fig. 48).  

To examine whether PI3K/Akt pathways are involved, Raw264.7 cells were treated 

with various concentrations of PI3K/Akt inhibitors, LY294002 and Wortmannin, in the presence 

of 20 μM DHCA. As shown in Fig. 49, LY294002 lowered the DHCA-mediated increase of the 

HO-1 protein in a dose dependent manner. However, Wortmannin, a more specific inhibitor for 

the PI3K/Akt pathways than LY294002, had virtually no effect indicating that the possibility of 

the involvement of the PI3K/Akt pathways might be unlikely. 

It has previously been reported that LY294002 also inhibits the activity of casein 

kinase 2 (CK2) (Davies, et al., 2000). Therefore, it was tested whether DHCA might affect the 

CK2 pathway. Raw264.7 cells were treated with various concentrations of 

tetrabromobenzotriazole (TBB), a specific CK2 inhibitor, for 6 hours in the presence of 20 μM 

DHCA. As shown in Fig. 50, the DHCA-mediated induction of the HO-1 protein was attenuated 

by treatment with TBB in a dose-dependent manner. Overall, treatment of 50 μM LY294002 and 

TBB decreased the protein level of HO-1 by 60 and 50 %, respectively.  
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Figure 48. Effect of DHCA on the MAPK (ERK, p38 and JNK) signaling pathways.  

Raw264.7 cells were treated with 20 μM DHCA in the presence of various MAPK inhibitors 

(PD98059 for ERK, SB203580 for p38 and SP600125 for JNK). Six hour later, cell lysates were 

isolated followed by Western blot hybridization, using antibodies to HO-1 and β-actin. β-actin was 

measured as a loading control. 
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Figure 49. Effect of DHCA on the PI3K/Akt pathways. 

 Raw264.7 cells were treated with 20 μM DHCA and various concentrations of 

PI3K/Akt inhibitors, LY294002 and Wortmannin for 6 hours. Total cell lysates 

were obtained and subjected to Western blot, using antibodies against HO-1 and 

β-actin. β-actin was used as a loading control. 
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Figure 50. Effect of DHCA on the CK2 pathways.  

Total proteins, isolated from Raw264.7 cells treated with 20 μM DHCA in the presence of 

various concentrations of TBB, were analyzed by Western blot analysis, using antibodies 

to HO-1 and β-actin. β-actin was measured as a loading control. 
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 To be certain, effects of other relevant inhibitors on Nrf2 were also tested. Raw264.7 

cells were treated with various concentrations of LY294002 and TBB in the presence of 20 μM 

DHCA for an hour. Nuclear proteins were prepared and subjected to Western blot analysis, 

using a specific antibody to Nrf2. Treatment with DHCA increased the amount of the Nrf2 

protein translocated to the nucleus (Fig. 51A and 51B, compare lanes 1 and 2), but its level was 

reduced by the treatment of LY294002 and TBB in a dose-dependent manner (Fig. 51A and 

51B). Taken together, these data suggest that DHCA might affect the CK2 pathway, rather than 

the PI3K/Akt pathway, to control the activity of Nrf2, and subsequently the expression of HO-1. 

 

3. Discussion 

 

DHCA, a lignan compound isolated from Cucurbita moschata has previously been 

shown to contain anti-adipogenic and anti-lipogenic effects in 3T3-L1 and MEFs (Lee, et al., 

2012). Here, it was tested whether this phytochemical could induce the expression of HO-1. Our 

data indicated that DHCA increased the protein and RNA level of HO-1 and such induction was 

occurred at the promoter level. Also, DHCA affected the activity of CK2 pathway to enhance 

the translocation of Nrf2, and subsequently its DNA binding activity. 

Our data from luciferase assay and Western blot analysis suggested that Nrf2 protein is 

essentially involved in DHCA-mediated induction of HO-1. DHCA increased the activity of 

whole HO-1 promoter by 7-fold and also induced that of E1 and E2 enhancer by 4- and 1.8-fold, 

respectively. Theoretically, E1 and E2 regions contain three distinct ARE sites where Nrf2 could 

bind to activate the promoter of HO-1, but our data indicated that DHCA had influenced on the 

activity of E1 more significantly than that of E2. Furthermore, DHCA increased the expression 

of HO-1 in primary macrophages derived from bone marrow cells of WT mice, but such  
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Figure 51. Effect of DHCA on the translocation of Nrf2.  

Raw264.7 cells were treated with 20 μM DHCA and various concentrations of 

LY294002 (for Fig. 50A) or TBB (for Fig. 50B). Nuclear proteins were isolated and 

the protein level of Nrf2 was examined by Western blot analysis, using antibodies to 

Nrf2 and histone H1. Histone H1 was measured as a loading control.  



- 133 - 

 

induction was significantly but not completely attenuated in those of Nrf2 KO mice. Taken 

together, these data suggested that DHCA may influence other transcription factors to control 

the expression of HO-1.  

It has been recently reported that a broad range of transcription factors such as Nrf2, 

AP-1, CREB and Maf are critically involved in the expression of HO-1 (Alam and Cook, 2003). 

JunB, a member of Jun family protein, has been identified to bind to the proximal region of 

human HO-1 promoter which is similar to mouse E1 region. Nitro-linoleic acid (LNO2) could 

promote the interaction between ARE and other binding elements such as CRE or E-box to 

enhance the activity of E1 promoter. Moreover, SREBP-1 has been shown to induce the 

expression of HO-1 by the controlling the activity of E-box enhancers (Hock, et al., 2007, 

Kallin, et al., 2007, Wright, et al., 2009). Taken together, it is possible that DHCA may increase 

the expression of HO-1 by inducing the activity of JunB or SREBP-1. Further experiments are 

warranted not only to investigate the transcription factors involved in the DHCA-mediated HO-

1 induction, but also to unravel the complicated regulatory mechanisms governing the 

expression of HO-1. 

