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Abstract 

Supplementation of diet with functional components is an effective way to manage obesity 

and overweight. Therefore, this study aims to characterize the anti-obesity properties of Okinawan 

folk medicine and attempt the enhancement of their bioactivities. 

The first experiment examined the anti-obesity mechanisms of dihydropyranocoumarins 

(DPCs). In the previous studies, DPCs were isolated from an Okinawan traditional herb, 

Peucedanum japonicum Thunb. (PJT), as anti-obesity compounds with cultured adipocytes. 

However, it is not known whether DPCs exert anti-obesity activity in vivo. I also assessed the 

effect of nanoparticulation of DPCs into polylactic-co-glycolic acid (PLGA) on their 

bioavailability and functionality. Dietary intake of DPCs significantly suppressed the body weight 

gain and fat accumulation in white adipose tissues (WAT) of mice fed a high-fat diet. DPCs intake 

also significantly decreased the mean size of adipocytes and upregulated mRNA levels of 

thermogenesis-related genes in WAT. Similar results were observed in mice received a small 

amount of DPCs (1% equivalence of regular dose) when encapsulating in PLGA nanoparticles, 

but not non-nanoparticulated form. These results suggested that DPCs’ anti-obesity properties are 

caused by an increase in energy expenditures, and that a PLGA-based nanoparticulate system is a 

powerful tool to enhance their activities.  

Next, I focused on anti-obesity properties of Cirsium brevicaule A. GRAY (CBAG), whose 

aerial parts and root are traditionally used as both food and herbal medicine in Okinawa. Our 

previous study demonstrated the anti-obesity properties of CBAG leaves, but not evaluated the 

biological activities of CBAG root (CbR). This study therefore evaluated and characterized the 

anti-obesity properties of CbR by testing its activities in adipocyte cultures. Dried CbR powder 

was serially extracted with solvents of various polarities, and these crude extracts were tested for 



xv 
 

inhibitory effects on lipid accumulation in 3T3–L1 cells.  Treatment of 3T3–L1 cells with a 

methanol extract of CbR reduced cellular lipid accumulation the most. The methanol extract was 

then fractionated, and these fractions were subjected to further activity analyses. The 

phenylpropanoid glycosidic molecule syringin (PubChem ID: 5316860) was identified as an active 

compound in CbR. Syringin suppressed lipid accumulation of 3T3–L1 cells in a dose-dependent 

manner without cytotoxicity. This compound also significantly reduced the gene expressions of 

the master regulator of adipogenesis and other differentiation markers, and effectively enhanced 

the phosphorylation of the AMP-activated protein kinase and acetyl-CoA carboxylase. These 

results indicated that syringin has potent anti-obesity effects due to the attenuation of adipocyte 

differentiation, adipogenesis, and the promotion of lipid metabolism.  

In conclusion, the results of present studies provide insight into the anti-obesity characteristics 

of DPCs and syringin, suggesting the great potential of PJT and CBAG as functional foods against 

obesity. In addition, this study pointed to the great potential for a PLGA-based nanoparticle 

encapsulation of bioactive compounds such as DPC in the oral delivery of anti-obesity agents. 
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沖縄県の伝統的な生物資源に含まれる抗肥満活性成分に関す

る研究－化学構造とその活性増強法― 

 

肥満等の生活習慣病の予防や改善において、食事による機能性成分摂取は有効な

手段となる。従って、本研究は沖縄県で伝統的に野菜／薬草として利用されている生物

資源の抗肥満活性とその活性発現機序を明らかにすると同時に、その活性増強に資する

技術を開発することを目的とした。 

これまでの研究では、沖縄県の伝統的な食資源であるボタンボウフウ

（Peucedanum japonicum Thunb、PJT）に含まれるジヒドロピラノクマリン（DPC）化合

物が抗肥満活性を有することを、培養脂肪細胞を用いた評価系により明らかにしてい

る。本研究では、動物試験にてPJTより単離したDPC化合物の抗肥満活性を評価すると

共に、その作用機序を明らかにすることで、長命草の機能性食素材としての可能性を探

った。また、その生体内利用率を向上させるために、DPC化合物をポリ乳酸-グリコー

ル酸共重合体（PLGA）でナノ粒子技術の有効性を検証した。その結果として、高脂肪

食摂取マウス（C57BL/6J）の体重増加量と白色脂肪組織（WAT）重量は、DPC化合物

の混餌投与（1.94 mg/day）によって有意に抑制されることが明らかとなった。更には、

DPC化合物投与群のWATの脂肪細胞サイズは有意に減少し、それらの熱産生関連遺伝

子のmRNAレベルは有意に亢進していたことから、DPC化合物が脂肪細胞の熱産生亢進

を介した抗肥満効果をもたらす機能性食成分であることが示唆された。また、PLGAナ

ノ粒子化DPC化合物は、その投与量が少量（混餌投与の100分の1量）であるにも関わら
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ず、上記混餌投与と同様の抗肥満活性を示したことから、PLGAを基盤としたナノ粒子

化システムはDPC化合物の生物活性を増強するために有効な技術であることが示唆され

た。 

次に本研究では、沖縄に広く自生するシマアザミ（Cirsium brevicaule A. GRAY、

CBAG) の生物活性に着目した。これまでの研究では、CBAGの葉の抗肥満作用は確認

されていたが、根（CbR）の生物活性は評価されていない。CbR乾燥粉末から得た種々

の粗抽出物が3T3–L1細胞の脂肪蓄積に与える影響を評価したところ、メタノール抽出

物が最も高い抑制活性を示したことから、更なる分画作業を繰り返して活性成分の単離

と同定を試みた。その結果として、フェニルプロパノイド配糖体である「シリンギン

（PubChem ID: 5316860）」が活性本体であることが明らかとなった。同化合物は、

3T3–L1細胞における脂質合成のマスターレギュレーター遺伝子や分化マーカー遺伝子

の発現を有意に低下させることが明らかとなり、更にはAMPKやアセチル-CoAカルボ

キシラーゼのリン酸化を有意に亢進することが明らかとなった。従って、シリンギンは

脂肪細胞の分化や脂質代謝の抑制を介して抗肥満効果をもたらす機能性成分であること

が示唆された。 

本研究により、沖縄県の伝統的な生物資源である PJTと CBAGが抗肥満効果をもたらす

機能性食素材であることが明らかとなり、それらの活性寄与成分も明らかとなった。更

には、PLGA を基盤としたナノ粒子化が抗肥満剤の開発に有用であることが明らかとな

った。 
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Outline of the studies 

1. The effects of nanoparticulation on anti-obesity activities of dihydropyranocoumarins (DPCs), 

which are derivated from Peucedanum japonicum Thunb (PJT) was investigated in mice. Gene 

expression analyses were given special attention to reveal the underlying mechanisms related 

to DPCs (Chapter II).  

 

2. The effects of Cirsium brevicaule A. GRAY root (CbR) on the development of obesity were 

investigated in vitro using 3T3–L1 cells. To identify the active compound, I examined anti-

obesity activities in various extracts of CbR, and fractioned and subjected to further activity 

analyses (Chapter III). 