Nrf2 is a basic leucine zipper type transcription factor playing essential role(s) in the 

induction of detoxifying enzymes such as HO-1, Gclc and Gclm (Hybertson, et al., 2011). 

Several phytochemicals have been reported to upregulate the activity of Nrf2 and the expression 

of HO-1 through a variety of signaling pathways such as PI3K/Akt, p38, and ERK (Balogun, et 

al., 2003, Chen, et al., 2005, Martin, et al., 2004, Na, et al., 2008). Our data from Western blot 

analysis suggested that the DHCA-mediated induction of HO-1 expression was reduced by the 

treatment of LY294002 and TBB, but not by that of Wortmannin or other MAPKs inhibitors 

indicating that this lignan molecule might enhance the activity of Nrf2 by inducing that of CK2 

rather than PI3K/Akt or MAPKs pathways. 
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For the translocation and DNA binding activity of Nrf2, transactivation (Neh4 and 

Neh5) domains of Nrf2 protein need to be phosphorylated by upstream kinases. Previous studies 

demonstrated that these domains contain specific structural motifs which could serve as a 

substrate for CK2, and CK2 indeed phosphorylates these residues to transactivate Nrf2 (Apopa, 

et al., 2008, Pi, et al., 2007). Therefore, DHCA might induce the activity of Nrf2 by the 

regulation of the CK2-mediated phosphorylation of Neh4 and Neh5 domains.  

CK2, a tetrameric protein composed of CK2α and CK2β, plays an important role in the 

maintenance of cell survival and suppression of apoptosis (Litchfield, 2003). The mechanism of 

CK2 activation is largely unknown, but it is thought that the phosphorylation, protein-protein 

interaction or assembly of CK2 subunits may influence the activity of CK2 (Litchfield, 2003). 

How DHCA affects the activity of CK2 remains to be elucidated. Additionally, it has been 

recently reported that CK2 is a versatile kinase and essentially involved in the inhibition of 

cellular apoptosis induced by death signals or ionic irradiation in a sirtuin1 (SIRT1) dependent 

manner(Kang, et al., 2009, Wang, et al., 2005, Yamane and Kinsella, 2005). Thus, it would be 

interesting to investigate whether DHCA could protect cells from cellular apoptosis mediated by 

danger signals. 

In this study, our data demonstrated that DHCA induced the expression of phase II 

detoxifying enzymes such as HO-1, Gclc and Gclm by the control of CK2-Nrf2 pathways in 

macrophages. A wide range of chronic inflammatory diseases are occurred in a consequence of 

the accumulation of oxidative stresses and the expression of antioxidant genes through Nrf2 

might have a promising therapeutic potential against these disorders (Calkins, et al., 2009, 

Hendriks, et al., 2005, Hybertson, et al., 2011, Lee and Johnson, 2004, Moore and Tabas, 2011). 

Several Nrf2-enhancing phytochemicals including resveratrol, curcumin or EGCG are shown to 

produce therapeutic benefits and numerous clinical trials are also currently underway. Taken 
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together, DHCA may have a potential as an effective antioxidant controlling the activity of Nrf2 

and the expression of HO-1, and thus might be useful to be developed as an efficient agent 

targeting various inflammatory diseases.  
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Chapter VI 

 

Effects of DHCA in 

 the Mouse EAE Model 
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1. Background 

 

 From the series of experiments presented in Chapters 4 and 5, it was shown that DHCA 

contained potent anti-inflammatory and anti-oxidative stress activities. Based on these findings, 

I examined whether DHCA could be used to treat inflammatory diseases, particularly multiple 

sclerosis (MS). MS is one of the most severe autoimmune diseases, but no efficient therapeutics 

are currently available to treat this disease. MS occurs primarily by the demyelination of axons 

in the brain and spinal cord, mediated by various immune cells, resulting in the dysfunction of 

neuronal signaling and eventual cognitive disabilities (Noseworthy, et al., 2000).  

 Excessive inflammatory responses play a major role in the development and 

progression of MS. A variety of immune cells are involved in the progression of axon 

demyelination and CNS dysfunction. Among these responses, macrophages/microglia and T 

helper lymphocytes directly damage neurons and other neural cells. Macrophages and 

microglial cells can be activated by a wide range of stimulators such as pathogens, ROS and 

autoantigens, resulting in not only the production of NF-κB-dependent pro-inflammatory 

mediators, such as TNF-α, IL-1β, IL-6, ROS and nitric oxide, but also the activation of 

pathogenic T helper cells. The final outcome is the demyelination of axons, apoptosis of 

neuronal cells and the breakdown of the blood-brain barrier (Fig. 52 (Gilgun-Sherki, et al., 2004, 

Sospedra and Martin, 2005). 

 T lymphocytes specifically recognize myelin proteins. Myelin-specific CD4 Th1 cells 

have been shown to disrupt myelin structures by producing a high level of IFNγ and the 

activation of CD8 cytotoxic T cells to damage neurons (Farrar and Schreiber, 1993). 

 CD4 Th17 T lymphocytes have recently been reported to play a significant role in the 

pathophysiology of MS. Th17 cells are differentiated from naïve T cells by TGF-β and IL-6, 
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subsequently leading to the expression of RORγt. This transcription factor then induces the 

production of IL-17 cytokine (Bettelli, et al., 2008, Korn, et al., 2009). Several studies have 

indicated that the Th17-mediated production of IL-17 might play an important role(s), as mice 

containing the deletion in this gene are resistant to rodent experimental models of MS. In 

humans, patients with MS showed upregulated level of IL-17 (McFarland and Martin, 2007). 

Overall, IL-17 production in Th17 cells might govern the inflammatory responses in the 

pathogenesis of MS (Fig. 52)  

 Approximately 2.5 million people suffer from MS worldwide, and the number of 

patients has been gradually increasing (Pugliatti, et al., 2002). Current therapeutics have limited 

efficacies, as these drugs are generally used for the alleviation of the painful symptoms rather 

than the complete recovery in the presence of severe side effects (Virley, 2005). For example, 

methotrexate and mitoxantrone ameliorate the relapse status of MS up to 30%, but these drugs 

also show a high level of toxicity such as liver and cardiac damage, stomatitis, hair loss and 

immunosuppression. Thus, efficient drugs with minimal side effects are highly needed.  

Various attempts are currently underway to discover novel therapeutics targeting IL-17 

and RORγt (Hu, et al., 2011). Recently, humanized antibodies against IL-17 or small molecules 

specifically inhibit the activity of RORγt and have been shown to improve the severity of EAE 

(Fan, et al., 2011, Huh, et al., 2011, Solt, et al., 2011, Xu, et al., 2011). 

Animal models for the investigation of MS have also been well established (Miller, et 

al., 2010, Stromnes and Goverman, 2006). In particular, experimental autoimmune 

encephalomyelitis (EAE) mimics human demyelinating diseases. T cells specifically 

recognizing myelin-related proteins could be generated by the injection of the protein segments  
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Figure 52. Pathogenesis of Multiple Sclerosis. 
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of myelin proteins, such as myelin basic protein, myelin oligodendrocyte glycoprotein and 

proteolipid protein, in the presence of immune-activating adjuvants. Antigen presenting cells 

uptake these peptides, followed by the activation of various CD4 Th cells. These cells 

subsequently promote excessive immune responses through the induction of various pro-

inflammatory mediators, resulting in myelin damage and neuronal dysfunction.  

 In Chapters 4 and 5, DHCA was shown to control inflammatory responses by 

inhibiting the activity of IKKα/β-NF-κB pathways. DHCA also upregulated the production of 

several anti-oxidative enzymes through the regulation of the CK2/Nrf2 pathway. As these 

factors are involved in the development of inflammatory diseases, including MS, it was further 

investigated whether DHCA could produce therapeutic benefits in the mouse EAE model. Our 

data suggested that DHCA could ameliorate the severity of clinical symptoms, down-regulate 

the generation of MOG-specific Th17 cells and suppress the expression of various inflammatory 

genes in the spinal cord. Taken together, these data suggested that DHCA might have potential 

as a therapeutic for MS.  

 

2. Results 

2.1 Effects of DHCA in the mouse experimental autoimmune encephalomyelitis 

(EAE) model 

 

The mouse EAE model has been reported to mimic human demyelinating diseases, 

such as multiple sclerosis, and various pro-inflammatory molecules are involved in the 

progression of this disorder (Constantinescu, et al., 2011). In this study, I investigated whether 

DHCA could affect this mouse EAE model. Seven-week-old C57BL/J mice were immunized 

with myelin oligodendrocyte glycoprotein (MOG) in the presence of complete Freud’s adjuvant 
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(CFA) and pertussis toxin (PTX). One day later, various concentrations of DHCA were 

dissolved in vehicle (62.5% of PBS and 37.5% of DMSO), followed by the daily injection into 

the peritoneal cavity of mice. FTY720, a sphingosine-1-phosphate modulator currently used for 

the clinical treatment of MS, was orally introduced as a positive control. The clinical score and 

body weight of the mice were measured once a day.  

As shown in Fig. 53 the clinical symptoms of the vehicle-treated group appeared on 

day 9, gradually increased, and reached a peak by day 20. Treatment with 50 and 100mg/kg 

DHCA delayed the onset of the disease for 3 and 6 days, respectively. The clinical score was 

increased with time, but the mean values were significantly lower than that of vehicle-treated 

group during the entire experiment (Fig. 53and Table 4. Strikingly, mice injected with 300mg/kg 

DHCA did not show any clinical symptoms at any time points. DHCA did not have any 

significant effects on the body weight at any dosage used during this experiment (Fig. 53. These 

data suggested that 300mg/kg DHCA might effectively suppress the development of clinical 

symptoms in the MOG-induced mouse EAE model without visible toxicity. 

To analyze the effects of DHCA on IL-17, the mice were euthanized on day 21, 

followed by the isolation of splenocytes from spleens. The splenocytes were subsequently re-

stimulated with 10μg/ml of MOG peptide to activate MOG-specific Th17 cells. Three days later, 

the supernatants were collected to measure the protein levels of IL-17A. The basal level of IL-

17A was undetectable in splenocytes isolated from the naïve group, but mice from the vehicle-

treated group exhibited a high level of the IL-17A protein, as shown in Fig. 54 In the DHCA-

treated groups, the level of IL-17A was reduced in a dose-dependent manner, and 300mg/kg of  

DHCA was able to reduce its level by 60%. These data suggested that DHCA could inhibit the 

production of IL-17A in this model. 

 In this mouse EAE model, resident or infiltrated immune cells, such as microglia and 
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Figure 53. Effect of DHCA on the mouse EAE model.  