 

3. The effects of syringin, which was isolated as an active compound from CbR in Chapter III, and 

its mechanisms were examined (Chapter IV). The main focus of this study was to elucidate the 

compound responsible for inhibiting adipogenesis, and to examine the activity against anti-

obesity in vitro. 
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CHAPTER I 

General Introduction 
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1.1. Introduction 

1.1.1. The global perspective on obesity epidemic  

Obesity is characterized by excess body fat storage due to a long-term high caloric intake 

and less energy expenditure. Obesity is frequently accompanied by serious threats to health such 

as cardiovascular disease, type 2 diabetes, sleep apnea, cancer, and hypertension. In the last few 

decades, the dietary behavior and lifestyle of the world population have undergone significant 

changes. This change directly impacts on human health as a result of global disease pattern 

transition, with fewer infectious diseases and more chronic diseases [1]. 

Obesity is most often defined according to Body Mass Index (BMI) and is calculated as 

weight in kilograms divided by height in meters squared (kg/m2). Following current 

recommendations, overweight is defined as a BMI ≥ 25 and obesity as a BMI ≥ 30 [2]. According 

to National Health and Nutrition Examination Survey (NHANES), from 2009 to 2010, the mean 

age-adjusted BMI for 20-year-old Americans was 28.7. More than 1.9 billion adults worldwide 

are overweight, with over 650 million of them being obese. Notably, a significant increase in obese 

children under 5-year-old reached 39 million in 2020 [3] (Figure 1–1). This is an alarmingly high 

number considering the potentially severe consequences.  

Twin adoption studies found that adopted children had body sizes more similar to their 

biological parents than their adopted parents, and suggested that familial aggregation of obesity 

was primarily due to genetics rather than environmental factors [4,5]. Meanwhile, there is evidence 

that the environment and the complex interplay between environment and genes play significant 

roles in developing obesity [6,7], although genetic factors are important. Nowadays, the 

environment has been obesogenic due to access easily to foods high in saturated fat and refined 
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sugar, and also due to our comfortable lives with heated houses, easy transport by car, video games, 

and television. Several studies have also found that industrial chemicals and pesticides are 

persistent organic pollutants (POPs), such as e.g. polychlorinated bisphenyls (PCBs) which 

accumulate in human adipose tissues [8,9]. It has been shown that POPs affect hepatic, 

reproductive, and immune systems, and also relate to metabolic syndrome, including type 2 

diabetes, insulin resistance, dyslipidemia, and obesity [10,11].  

 

 

Figure 1–1 worldwide prevalence of obesity.  

Prevalence of obesity (BMI ≥30kg/m²) varies countries to countries (Organization for Economic 

Cooperation and Development (OECD), 2017; percentage of adults with obesity from measured 

data). In 2015, across OECD countries, the mean prevalence of obesity in adults was 19.5% (dotted 

line) and ranged from 30% in the United States. Adapted with permission from ref.40, the OECD 

[12]. 
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1.1.2. Prevalence of obesity and occurrence in Japan  

As shown above, The WHO has defined a BMI ≥ 25 as overweight and a BMI ≥ 30 as 

obesity. Meanwhile, the Japan Society on Obesity Study has benchmarked 25 as the obese limit of 

BMI [13] because  humans with BMI ≥ 25 have more visceral fat and are at increased risk of type 

2 diabetes and cardiovascular diseases. According to a survey conducted by the Japan Ministry of 

Health, Labor and Welfare, male obesity has been upward in between 2013 to 2019 analyzed by 

(www.nippon.com/en/japan-data/h00853/) (Figure 1–2). Nevertheless, it has been revealed that 

30% of men and 40% of women are unable to change their food habits and lifestyle due to 

maintaining their job responsibilities, housework, and childcare. 

  

 

   

Figure 1-2 Obesity growth rate from 2013 to 2019 in Japan  
Data from the Ministry of Health, Labor and welfare. (www.nippon.com/en/japan-

data/h00853/) 

http://www.nippon.com/en/japan-data/h00853/
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A survey in 2010 showed that obesity risk was higher in 40-year-old adults and over, and  

similar trends have been observed in recent studies [14]. Furthermore, it also revealed that Okinawa 

was ranked as No. 1 for the highest prevalence of obesity amongst the 47 prefectures in Japan in 

2010 (Figure 1–3). The second highest prevalence was observed in Miyazaki, and the least were 

in Tottori, Shiga, Fukui, and Yamaguchi [15]. The following figure illustrates the selected highest 

and lowest prevalence of obesity in prefectures in Japan. 

 

Figure 1–3 Highest and lowest obese adult male population prevalence regions in Japan 

Source: Ministry of Health, Labor and Welfare; 2010 
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1.1.3. In vitro cell culture models and transcriptional regulation of adipogenesis  

General adipocytes and cephalic adipocytes are differentiated from mesoderm-derived 

mesenchymal stem cells (MSCs), and neuroectodermal-derived neural crest cells, respectively [16]. 

Adipogenesis could be divided into two phases: a determination phase and a differentiation phase 

has shown below.  

Determination phase: The MSCs lose their pluripotency and become committed adipocyte 

progenitors, preadipocytes, determined to the adipogenic fate. These 

preadipocytes subsequently undergo adipocyte differentiation when 

receiving appropriate signals.  

Differentiation phase: Adipogenesis is exceedingly coordinated cellular differentiation process. 

In this process, fibroblastic progenitors are transformed into spherical fat-

loaded adipocytes, which acquire the abilities carrying out fatty acid 

uptake, triglyceride synthesis and transport, adipokine secretion.  

Nowadays, adipogenesis is understood in a detailed manner, with new modulators being 

discovered continually. The broad literature studies on adipogenesis have been conducted mainly 

using in vitro cell culture models and genetically modified animals. Many in vitro models have 

been established for studying adipocyte differentiation. Among them, more frequently used are 

mouse cell lines 3T3–L1 pre-adipocytes and 3T3–F442 for white adipocytes [17-19], and 

hibernoma cell line HIB-1B for brown adipocytes [20]. Of available human models, the Simpson 

Golabi Behmel syndrome (SGBS) cell line [21] and the human multipotent adipose-derived stem 

(hMADS) cell line are to be mentioned. The hMADS cell line has been published as a model of 

both white and brite adipocyte differentiation depending on the length of treatment with ligands of 

the transcription factor PPARγ [22,23]. As shown in figure 1–6, to induce the differentiation of 
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3T3–L1 preadipocyte into white adipocytes, they are stimulated with a hormonal mixture of insulin 

(INS), the synthetic glucocorticoid dexamethasone (DEX), and a cAMP elevating agent like 3-

isobutyl-1methylxanthine (IBMX) in fetal bovine serum (FBS). This stimulus initiates a cascade 

of events modulating a temporal program of transcription and cell morphology. Following to 

induction, the cells re-enter the cell cycle undergoing at least two rounds of mitosis. This process 

is called clonal expansion. During this activation phase, specific adipogenic transcription factors 

emerge. Some of the initial transcription factors induced are C/EBPβ and C/EBPδ. Most of the 

modulating activities in the cell differentiation phase are converging to induce the nodal 

transcription factors, PPARγ and C/EBPα. The expression of these two key factors is characterized 

by a second permanent withdrawal from the cell cycle, followed by the gradual acquisition of a 

mature adipocyte phenotype (Figure 1–6) [24]. Numerous literatures from both in vivo and in vitro 

studies on adipose biology have been demonstrated that PPARγ and the C/EBP family are 

primordial transcription factors that control adipogenesis. In the differentiation process, C/EBPβ 

and C/EBPδ are induced early, and they play a pivotal role in the induction of PPARγ, which is 

the superior transcription factor in adipogenesis. C/EBPα is subsequently induced by PPARγ, 

forming a feed-forward loop between them, and maintaining and establishing the mature adipocyte 

by transactivating a group of genes important for adipocyte function.  