C57BL/J mice were immunized with myelin oligodendrocyte glycoprotein35-55 (MOG) in 

the presence of complete Freud’s adjuvant (CFA) (Day 0). Pertussis toxin (PTX) was 

injected at day 0 and 2, respectively. Various concentrations of DHCA were dissolved in 

vehicle (62.5% of PBS and 37.5% of DMSO) and injected to the peritoneal cavity of 

immunized mice. FTY720 was orally introduced as a positive control. The clinical score 

and body weight of the mice were measured once a day. The values are shown as 

mean±SEM. **, p<0.01; vs. EAE/Vehicle mice (Two-way ANOVA) 
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Table 4. Effects of DHCA on the level of clinical indicators in mouse EAE model 

Group N 

Incidence 

(%) 

Day on Onset 

Mean 

Clinical 

Score 

Mean High 

Score 

Naïve 5 0 N.D. 0 0 

Vehicle 6 100 10.66±0.69 1.31±0.40 2.33±0.25 

DHCA 

(mg/kg) 

50 6 83.33 13.17±0.43 0.92±0.37 1.5±0.42 

100 7 71.42 16.67±0.47 * 0.57±0.24 * 1.5±0.27 * 

300 6 0 N.D. ** 0 ** 0 ** 

FTY720 

1mg/kg 

7 0 N.D. 0 0 

The values are presented as mean±SEM. *, p<0.05; **, p<0.01; vs. EAE/Vehicle mice  

N.D., not detectable



- 144 - 

 

CD4+ T cells, produce a large amount of inflammatory mediators in the area of the spinal cord, 

resulting in the destruction of myelin sheath (Hickey, 1991, Hickey, et al., 1991). To analyze the 

effect of DHCA on the infiltration of immune cells, mouse spines were obtained at day 21, and 

the lumbar regions of the spines were subjected to paraffin fixation, followed by H&E staining. 

As shown in Fig. 55 the fixed segments of the spines obtained from vehicle-treated mice 

showed an increased lesion of infiltrated immune cells, but the magnitude of infiltration was 

reduced in DHCA-treated mice.  

To examine the effects of DHCA on inflammatory cytokines, total RNAs were 

prepared from the spinal cords isolated from the thoracic segment of spines. The RNA levels of 

inflammatory genes were measured by RT-qPCR. In the naïve mouse group, the levels of all 

inflammatory genes analyzed in this study were relatively low (Table 5. In vehicle-treated mice, 

however, the RNA levels of TNF-α, IL-1β, MCP-1, IL-6 and iNOS were increased by 4- to 74-

fold, depending on the inflammatory genes, but were reduced in DHCA-treated animals in a 

dose- dependent manner (Table 5. In mice injected with 300mg/kg of DHCA, the levels of these 

inflammatory genes were decreased by 3- to 6.8-fold, depending on the inflammatory proteins. 

These data indicated that DHCA controlled the expression of various inflammatory genes in the 

spinal cord. Notably, the RNA levels of COX-2 changed little in all experimental groups (Table 

5.  

The RORγt-mediated production of IL-17 and GM-CSF has been reported to be 

critically involved in the pathogenesis of EAE (El-Behi, et al., 2011, Komiyama, et al., 2006). 

Similar to the case of inflammatory genes, the expression of IL-17 and GM-CSF was relatively 

low in the naïve mice, but these levels increased in vehicle-treated mice by 6- and 166-fold, 

respectively. The level of each cytokine was reduced in DHCA-treated groups by 3.7- and 13.8-

fold for IL-17 and GM-CSF, respectively (Table 6. 
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Figure 54. Effect of DHCA on the re-stimulated Th17 cells.  

EAE-induced mice were euthanized on day 21 and the splenocytes were isolated from 

spleens. The splenocytes were subsequently re-stimulated with 10μg/ml MOG35-55. 

Three days later, the supernatants were collected to measure the protein levels of IL-

17A. 
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Figure 55. Effect of DHCA on the infiltration of immune cells.  

To analyze the effect of DHCA on the infiltration of immune cells, mouse spines were obtained at day 21, 

and the lumbar regions of the spines were subjected to paraffin fixation, followed by H&E staining. 
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Table 5. Effects of DHCA on the RNA level of inflammatory mediators in the spinal cord 

Group 

Relative mRNA level 

TNF-α IL-1β MCP-1 IL-6 iNOS COX-2 

Naïve 1±0.1 1±0.1 1±0.1 1±0.1 1±0.1 1±0.1 

Vehicle 74±6.1 74.8±2.6 35.3±3.7 15.6±0.3 4.4±0.6 1.6±0.3 

DHCA 

(mg/kg) 

50 62.6±7.1 28.8±3.8 ** 14.3±4.9 ** 2.7±0.1 ** 2.9±0.3 1.4±0 

100 25.5±2.6 ** 33.8±0.4 ** 9.1±0.5 ** 3.5±0.6 ** 3.2±0.5 2.8±0.1 

300 14.8±0.5 ** 15.7±0.5 ** 5.2±0.1 ** 3.3±0.1 ** 1.4±0.1 * 1.9±0.1 

FTY720 (1mg/kg) 4±0.1 ** 4±0.1 ** 1.8±0.1 ** 1.1±0.1 ** 1.5±0.1  * 1.8±0.1 

EAE-induced mice were euthanized on day 21 and the spinal cords prepared. Total RNAs were 

prepared from the thoracic segment of spines followed by the RT-qPCR analysis using a specific 

primer. The RNA level of each gene was normalized with that of GAPDH. The values are 

shown as mean±SD. p<0.05; **, p<0.01; vs. EAE/Vehicle mice (One-way ANOVA) 
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 Table 6. Effects of DHCA on the RNA level of RORγt and RORγt dependent genes in the 

spinal cord 

Group 

Relative mRNA level 

IL-17 GM-CSF RORγt RORα 

Naïve 1±0.1 1±0.1 1±0.1 1±0.1 

Vehicle 6.7±0.6 165.9±18.3 3.6±0.8 0.6±0.2 

DHCA 

(mg/kg) 

50 4.3±0.4 69.6±3.6 ** 1.3±0.1 * 0.7±0.1 

100 1.8±0.1 ** 25.4±0.4 ** 0.9±0.1 ** 0.7±0.1 

300 2.7±0.1 * 12±0.5 ** 0.9±0.1 ** 0.3±0.1 

FTY720 

1mg/kg 

1.5±0.1 ** 1.6±0.5 ** 1.2±0.1 * 0.8±0.1 

Total cDNA used in Table 5was subjected to RT-qPCR using a specific primer to respective 

gene. The values are shown as mean±SD. p<0.05; **, p<0.01; vs. EAE/Vehicle mice (One-way 

ANOVA) 
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Because the RORγt transcription factor has been shown to be regulated at the 

transcriptional level, the RNA level of this protein was also measured. The expression of RORγt 

was increased in EAE-induced mice but reduced to a basal state by DHCA (Table 6. Taken 

together, these data suggested that DHCA produced therapeutic effects in the mouse EAE model, 

most likely through the regulation of MOG-specific Th17 cell production, inhibiting the 

infiltration of immune cells and suppressing the expression of various pro-inflammatory genes 

in the spinal cord. 

 

3. Discussion 

Our data indicated that DHCA could alleviate the severity of clinical symptoms in the 

mouse EAE model, probably by controlling the generation of MOG-specific pathogenic CD4 

Th17 cells, inhibiting the infiltration of immune cells into CNS and suppressing the expression 

of various pro-inflammatory genes in the spinal cord.  

The activation of various types of T helper cells is reported to be involved in the 

development of human MS and mouse EAE (Fletcher, et al., 2010). Specifically, Th17 and Th1 

cells are highly pathogenic, as these cells play crucial role(s) in intensifying the severity of 

diseases through the promotion of the demyelination in a distinctive, but intertwined, manner 

(Domingues, et al., 2010). Th17 cells produce a large amount of IL-17 and GM-CSF, while Th1 

cells express a high level of IFNγ and IL-12. These cytokines subsequently induce excessive 

inflammatory responses in the CNS by the generation of autoreactive lymphocytes and the 

activation of macrophages and dendritic cells, leading to neuronal demyelination and apoptosis 

(El-Behi, et al., 2011, Ferber, et al., 1996, Komiyama, et al., 2006). Because DHCA reduced the 

Th17-mediated inflammatory responses in the spinal cord and suppressed the production of IL-
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17 in cultured CD4 cells, it would be interesting to test whether DHCA could also affect the 

Th1-mediated production of IFNγ and IL-12. 

In the mouse EAE model, the fold-induction of IL-17 RNA in the spinal cord was 

relatively low (6.7-fold) compared with that of other inflammatory genes such as TNF-α (74-

fold), IL-1β (74.8-fold) and GM-CSF (165.9-fold). The magnitude of decrease in the RNA level 

of these genes was also significantly higher than that of IL-17. For example, treatment with 

300mg/kg DHCA reduced the level of GM-CSF by 14-fold, while decreasing the level of IL-17 

by 3.7-fold. Therefore, the effect of DHCA on IL-17 might not be a major cause of DHCA-

mediated suppression of EAE development. In the context of MS (EAE) pathogenesis, the 

expression of IL-17 seems to be quite different from that of TNF-α, IL-1β and GM-CSF (Bauer, 

et al., 1993, Hesske, et al., 2010, Renno, et al., 1995). The expression kinetics of latter cytokines 

is consistent with the increasing clinical score. However, IL-17 expression was significantly 

increased during early time points when the mice did not show any clinical symptoms, but 

subsequently markedly reduced, to nearly basal levels, at the time when the clinical score of 

mice reached a peak (Hofstetter and Forsthuber, 2010, Momcilovic, et al., 2008).  

In our experiments, the effects of DHCA on the RNA level of inflammatory genes in 

the CNS were investigated when the mice exhibited a high level of disease severity. The 

expression of IL-17 might have been reduced during sample collection. Further experiments 

would be necessary to determine the level of IL-17 at early and late time points. 

 Pathogenic Th17 cells produce unusually high levels of not only IL-17 but also GM-

CSF to induce the severity of the EAE model (McGeachy, 2011, Spolski and Leonard, 2009). 

GM-CSF, originally functions as a growth factor for granulocytes and myeloid cells, has 

recently been reported to play a critical role in the progression of EAE by the induction of the 

pathological properties of Th17 cells. This cytokine also induces the recruitment and infiltration 
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of a large number of immune cells to local inflammation sites, subsequently resulting in the 

undesirable immune responses and eventually leading to the impairment of CNS (McGeachy, 

2011). 

 Data from RT-qPCR assays indicated that the RNA levels of GM-CSF were increased 

by 160-fold in EAE-induced mice, consistent with previous reports, and that treatment with 

DHCA reduced these levels by 14-fold. Because DHCA also decreased the infiltration of 

immune cells into the spinal cord and down-regulated the expression of various inflammatory 

genes, it is possible that DHCA might regulate the Th17-mediated expression of GM-CSF to 

control pro-inflammatory responses and consequently the clinical severity of EAE. 