In general, in vitro cell lines associated with adipogenesis are good models that 

synchronously and faithfully reproduce most of the features of in vivo differentiation, therefore at 

the same time allowing for the controllable situation. However, there are some limitations. 

Immortalized cells become out of their natural microenvironment. The close interconnection with 

the vasculature and adipose stromal cells is lost, and paracrine signals from neighboring cells in 

the tissue and endocrine and neural signals from important metabolic organs. 
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Figure 1–4 Induction of adipogenesis by a cascade of transcription factors  

Exposure to a cocktail of adipogenic inducers comprised of insulin, glucocorticoids, agents that 
elevate cAMP (isobutylmethylxanthine), and fetal bovine serum activates the expression of several 
transcription factors converging on PPARγ in preadipocyte. PPARγ induces C/EBPα expression, 

and these transcription factors dominate terminal adipogenesis. This illustration is referred from  
[25]. 
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1.1.4. Causes for obesity 

Energy imbalance in the body is a pivotal cause of obesity and overweight. If the energy 

intake exceeds the energy expenditure, it will cause excess body fat to be stored. Fat-enriched food 

containing saturated fatty acids, which may affect body weight by controlling satiety and metabolic 

efficiency and modulating insulin secretion and action [26]. On the other hand, there are a wide 

range of factors that influence obesity, such as an inattentive life style and a busy social 

environment [27]. People who live a physically inactive life watch TV for hours, sit in front of a 

computer, or even rely on a car instead of walking. This kind of lifestyle results in less calories 

being consumed and retain more energy in the body. In addition, genes, family history, health 

condition, sleep, and certain medicines used to treat depression have also been known to contribute 

to obesity [28-30]. 

 

1.1.5. Treatments for obesity 

According to the National Institute of Health, USA, a weight loss between 5–10% of initial 

body weight has been recommended from baseline as the threshold. With success, further weight 

loss can be attempted [31]. There are many different types of obesity medications available [32]. 

One of them is orlistat, which inhibits lipase from pancreas, thereby reducing the absorption of fat 

in the intestines [33,34] and the other is sibutramine, an appetite suppressant [35]. However, both 

medicines have side-effects, such as increased blood pressure, constipation, dry mouth, headache, 

and insomnia [34,36,37]. Studies in various anti-obesity medications have focused on high 

withdrawal rates. 

The attempts to treat general overweight and obesity are often close to feckless. The pillar 

in treating obesity remains lifestyle modification to reduce caloric intake and increase energy 
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expenditure via exercise. However, it is difficult for most people to change their lifestyles and 

achieve long-term compliance. 

Natural resources are a central theme of research at the interface of chemistry and biology. 

Natural products have low side effects on toxicities and therapeutic consequences compared to 

synthetic drugs. To treat obesity and its continuation, it is necessary to keep researching for new 

treatments. In this context, the possibilities of treating obesity with natural products have been 

focused, and considered to be an excellent alternative strategy. 

 

1.1.6. Physiological roles of adipose tissue during obesity 

Adipose tissue is a complex organ that regulates energy homeostasis typically in the body; 

however, excessive accumulation of fat in them is considered as obesity [38,39]. Furthermore, the 

adipose tissue functions as an endocrine organ, secreting a variety of factors, such as free fatty 

acids (FFA), leptin, adiponectin, tumor necrosis factor-α (TNF-α), and interleukin (IL)-6, which 

ultimately affect the metabolic homeostasis. In this manner, adipocytes had been used as a study 

model since the 1970s because of  their authentic key features compared to other cell lines [18]. 

Whereas various studies focused on the adipogenesis by developing white adipose tissue (WAT) 

[40-42], recent studies have also focused on the brown adipose tissue (BAT), which physiological 

role is the opposite to that of WAT [43,44]. Thus, the studies are focusing on adipose tissues, at 

least in mice, are considered to provide beneficial information on adiposity, insulin resistance, and 

hyperlipidemia [45-47].   
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1.1.7. Anti-obesogenic effects of plant products and their mechanism of action 

The literatures have proven that upregulation or downregulation of hundreds of 

transcriptional factors, hormones, and enzymes can cause obesity [32]. In the management of 

obesity, various phytochemicals/plant products contribute to beneficial effects through their 

diverse actions [32]. Their mechanism of action is following may include of their mechanism of 

action. 

a. Increase in energy expenditure: WAT stores energy in the form of lipids; on the other hand, 

BAT converts the stored lipids to energy as heat (thermogenesis). Uncoupling proteins (UCPs) 

are central activator of thermogenesis, and induction of UCP expression by natural anti-

obesogenic phytochemicals is considered to be one of the potential routes for obesity resolution 

[48,49]. 

b. Control in adipocyte differentiation: Adipose tissues control energy balance and lipid 

homeostasis. Adipose tissue has two primary conditions: hyperplasia (increased cell number) 

and hypertrophy (increased cell size). Adipocytes store triglycerides (TG) and release them 

when needed in response to energy demands. Inhibiting the function of the major adipogenic 

factors, such as PPARγ, C/EBP, and SREBP families may be necessary for developing anti-

obesity therapies [48,50]. 

c. Inhibition of pancreatic lipase activity: Pancreatic lipase is the most crucial enzyme that 

hydrolyzes TG into monoglycerides and fatty acids. This enzyme hydrolyzes 50–70 % of total 

dietary fat intake [51], and the inhibition of this enzyme is one of the approaches against obesity. 

Therefore, lipase inhibition has been extensively studied to evaluate the potential of natural 

products to inhibit dietary fat absorption [52-54]. 
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d. Appetite suppressants: The state of satiety is regulated by various neurological and 

hormonal signals in the human body. Nervous system signaling peptides such as histamine and 

dopamine are correlated with the state of satiety. To inhibit weight gain, plant products that 

activate the sympathetic nervous system and enhance adrenaline levels can effectively improve 

the feeling satiety [55,56]. 

e. Regulation of lipid metabolism: Modulating the expression of transcriptional factors and 

enzymes, which are involved in lipid metabolism (lipogenesis and lipolysis) can be achieved 

by plant products [57]. For example, activation of the β-adrenergic receptor causes non-

shivering thermogenesis in brown adipocytes and lipolysis in white adipocytes [58]. 

 

1.1.8. Importance of plant-derived natural products on anti-obesity 

Food habit and type of food has a positive correlation with obesity and obesity associated 

metabolic syndrome. The growing threat of obesity and metabolic syndrome to global health has 

encouraged researchers and scientists to find new, effective and safe anti-obesity agents, especially 

from natural sources. These natural products are mostly derived from edible part of the plants, 

including fruits, vegetables, grains, and herbs. The nutritional and biological benefits of these 

natural products are profoundly contributed by the presence of an abundant amount of unsaturated 

fatty acids, fibers, and phytochemicals[59] .Currently anti-obesity products in market can be 

classified into three categories:  

(1) Food ingredients,  

(2) Herbal ingredients, and  

(3) Other functional supplements. 
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People usually consume developing functional products in their daily life which is the most 

popular segment in the functional supplement industry.  Recently traditional Chinese medical 

experts use herbal remedies that usually are mixtures of different herbs, such as turmeric and 

mulberry leaf, to treat obese patients. Herbal therapies are popular in Asia, and are spreading 

worldwide.  

Nowadays, the human behavior of changing food habit  and lifestyle has increased the 

incidence of obesity and even has become a risk factor to the population of children [60]. Medicinal 

use of plants arises from ethnopharmacological and ethnobotanical approaches. These knowledge, 

thus anything “traditional” has become something of great importance to science. Those 

approaches have helped in the selection of species to be studied, and in the development of 

phytotherapeutic medicines based on ethnopharmacological investigation [61]. The potential of 

natural products in the treatment of obesity is still unexplored, and could be a great alternative for 

the development of safe and effective anti-obesity drugs.  

  

1.1.9. Impact of tropical medicinal plants on human health 

Over the last few decades, there has been a remarkable and steady increase in the number 

of plant-derived medicines worldwide [62]. Plant secondary metabolites (PSMs) are used for plant 

defense system against pathogenic attacks and environmental stresses. Moreover, PSMs are also 

increasingly being used as medicinal ingredients and food additives for therapeutic purposes.[63]. 

PSMs synthesis and their accumulation are strongly modulated by variety of environmental 

factors, such as temperature [64], light [65],  soil water [66], soil fertility and salinity[67], and for 

most plants; therefore, a change in an individual factor may alter the content of PSMs even if other 

factors remain constant. Climate change is challenging for plants and animals adaptation, but  
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according to Murren et al., plants have phenotypic plasticity that allows individuals to alter their 

phenotypes in response to the environment they encounter [68].   

Plant-derived natural products have always fascinated many scientists because they are 

biocompatible and can be safe and effective therapeutic agents. Recent studies found that historical 

basis of drug discovery knowledge is valuable resources for target-based drug discovery [69,70] 

Most of the medicinal properties of tropical plants have yet to be assessed, and they are very 

interesting subjects for research.  

 

1.1.10. Natural products nanoparticulation with PLGA 

The great pharmacological potentials of plant derivative natural compounds are restricted 

their efficacy due to the molecule presents some drawbacks are hydrophobic properties, rapid 

hydrolysis in alkaline media and light instability. The hydrophobic compounds results in 

pharmacokinetic restrictions such as low absorption and bioavailability by oral route, extensive 

metabolism and rapid elimination [71,72]. To overcome this barrier, nanoparticulation of plant 

derivative compounds may modify pharmacokinetic parameters.  It has been reported  that natural 

compounds are loaded in nanoparticles improved in absorption, bioavailability, and plasma 

circulation time, with reduction of clearance, consequently increasing the drug’s mean half-life 

[73-76].   

Polymer nanoparticles are solid and spherical structures ranging around 100 nm to less than 

1 µm in size, which are prepared from natural or synthetic polymers, such as  polylactic-co-glycolic 

acid (PLGA), polyvinyl alcohol (PVA), polyethylene glycol (PEG), poly-L-lactic acid (PLA), 

polycaprolactone (PCL), and chitosan are the most common polymers [77-79]. Among them, PLGA 

has attracted considerable attention because of its special properties such as  biodegradability [80], 
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biocompatibility [81],   prevention of inclusion degradation, and  sustained release of inclusion [82], 

and  having possibility for  modifying  surface properties  to target specific organs or cells [83]. 

PLGA polymers hydrolysis occurs by metabolic system and produce two monomers which are 

lactic acid and glycolic acid. Those endogenous monomers are easily metabolized via the Krebs 

cycle (Figure 1-5) and eliminates as CO2 and water through respiration, urine and feces [84,85]. 

Moreover, the preparation methods of PLGA-based nanoparticles are well-developed for their 

formulations and adapted for various types of compounds. Therefore, PLGA has been approved to 

use as an injectable drug delivery carrier by Food and Drug Administration (FDA) and European 

Medicine Agency (EMA)  [78].  

 

  

Figure 1–5 Hydrolysis of PLGA. This illustration is referred from [84].  

 

Several studies found that PLGA nanoparticles improved the bioavailability of plant 

derivative natural compounds such as curcumin after oral administration [86-88]. 

PLGA

Metabolic pathways 

Lactic acid Glycolic acid 
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CHAPTER II 

 

Anti-obesity activity of dihydropyranocoumarins 

and its enhancement by nanoparticulation with 

polylactic-co-glycolic acid: An in vivo study  
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2.1. Introduction 

In  last few decades, obesity has become one of the most prevalent health issues [12].  It has 

a close relationship with non-communicable diseases, such as fatty liver disease, type 2 diabetes, 

and other critical metabolic disorders [89]. Lifestyle and a high-calorie diet are the most prominent 

factors involved in the development of obesity. Therefore, obesity constitutes a major public health 

problem worldwide and reaching a pandemic level.  

Several pharmaceutical substances have been developed to treat this condition by reducing 

nutrient absorption or by enhancing thermogenesis and lipid turnover [90,91]; however, practical 

use of these medicines has been hampered by their side effects. In this context, the supplementation 

of the daily diet with natural anti-obesity agents has been considered to effective for managing 

obesity, as well as calorie control and exercise. Considering the side effects and safety, medicinal 

plants traditionally used for many years and their active compounds merit investigation to develop 

more natural and safer anti-obesity agents.  

Peucedanum japonicum Thunb (PJT), belonging to the family of Apiaceae, grows on the coastal 

and cliff areas near the ocean throughout southern Japan and China. The leaves of PJT have been 

used as a leafy vegetable and garnish, (Figure 2–1), and are called “Choumeisou” in Japanese 

which means a long-life herb in Okinawa, Japan. 

 

 

 

 

 

 

Figure 2–1 Peucedanum japonicum Thunb (PJT) 
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A study by  Nukitrangsan found that dietary intake of PJT powder inhibited lipid absorption 

in mice fed a high-fat diet (HFD) [92]. Another study on anti-obesity activities of PJT found its 

usefulness as a natural agent to reduce obesity [93]. Further examination was carried out to identify 

the active compounds, and revealed at last that several types of dihydropyranocoumarins (DPCs) 

exert the inhibitory effects on lipid accumulation in 3T3–L1 adipocytes and that dietary intake of 

DPC concentrate prepared from PJT decrease the relative weight of WAT in HFD-fed mice[94]. It 

has been reported that several types of coumarin are isolated from Peucedanum plants and have 

various physiological activities [94-97]; however, a few studies has reported the anti-obesity effects 

of any coumarins. Therefore, I conducted further studies on the molecular mechanism of the anti-

obesity effect of DPCs and the enhancement of its activity. 