 The production of GM-CSF is regulated mainly at the transcription level (Codarri, et 

al., 2011). The key transcription factors involved in the regulation of GM-CSF gene expression 

include NF-κB, AP-1, NFAT and STAT5 (Gilmour, et al., 2007, Kimura, et al., 2009, Thomas, et 

al., 1997). In Th17 cells, the production of GM-CSF was dependent on the expression of RORγt 

(Codarri, et al., 2011). Because DHCA inhibits the differentiation of Th17 cells by controlling 

the expression of RORα and RORγt, DHCA might also reduce the Th17-mediated production of 

GM-CSF in a RORγt-dependent manner. 

 Our data suggested that 300mg/kg of DHCA could effectively prevent the development 

and progression of EAE model by controlling a wide range of inflammatory responses mediated 

by macrophages and Th17 cells. Thus, DHCA might have potential as an efficient therapeutic 

targeting MS. Because a variety of chronic diseases result from the induction of excessive 

inflammatory responses, it would be worthwhile to test whether DHCA might also produce 

therapeutic benefits in other inflammatory disease models such as inflammatory bowel disease, 

psoriasis and systemic lupus erythematosus. 
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DHCA, a chemical compound belonging to the lignan family, has previously been 

isolated from the stem of Cucurbita moschata. DHCA is found in several types of plants, but its 

biological activities and underlying molecular mechanisms remain largely unknown. My 

predecessor had made initial observations using NIH 3T3-L1 cells that DHCA might contain 

anti-adipogenic activities, but the underlying mechanisms remain unknown. During my thesis 

work, I characterized the detailed molecular mechanisms underlying the anti-adipogenic 

activities of DHCA, and also analyzed the anti-inflammatory and anti-oxidative stress activities 

of this lignan molecule (Fig. 56) 

In primary MEFs, DHCA significantly reduced the expression of several adipocyte 

marker genes, including PPARγ, C/EBPα and SREBP1c, and decreased lipid accumulation 

without affecting cell viability. DHCA also suppressed the mitotic clonal expansion of 

preadipocytes (an early event of adipogenesis), through the suppression of the DNA binding 

activity of C/EBPβ. Although it is not clear how DHCA affects the phosphorylation of C/EBPβ, 

it is clear that C/EBPβ is a key target molecule of DHCA for anti-adipogenic activity in primary 

MEFs. Interestingly, DHCA inhibited the conversion of the dual-phosphorylated form of 

C/EBPβ to the mono-phosphorylated form, but not the transition of mono-phosphorylated 

C/EBPβ to the naïve condition, indicating that DHCA might specifically control the upstream 

signaling kinase involved in the second phosphorylation of C/EBPβ. 

 Data from preliminary microarray assays have suggested that the expression of a 

variety of inflammatory and anti-oxidative stress genes might be influenced by DHCA. 

Therefore, the effects of DHCA were subsequently investigated in Raw264.7 cells and primary 

BMDMs stimulated with LPS. DHCA broadly controls LPS-induced inflammatory responses. 

Data from a variety of in vitro cell culture experiments have indicated that DHCA inhibits the 

LPS-induced production of inflammatory mediators, such as TNF-α, IL-1β, IL-6, MCP-1, iNOS, 
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COX-2 and ROS, through the specific inhibition of IKKα/β signaling kinase activity, and the 

subsequent decrease in NF-κB DNA binding activity. DHCA also reduced the palmitate-

mediated secretion of IL-1β by lowering the production of ROS, resulting in the suppression of 

the activity of inflammasomes. Additionally, DHCA down-regulated the expression of RORα 

and RORγt at the RNA level and suppressed the production of IL-17, which probably occurs by 

inhibiting the activity of NF-κB. Collectively, these data suggested that DHCA could suppress 

the activity of IKKα/β and NF-κB, but not that of MAPKs and AP-1, indicating that this lignan 

compound might target specific protein(s) involved in the IKK signaling cascade.  

DHCA could also induce the expression of several anti-oxidative genes, such as HO-1, 

at the transcription level through the ARE sequences present in E1 enhancer region of the HO-1 

promoter. DHCA could induce the nuclear translocation and DNA binding activity of Nrf2 

through the CK2 signaling pathway, rather than the PI3K/Akt pathway. For the translocation 

and DNA binding activity of Nrf2, transactivation (Neh4 and Neh5) domains of Nrf2 protein 

need to be phosphorylated by upstream kinases such as CK2. Although the detailed molecular 

mechanism of how DHCA affects the activity of CK2 remains unclear, these data suggested that 

DHCA might induce the activity of Nrf2 by the regulation of the CK2-mediated 

phosphorylation of Neh4 and Neh5 domains.  

These data indicated that DHCA might be useful for the treatment of a variety of 

inflammatory diseases. Among many inflammatory disease models, I first tested whether DHCA 

could produce beneficial effects in the mouse EAE model. Our data indicated that DHCA 

ameliorates the severity of EAE or completely suppresses diseases development or progression 

by controlling the inflammatory responses induced in the CNS.  

In summary, DHCA possesses anti-adipogenic, anti-inflammatory and anti-oxidative 

stress activities by controlling several transcription factors. This lignan molecule also  
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Figure 56. Schematic diagram of hypothetical mechanism(s) of DHCA. 

A wide range of proteins are involved in the regulation of various cellular responses such as 

inflammation, adipogenesis, cellular proliferation and survival. The effects of DHCA seem to be 

pleiotropic, however, the precise target molecule of this lignan molecule remained to be 

elucidated.   
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suppressed the differentiation of Th17 cell and improved the clinical outcome in a mouse EAE 

model. Thus, DHCA represents a potential candidate for the development of an effective 

therapeutic for human multiple sclerosis. 