The nutritional value of food can be improved by adding bioactive compounds; however, most 

of their positive effects are impaired by their poor bioavailability, limited water solubility, and 

metabolic transformations [98]. One strategy for reducing these limitations is to integrate these 

bioactive compounds into nanoparticles. Delivery systems using nanoparticles have been 

investigated as a possible approach through which to markedly improve the bioavailability of drug 

and food bioactive [98,99]. Carrier systems of biodegradable particulates are of interest as a 

potential means by which to orally deliver compounds to improve their bioavailability [84]. As 

mentioned in chapter I, PLGA has attracted the most attention among the various polymers because 

of its favorable characteristics and its approvals by the U.S. FDA and EMA for drug delivery 

applications [78,100,101]. In the present study, I therefore investigated the following: 

 To improve the purity of DPCs and evaluate its anti-obesity activity 

 Maximize DPCs bioavailability and functionality by nanoparticulation with PLGA.   
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2.2. Materials and Methods  

2.2.1.  Purification of DPCs from PJT  

The PJT leaves were collected from Yonaguni, an island in Okinawa Prefecture, Japan. 

Dried PJT leaves were incubated with 10 times volume of 50% ethanol at room temperature 

overnight and subsequently stored for 2 days at 4 °C. The filtrates were applied to a column 

(2.0 cm I.D. × 30 cm) of DIAION HP20 (Mitsubishi Rayon Aqua Solutions Co. Ltd., Tokyo, 

Japan) to adsorb the objective coumarins. The eluent by 75% ethanol was used as CC in the in 

vivo study. The products were further concentrated using a Hi-Flash column ODS-SM 

(YAMAZEN Corp., Osaka, Japan) and subsequently evaporated and dissolved in 99.5% ethanol 

to a final concentration of 10 mg/mL. To isolate each compound, fractional extracts were applied 

to an Inertsil ODS-3 column (20 mm I.D. × 250 mm, GL Sciences, Inc., Tokyo, Japan) and 

analyzed using the Shimadzu LC-20A HPLC system (Shimadzu Corp.). The collected fractions 

were evaporated and dissolved in ethanol at 2 mg/mL. Purity of the fractions was determined using 

HPLC on a COSMOSIL 2.5Cholester column, and their structures were identified using a Bruker 

UltraShield 400 MHz NMR spectrometer (Bruker Corporation, Billerica, MA, USA). 

 

2.2.2. Preparation of nano-DPCs 

 Isolated DPCs were also nanoparticulated with PLGA as nano-DPCs. The vehicle PLGA 

nanoparticles and nano-DPCs are used in this study were prepared by SENTAN Pharma Inc. 

(Fukuoka, Japan), and the particle mean size were approximately 304 nm and 266 nm, respectively 

(Figure 2–3). DPCs contents in nano-DPCs were measured by HPLC system as mentioned above.  
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2.2.3 Ethical approval 

This study was carried out according to  experimental animal protocols were approved by 

the animal experiment committee at University of the Ryukyus, Okinawa Japan, and the 

experiments were performed according to the ethical guidelines of the University for Animal 

Experiments.   

 

2.2.4.  Experimental animals 

In this study, twenty-four 4-week-old male C57BL/6 mice were used which were purchased 

from Japan SLC, Inc. (Shizuoka, Japan). The mice were individually housed in plastic cages under 

specific pathogen-free condition and maintained at 24°C in a 12 h light-dark cycle. The mice were 

fed on a normal commercial chow diet for 7 days to acclimate them to their environment, followed 

by they were randomly divided into experimental groups for each experiment.  

 

2.2.5.  Experimental design 

To elucidate the anti-obesity effects of DPCs and its augmentation by nanoparticulation with 

PLGA. All experimental mice after 1-week acclimation randomly divided into four groups (n = 6 

for each group): control, regular dose DPC (regular dose), low dose DPC (low dose), and low dose 

nanoparticulated DPC (nano-DPC) groups (Table 2–2). Experimental diets and DPC doses were 

optimized according to our previous study [94]. The experimental HFD containing 20% fat was 

prepared as the AIN-76 formulation and its composition is summarized in (Table 2–1). 

Approximately 39% of the total calories in HFD were derived from fat. Table 2–2 summarizes the 
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administration procedures of DPCs in this experiment. The animals fed HFD were supplemented 

with DPCs either by diet or gavage. The control group was fed with only HFD without any 

supplementation of DPCs. The administration of DPCs to regular and low dose groups were done 

by the diet while to nano-DPC group was by gavage. In the case of supplementation by the diet, 

DPCs was added at the expense of sucrose.  

In nano-DPC group, nano-DPCs suspended in water were orally administered by gavage to 

mice (2 times/week). All groups expect for nano-DPC group received the vehicle PLGA 

nanoparticles by gavage (2 times/week). All mice were given ad libitum access to the experimental 

diet and water for 10 weeks. The feces were collected for 3 d at the end of the feeding period and 

lyophilized. The mice were starved for 12 h before euthanasia under anesthesia by exsanguination 

from the heart. The liver and WAT were immediately excised, and the sera were prepared from 

the blood.  Part of the excised epididymal WAT was fixed in 10% neutral formalin solution, and 

the remaining tissue and sera were frozen in liquid nitrogen and stored at –80 °C until use. 
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Table 2–1 Composition of experimental diets used in this study 

 Experimental group 

 Control Regular dose  Low dose Low dose 

  DPC  DPC nano-DPC 

Composition of experimental diet (g/100g) 

 Casein 20.00   20.00    20.00  20.00 

 β-corn starch  15.00   15.00    15.00  15.00 

 Cellulose   5.00     5.00      5.00    5.00  

 AIN-76 mineral mix   3.50     3.50      3.50    3.50 

 AIN-76 vitamin mix   1.00      1.00      1.00    1.00 

 DL-methionine    0.30     0.30      0.30    0.30 

 Choline bitartrate    0.20     0.20      0.20    0.20 

 Corn oil 20.00   20.00     20.00   20.00 

 Purified DPC    0.00       0.069            0.00069     0.00 

 Sucrose   to make 100 

 Eighteen male 6-week-old ICR mice were used to examine the effect of PLGA nanoparticle 

encapsulation on bioavailability of oral DPCs in this study. After giving them 1 week to acclimate 

to their environment, the mice were randomly divided into two groups (n = 9 for each group). The 

mice were starved for 12 h and then orally administered with purified DPC suspension with vehicle 

PLGA nanoparticle or nano-DPCs (DPC dosage: 4 mg/kg body weight) by gavage. After treatment 

for 24 h, the mice were euthanized under anesthesia by exsanguination from the heart. Epididymal 

WAT was immediately excised, frozen in liquid nitrogen, and stored at -80°C until use. 
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Table 2-2 Administration procedure of dihydropyranocoumarins (DPC) and its total dosages in 

this study. 

 Experimental group 

 Control Regular dose  Low dose nano-DPC  

   DPC  DPC  

Total DPC dosage (mg) § 

   by diet 0 146 ± 1  1.47 ± 0 0 

 by gavage 0 0  0  1.48 ± 0 

Oral administration by gavage (µg/injection) † 

 Nano-DPC 0 0  0 615 ‡ 

 Vehicle PLGA  

 Nanoparticles 541 541  541 0 

 
§ Data are shown as the means ± SEM. 

† Nano-DPC, DPC-encapsulated polylactic-co-glycolic acid (PLGA) nanoparticles. 
Nano-DPC and vehicle PLGA nanoparticles were orally administered twice a week. 

‡ 615 µg nano-DPC contains 73.8 µg DPCs. 
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2.2.6. Biochemical analysis  

Total cholesterol (TC), triglycerides (TG), aminotransferase activities and glucose levels 

in serum were determined using a commercial enzymatic kit (Wako Pure Chemical Industries, 

Ltd., Osaka, Japan). Serum leptin levels were measured using enzyme-linked immunosorbent 

assay kits (Morinaga Institute Biological Science, Inc. Kanagawa, Japan). Lipids in the liver and 

feces were extracted using a previously described method [102], and their concentration were 

determined using the commercial kits described above.  All experiment using commercial kits 

were followed according to the manufacturers’ protocol  

 

2.2.7. Histological analysis 

Epididymal WAT was fixed in paraffin and embedded tissue was stained with hematoxylin 

and eosin to measure cell size using a microscope according to previously described procedures 

[103]. The stained section was viewed at 10× magnification and photographed using a digital 

camera (Olympus BX41, NY, USA). Analyses of the adipocyte area of at least 100 adipocytes per 

section was conducted using Adiposoft for Image J (https://imagej.nih.gov/ij/). 

 

2.2.8.  Quantitative real-time polymerase chain reaction 

Total RNA was extracted from the isolated epididymal WAT using a TRIzol reagent and 

according to PureLink RNA mini kit protocol (Thermo Fisher Scientific, Waltham, MA, USA). 

First-strand cDNA was synthesized using 2 µg total RNA as a template. For quantitative real-time 

polymerase chain reaction, the primers and probe sets (Table 2–3)   were purchased from Integrated 

DNA Technologies, Inc. (Coralville, IA, USA). To measure the relative abundance of target 
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transcripts, amplifications were performed using PrimeTime Gene Expression Master Mix 

(Integrated DNA Technologies, Inc.) with the StepOne Real-Time PCR System (Thermo Fisher 

Scientific), and the amounts of the target transcripts were normalized to those of ACTB and 

GAPDH.   
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Table 2–3 TaqMan gene expression assays used for the quantitative real time PCR analysis. 
 

Gene  Description  
Gene expression assay 

reference 

ACC1 Acetyl-coenzymeA (CoA) carboxylase 1 Mm.PT.58.12492865 

β-actin ACTB Mm.PT.58.33257376.gs 

C/EBPα 
CCAAT/enhancer binding protein (C/EBP), 
alpha  

Mm.PT.58.30061639.g 

CPT1a Carnitine palmitoyltransferase 1A Mm.PT.58.10147164 

CPT2 Carnitine palmitoyltransferase 2 Mm.PT.58.13124655 

FABP4 Fatty acid binding protein 4 Mm.PT.58.43866459 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Mm.PT.39a.1 

FASN Fatty acid synthase Mm.PT.58.14276063 

LIPE Hormone-sensitive lipase m.PT.58.6342082 

LPL  Lipoprotein lipase  Mm.PT.58.46006099 

ACOX Peroxisomal acyl-coenzyme A oxidase 1 Mm.PT.58.50503784 

PPARα Peroxisome proliferator-activated receptor α Mm.PT.58.9374886 

PPARγ 
Peroxisome proliferator activated receptor 

gamma 
Mm.PT.58.31161924 

PGC1a PPARγ coactivator 1α Mm.PT.58.16192665 

SCD1  Stearoyl-Coenzyme A desaturase 1  Mm.PT.58.8351960 

GLUT4 Glucose transporter type 4 Mm.PT.58.9683859 

SREBP1 Sterol regulatory element-binding protein 1 Mm.PT.58.8508227 

UCP1 Uncoupling protein 1 Mm.PT.58.7088262 

UCP2 Uncoupling protein 2 Mm.PT.58.11226903 

UCP3 Uncoupling protein 3 Mm.PT.58.9090376 

   

  PrimeTime qPCR Probe Assays (Integrated DNA Technologies, Inc.) 
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2.2.9. Concentration analysis of DPCs  and nano-DPCs in epididymal  WAT   

One hundred milligrams of excised epididymal WAT were used in experiment and the tissue 

homogenized in chloroform/methanol (2/1) with 50 ng visnadine (Sigma-Aldrich Corp., St. Louis, 

MO, USA) as an internal standard. After adding distilled water to the homogenate and 

centrifuging, the chloroform layer was collected and evaporated. The extracted lipid was filtered 

and subjected to liquid chromatography-mass spectrometry (LC-MS) analysis. The 

chromatographic analysis was conducted on a Waters Acquity Ultraperformance liquid 

chromatography (UPLC) H-Class system coupled to a Waters Xevo TQD mass spectrometer 

(Waters, Milford, MA, USA). In the LC system, a 10 by 2.1-mm Titan C18 UHPLC column 

(particle size: 1.9 µm) was used at 40°C, and the mobile phase was 65% acetonitrile with 0.1% 

formic acid at flow rate 0.4 mL/min. The operating parameters for MS were as follows: capillary 

voltage, 3.00 kV; cone voltage, 55 V; source temperature, 150°C; desolvation temperature, 500°C; 

desolvation gas flow, 1000 L/h; and cone gas, 150 L/h. Quantification was conducted in positive 

electrospray ionization and multiple reaction monitoring (MRM) modes. MRM transitions were 

m/z 409.2 → 309.2 for peucedanocoumarin III (PCIII) and pteryxin (PTX) and m/z 411.2 → 351.1 

for visnadine as the internal standard. Quantitative data analyses were conducted using the Waters 

MassLynx with TargetLynx application managers. 

 

2.2.10. Statistical analyses 

Data are expressed as the mean ± standard error of the mean (SEM). The statistical 

significance of the difference between the two experimental groups was determined using the 

Student’s t-test. To determine the significance of the differences among the means for more than 
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three groups, the differences among the mean values were subsequently inspected using the 

Tukey’s honestly significant difference test. p < 0.05 was set as the level of significance.  
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2.3. Results 

2.3.1. Purified DPCs and DPC incorporated in nanoparticle as nano-DPCs 

DPCs were purified from PJT. HPLC analyses showed that purified DPC extract has two 

major peaks: PCIII (41.7%, v/v) and PTX (57.3%, v/v) (Figure 2–2). Nano-DPCs were 

incorporated with 12.0 ± 0.2% of DPCs: PCIII, 5.04%; PTX, 6.96%.  