Considering its therapeutic potential, further experiments aimed at identifying the exact 

molecular target of DHCA are warranted. A schematic diagram of the signaling pathways 

studied in this thesis work is shown in Fig. 56. The effects of DHCA appear to be pleiotropic, as 

this lignan molecule affects multiple transcription factors and signaling proteins. Among the 

upstream signaling molecules, AMPK and GSK3β might be potential targets of DHCA as an 

AMPK activator and GSK3β inhibitor, respectively, have been shown to exert similar biological 

activities. For example, 5-aminoimidazole-4-carboxamide-1- β-D-ribofuranoside (AICAR) 

inhibits the differentiation of adipocytes by down-regulating the expression of PPARγ and 

C/EBPα (Dagon, et al., 2006, Lee, et al., 2011), suppresses the production of LPS-induced 

inflammatory cytokines through various mechanisms (Sag, et al., 2008) and induces the 

expression of HO-1 in a Nrf2-dependent manner (Liu, et al., 2011). In addition, AMPK 

activation reduces the differentiation of Th17 cells and improves the clinical symptoms of 

several inflammatory disease models such as EAE (Bai, et al., 2010, Bai, et al., 2010). The 

effects of AICAR are similar to those of DHCA. Moreover, preliminary data indicated that 

DHCA could upregulate the activated form of AMPK protein. The DHCA-mediated expression 

of HO-1 was also reduced in the presence of Compound C, an AMPK specific inhibitor. 

Therefore, AMPK might be a potential target of DHCA.  

A specific inhibitor of GSK3β has also been shown to inhibit adipocyte differentiation 

(Zaragosi, et al., 2008), attenuate the LPS-induced production of inflammatory cytokines (Ko, et 

al., 2010) and upregulate the expression of HO-1 (Jain and Jaiswal, 2007). Moreover, the 

inhibition of GSK3β also suppresses the differentiation of Th17 cells, thereby promoting 
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clinical improvements in a mouse EAE model (De Sarno, et al., 2008). In summary, it is 

worthwhile to investigate whether AMPK or GSK3β is a target molecule of DHCA (Fig. 56. 

DHCA affects various cellular molecules; the IC50 values determined in this study are 

summarized in Table 7. Among many molecules, DHCA produced the lowest IC50 value for IL-

17 (1.7μM) in primary CD4 T cells. Th17 cells have been shown to be critically involved in the 

pathogenesis of various inflammatory diseases, such as inflammatory bowel disease, psoriasis 

and rheumatoid arthritis. Therefore, DHCA displays potential to yield therapeutic effects in the 

treatment of other inflammatory diseases.  

Because cytokines produced by pathogenic Th17 cells, such as IL-17 and GM-CSF, 

play an important role in the development of diverse autoimmune disorders, these proteins are 

attractive therapeutic targets (Jones, et al., 2012). Various attempts have been made to develop 

small molecules or antibodies to inhibit the differentiation or activity of Th17 cells. Recently, a 

specific antibody against IL-17 has been shown to reduce the severity of psoriasis in human 

phase II clinical trials (Leonardi, et al., 2012). Various research groups have reported the 

discovery of small molecules that control the production of IL-17 or inhibit the activity of 

RORγt. DHCA controls the differentiation of Th17 cells and the production of both IL-17 and 

GM-CSF; therefore, this lignan molecule has potential regarding therapeutics targeting a wide 

range of inflammatory diseases, such as multiple sclerosis, inflammatory bowel disease and 

psoriasis.  

Due to its relatively low molecular weight, DHCA also has potential to show beneficial 

effects in the brain. The production of inflammatory mediators, such as ROS and NO, from the 

astrocytes and microglia of the CNS is one of the major causes of various neurodegenerative 

diseases such as Alzheimer’s disease and Parkinson’s disease. However, the development of 

efficient therapeutics targeting these disorders is difficult because agents with large sizes (more  
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Table 7. List of estimated IC50 values determined in this thesis work. 

Target molecule Cell type Estimated IC50 (μM) 

Lipid Mouse embryonic fibroblast 35.6 

Leptin Differentiated mouse embryonic fibroblast 46.3 

Resistin Differentiated mouse embryonic fibroblast 37.5 

Lipocalin 2 Differentiated mouse embryonic fibroblast 34.5 

TNF-α Raw264.7 37.3 

MCP-1 Raw264.7 12.7 

IL-1β Raw264.7 11.8 

IL-6 Raw264.7 19.3 

Inflammasome (IL-1β) Raw264.7 2.8 

ROS Raw264.7 14.7 

NO Raw264.7 13.4 

PGE2 Raw264.7 7.6 

MCP-1 Bone marrow derived macrophage 22.3 

IL-6 Bone marrow derived macrophage 54.4 

Inflammasome (IL-1β) Bone marrow derived macrophage 21.3 

IL-17 CD4 T cell 1.7 
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than 400 Daltons) cannot cross the blood-brain barrier unless they have unique structures. 

Because DHCA has a molecular weight of 358 Daltons, it might cross blood-brain barrier, and 

control inflammatory responses in the CNS. Thus, it would be meaningful to test the effects of 

DHCA in animal models of neurodegenerative diseases. 

In conclusion, our data suggested that DHCA controls a wide range of biological 

activities in vitro and could suppress the development and progression of MS in the mouse EAE 

model. Given the therapeutic potential of DHCA as well as its interesting biological activities, 

further studies are warranted, such as those for the pinpointing of the target molecules, the 

pharmacokinetic or pharmacodynamic studies and tests of other disease models. 
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문  

 Dehydrodiconiferyl alcohol(DHCA)는 Cucurbita moschata(애 )  

열수 물 ( 드  PG105)  리한 리그난 계열  단  합물 ( 량 

358) 다. 본 연 에 는 DHCA  하여 그것  보 는 항비만, 항염 , 항산  

그리고 Th17  억  과  각각  다  primary in vitro 시스 에  하고, 

그것  포생물학   해하 ,  나아가 DHCA 가 다  경  

동물  마우스 EAE 질  에  치료 과  보 는지 사하 다.  