 

  

Figure 2-2 HPLC chromatogram of DPCs (concentrated) 
Notes: PCIII: peucedanocoumain III, PTX: pteryxin. 

P
C
I

I
I 
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Figure 2–3 Chemical information and content of dihydropyranocoumarins (DPCs) used in this 
study. Notes: DPC, dihydropyranocoumarin and nano-DPC, DPC-encapsulated polylactic-co-

glycolic acid nanoparticles. 

 

 

 

 

 

 

 

PubChem CID 1032882 5281425

Content in purified DPC 41.8% 57.4%

Content in DPC-NPs 5.04% 6.96%

Peucedanocoumarin III (PCIII) Pteryxin (PTX)Compound
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2.3.2.  DPCs and nano-DPCs effects of on growth parameters  

The mice in the regular and low dose groups were fed the experimental HFD containing DPCs 

at 0.069% and 0.00069%, respectively, which meant that mice in the regular dose DPC group took 

a total of 146 ± 1 mg DPCs, while the mice in low dose DPC group received only 1% of that 

amount (Table 2–2). As a result, the total intake of DPCs in the nano-DPC group mice fed the 

control HFD but also administered nano-DPCs twice a week was comparable to that in the low 

dose DPC group mice (Table 2–2).  

The total food and energy intake, and the fecal TG content over the final 3 experimental days 

almost similar results were observed among all experimental groups (Table 2–4) however, 

significant decreases in the final body weight and body weight gain were observed in the regular 

dose and nano-DPC groups than in the control and low dose groups (Figure 2–4A). The relative 

weights of epididymal, omental, and subcutaneous WAT in the regular dose group were 

significantly lower compared to control and low dose groups (Figure 2–4B). Similar results were 

observed in the nano-DPC group, but their epididymal WAT showed a tendency to decrease 

(Figure 2–4B). The weight of relative perirenal WAT in mice of the regular dose and nano-DPC 

groups also showed a tendency to decrease compared with that of the control and low dose groups 

(Figure 2–4B).  
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      Table 2–4. Total food, energy intake and fecal lipid excretion 

 

 

 

 

 

Figure 2–4 Effects of dietary dihydropyranocoumarins (DPCs) and DPC-encapsulated 

polylactic-co-glycolic acid nanoparticles (nano-DPCs) on growth parameters. (A) Final body 

weight and body weight gain and (B) relative weights of white adipose tissues. Notes: Each value 

represents the mean ± SEM for six mice. Different letters indicate significant differences among 

each experimental group using Tukey’s honestly significant difference test (p < 0.05). 

Total food intake (g)  199 ± 1     197 ± 1 198 ± 1            199 ± 1

Total energy intake (kcal) 914 ± 5  904 ± 8     912 ± 3           914 ± 4

Fecal lipid excretion (mg/3days) 395 ± 32 384 ± 16     359 ± 23    362 ±11 

Control Regular dose Low dose     nano-DPC  
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Data are shown as the means± SEM.
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. 

 

 

 

Figure 2-5 Effects of dietary dihydropyranocoumarins (DPCs) and DPC-encapsulated 

polylactic-co-glycolic acid nanoparticles (nano-DPCs) on serum parameters. Each value 

represents the mean ± SEM for six mice. Different letters indicate significant differences among 

each experimental group using Tukey’s honestly significant difference test (p < 0.05)  
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2.3.3. DPCs and nano-DPCs effects on serum and hepatic parameters  

In the serum levels of TG, free fatty acid, and glucose no significant difference were 

observed among all experimental groups; (Figure 2–5) whereas serum TC level in mice of the 

nano-DPC group significantly decreased compared with that of the control group. Serum leptin 

levels in regular dose and nano-DPC groups also tended to decrease compared with those in the 

control and low dose groups. Although the raw weight of the liver was largely comparable among 

all experimental groups (data not shown), its relative weight in mice of regular dose and nano-

DPC groups was significantly lower than that of the control and low dose groups (Figure 2–6A). 

Oral intake of DPCs by diet and oral injection of nano-DPCs by gavage had no effect on hepatic 

lipid levels (Figure 2–6B). For the hepatopathy indicators, serum alanine aminotransferase (ALT) 

activity in the nano-DPC group mice significantly decreased, and a decreasing tendency in 

aspartate aminotransferase (AST) activity was also observed in those mice compared with those 

in the control group mice (Figure 2–6C).   

 

2.3.4. DPCs and nano-DPCs effects on lipid accumulation in epididymal adipose tissues  

DPCs treated mice significantly decreased the size of adipocyte in epididymal WAT (Figure 

2–7A).  Mice in the regular dose and nano-DPC groups had significantly smaller adipocytes than 

the control group mice (Figure 2–7B). In the regular dose and nano-DPC groups, the proportion 

of large adipocytes (> 6000 μm2) significantly decreased and that of small adipocytes (< 2000 μm2) 

tended to increase compared to those in the control group (Figure 2–7C). Although the relative 

weights of epididymal WAT were largely comparable between the control and low dose group 

mice, a tendency for the mean adipocyte size to decrease was observed in low dose group (Figure 
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2–7B). The percentage of large adipocytes (> 8000 μm2) in the low dose group mice was 

significantly lower than that in the control group mice (Figure 2–7C). 

 

 

 

 

Figure 2–6 Effects of dietary dihydropyranocoumarins (DPCs) and DPC-encapsulated polylactic-

co-glycolic acid nanoparticles (nano-DPCs) on hepatic parameters. (A) Relative liver weight, (B) 

hepatic lipid contains, and (C) alanine transaminase activities. Notes: ALT, alanine 

aminotransferase and AST, aspartate aminotransferase. Each value represents the mean ± SEM for 

six mice. Different letters indicate significant differences among each experimental group using 

Tukey’s honestly significant difference test (p < 0.05).   

0

10

20

30

40

50

60

Cntl DPC x1/100 DPC x1/100
PLGA-DPC

(m
g

/g
 li

ve
r)

Hepatic triglyceride

0.0

0.5

1.0

1.5

2.0

2.5

Cntl DPC x1/100 DPC x1/100
PLGA-DPC

(m
g

/g
 li

ve
r)

Hepatic cholesterol

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Cntl DPC x1/100 DPC x1/100
PLGA-DPC

(I
U

/L
)

ALT

a

ab ab

b

0

5

10

15

20

25

30

35

40

45

Cntl DPC x1/100 DPC x1/100
PLGA-DPC

(I
U

/L
)

AST

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Cntl DPC x1/100 DPC x1/100
PLGA-DPC

(g
/1

0
0

g
 B

W
)

Liver weight

a

b

a

b

(g
/1

0
0

g
 B

W
)

(A)
Triglyceride

Total cholesterol AST

ALT
(C)(B)

(m
g

/g
 li

v
e

r)
(m

g
/g

 li
v
e

r)

(I
U

/L
)

(I
U

/L
)

(group)

Control Regular
dose 

Low
dose

Nano-
DPC

DPC

(group)

Control Regular
dose 

Low
dose

Nano-
DPC

DPC

(group)

Control Regular
dose 

Low
dose

Nano-
DPC

DPC



36 
 

 

 

 

 

 

Figure 2-7 Effects of dietary dihydropyranocoumarins (DPCs) and DPC-encapsulated 

polylactic-co-glycolic acid nanoparticles (nano-DPCs) on adipocyte size in epididymal white 

adipose tissues. (A) Histological images of epididymal WAT, (B) mean of adipocytes size, and 

(C) distribution of adipocyte size. Notes: Each value represents the mean ± SEM for six mice. 