  연 에  3T3-L1 포 양 시스  도 하여 PG105    

에 하나가 DHCA  나, DHCA  항비만 과에 한 체  

 진 가 없다.  해 primary mouse embryonic fibroblast (MEF)에 

insulin, iBMX, dexamethasone 합물  처리하여 지 포   도하고, 

동시에 DHCA  처리하여  리그난 합물  지 포 에 어  향  

미치는지 사하 다. 그 결과, DHCA 는 지 포   억 하여 지질  

 해하 고, PPARγ, C/EBPα 그리고 SREBP-1c  같  지 포 특  

  감 시 다. 또한, 지 포    단계에 는 CyclinA  

Cdk2   가하여 포 열  하게 어나는 , DHCA 는 들  

단 질 수  감 시 고, 특 ,  포 열  도하는  핵심  하는 

C/EBPβ 사  단계  산  억 하여 그것  DNA binding activity  

하 다. 

 지 포는 염  도하는 많   비  단 질  생산하는 , 

DHCA 가 들  생산에 어  향  미치는지 가  사하 다. 그 결과 

DHCA 는 과 에  생산 는 leptin, resistin 그리고 lipocalin 2  생산  RNA 

수 에  억 하 고, 또한 한 지 포에 DHCA  처리하여 비  단 질  



- 183 - 

 

생산  사한 결과, DHCA 는 한 지 포가 생산하는 leptin, resistin 그리고 

lipocalin 2  생산 역시 RNA 수 에  하는 것  었다.  

 DHCA 가 보 는 과  커니  연 하고  microarray 실험  

진행하 고, 그 결과 DHCA 처리에 해  염   항산   

 각각 가하거나 감 하는 경향  나타내었다. 에  DHCA 가 염  

매개체  생산에 미치는 향과 그  Raw264.7 식 포주  BMDM  

하여 연 하 다. DHCA 는 LPS 처리에 해 가하는 TNF-α, IL-1β, IL-6 그리고 

MCP-1 과 같  염  사 카   RNA 수 에  하 다. 또한 

DHCA 는 NO  PGE2  생산  억 하 고, 들 각각  에 핵심  

하는 iNOS  COX-2   수  RNA 단계에  하 다. 가 , 

DHCA 는 산  스트 스  하는 ROS  생산  감 시 다.  

 DHCA  항염    사하  해  염  

사  NF-κB  AP-1   사한 결과 DHCA 는 AP-1  아닌 NF-κB 

사   특  해하 고, 그 상  신  단 질  IKKα/β  

에 향  주었  MAPK 신 에는 큰 향  주지 않았다. DHCA 는 

inflammasome  도 하 는 , LPS  palmitate  동시에 처리함  

가하는 ROS  감 시  inflammasome  원  caspase-1   

하 다.  

 가 , DHCA 가 Th17 포  에는 어  향  미치는지 

가  사하 다. C57BL/6 마우스  비 에  순수하게 리한 naive CD4+ T 

포에 TGF-β  IL-6 극   후 DHCA  처리하여 IL-17  단 질 

량  한 결과 DHCA 에 해 IL-17  생산  도  

감 하  알 수 었다. DHCA 는 IL-17  생산  사 수 에  하 고, 
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IL-17 생산에 결  하는 RORα  RORγt   역시 RNA 수 에  

억 하 다.  

 DHCA 는 강 한 항산   HO-1   가시 다. Raw264.7 

식 포주  primary BMDM 에  DHCA 는 HO-1   단 질과 RNA 

수 에  하 고, HO-1  프   가시 다. 특   과 에  

DHCA 는 Nrf2 사  핵 동과 그것  DNA binding activity  진하여 HO-

1  프   진시 다. DHCA 가 향  주는 Nrf2  상  신  

단 질  사한 결과 CK2 에 한 특  해  처리하   DHCA 에 

한 HO-1   Nrf2 핵 동  감 하 다.  DHCA 는 Nrf2 사  

그 상  신  단 질  CK2   하여 HO-1   가시킨 

것  생각 다.  

   통해 DHCA 가 뛰어난 항염  과  항산  과가  

하 다.   DHCA 가 염 과 산  스트 스가 하게 

여하는 염  질 에는 어  향  미치는지 사하 다.  염  

질  다  경 에 한 마우스 EAE 에 DHCA  주 한 결과, DHCA 가 

EAE  병과 심  도  감 시 고, 특  300mg/kg 에 는 

병 체가 도 지 않았다. 특 , DHCA 는 척수  는 역 포  

억 하 고, 척수에  생산 는 다양한  염    해하 다. 

  결 , DHCA 는 in vitro 수 에  항비만, 항염 , 항산 , Th17 포 

 억  등  다양한  가지고 고, 각각    핵심  

사  상  신  단 질   함  가능한 것  었다. 

또한 마우스 EAE 에  치료 과  나타내었다. DHCA 는  같  염  

질 에 한 치료  재   문에 한 타겟 물질 , 약동 학 
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연  그리고 다  동물 질병 에 한 스트  같  연  통해 우수한 

치료  개  수  것 다.  

 

심어 : Dehydrodiconiferyl alcohol, adipogenesis, inflammation, oxidative stress, C/EBPβ, 

NF-κB, Nrf2, RORγt, EAE model 

 

학  : 2010-23120 
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