Different letters indicate significant differences among each experimental group using Tukey’s 

honestly significant difference test (p < 0.05).   
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Figure 2-8 Effects of dietary dihydropyranocoumarins (DPCs) and DPC-encapsulated 
polylactic-co-glycolic acid nanoparticles (nano-DPCs) on lipid metabolism-related gene 

expression in epididymal white adipose tissue. Notes: Each value represents the mean ± SEM from 
at least three independent experiments. Different letters indicate significant differences among 

each experimental group using Tukey’s honestly significant difference test (p < 0.05).   
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2.3.5. DPCs and nano-DPCs effects on lipid metabolism–related gene expressions in 

epididymal WAT 

To evaluate the molecular mechanisms of DPCs and nano-DPCs effect on epididymal 

WAT in a genetic level, I have analyzed the mRNA levels of lipid metabolism–related genes 

(Figure 2–8). The relative mRNA expressions of PPARγ and FABP4 in mice of regular dose and 

nano-DPC groups were significantly higher than those of the control group. Increasing tendencies 

were also observed in mRNA levels of PGC1α and C/EBPα in the mice fed DPCs. In mice of low 

dose group, mRNA levels of SREBF1 significantly increased compared with that of the control 

group. Significant differences were not observed in relative mRNA levels of lipogenesis and 

lipolysis-related genes, and dietary intake of DPCs and oral administration of nano-DPCs 

significantly increased thermogenesis-related gene expressions in WAT. The relative mRNA 

levels of UCP1 in WAT in mice of the regular dose and nano-DPC groups significantly increased 

by 2.5 to 3.5fold compared with those of the control and low dose groups. Gene expression of 

UCP3 in mice of the regular dose and nano-DPC groups also significantly increased compared to 

that in the control group mice, but not compared to that in the low dose group mice. 

 

2.3.6. PLGA nanoparticulation effect of DPCs in WAT accumulation  

To understand the effect of PLGA nanoparticulation of DPCs on WAT, I compared the DPC 

content in WAT after a single oral administration of DPCs and nano-DPCs by gavage. The PCIII 

content in WAT in mice administered with nano-DPCs showed an approximately 3-fold higher 

level than when using a DPC suspension with vehicle PLGA nanoparticles (Figure 2–9). Similar 

results were also observed in the PTX contents in WAT. 
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Figure 2–9 Concentration of dihydropyranocoumarins (DPCs) in epididymal white adipose 

tissue (WAT) collected 24 h after oral administration of DPCs or polylactic-co-glycolic acid 

(PLGA) nanoparticles with DPCs (nano-DPCs). Notes: Each value represents the mean ± SEM 

for 9 mice. The asterisk shows significant differences as compared with the mice treated with 

DPC suspension with vehicle PLGA nanoparticles using the Student’s t-test (** p < 0.01). 
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2.4. Discussion 

In present study, I investigated the anti-obesity effect of DPCs, such as mainly PCIII and PTX, 

on HFD-fed mice. Previous study did not remove the possibility that other ingredients in DPCs 

concentrate have anti-obesity effects [94]; however,  this study has clearly showed that dietary 

intake of pure DPCs prevents fat accumulation in WAT, and suggested that DPCs are a significant 

factor in the anti-obesity effects of PJT. In addition, thus results suggested that DPCs’ anti-obesity 

properties are caused by an increase in energy expenditures resulting from increased UCPs, and 

that PLGA-based nanoparticulate system is a powerful tool by which to enhance DPC activities.  

Adipose tissue is the most flexible endocrine organ that can expand and reconstruct itself 

throughout life. Adipose tissue can grow and expand either by hypertrophy or hyperplasia [104]. 

Hypertrophy of adipocytes can increase hypoxia and mechanical stress to neighboring cells and 

the extracellular matrix. As a result in reduced adipose tissue functions, which contributes to the 

early onset of metabolic disease, and persistently elevated levels of nutrients in the blood, which 

causes leads to the fat accumulation in ectopic tissues, such as skeletal muscle, heart, and the liver 

[105,106]. On the other hand, hyperplastic growth is considered to be a healthy and adaptive 

mechanism by which to maintain proper functions of stromal vascular fraction (SVF), responses 

to anti-inflammatory hormone adiponectin, insulin-sensitizing and other metabolism-modulatory 

adipokines [105,107]. Indeed, a study found that treatment with thiazolidinediones, an insulin-

sensitizing drug leads to enhancement of overall adipose tissue growth, it induces the conversion 

of hypertrophic into hyperplastic adipose tissue [108]. In hyperplasia of adipocytes, mature 

adipocytes are generated from preadipocytes during adipogenesis, C/EBPα and FABP4 are the  

principal  regulator of this process  [109,110]; therefore, it is known that hypertrophic obesity is also 

more strongly associated with insulin resistance and metabolic complications than hyperplastic 
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obesity [111]. Present study showed that C/EBPα and FABP4 gene expressions significantly 

increased or tended to increase in epididymal WAT of the mice fed HFD containing DPCs (Figure 

2-8). Dietary intake of DPCs also led to decreases in the average size of epididymal white 

adipocytes (Figure 2–7). One recent study has reported that dietary intake of suksdorfin, which has 

a structure similar to that of the DPCs used in this study, induces adipogenesis in WAT in obese, 

diabetic KK-Ay mice [112]. Thus, these results suggested that the dietary intake of DPCs can induce 

the conversion of hypertrophic into hyperplastic obesity in HFD-fed mice. It has also suggested 

that other ingredients in PJT can exert anti-lipogenic effects on WAT because our previous study 

observed significant decreases in mRNA levels of lipogenesis-related genes in the epididymal 

WAT of mice fed HFD containing DPC concentrates from PJT (DPC contents: ~62.2%) [94]. In 

addition, it should be noted that these phenomena were observed in the low dose group, in which 

mice fed 1% of the amount of DPCs fed to regular dose group (Table 2–2).  

As mentioned above, the dietary intake of DPCs and oral administration of nano-DPCs 

significantly decreased hypertrophic white adipocytes (Figure 2–7); however, significant 

decreases in the mass of epididymal WAT were observed in mice of regular dose and nano-DPC 

groups, but not in the low dose group mice (Figure 2–4B). This decreased WAT mass contained, 

as a results significant upregulated mRNA levels of thermogenesis-related genes, such as UCP1 

and UCP3 (Figure 2–8). It is well known that UCPs increase proton leakage across the 

mitochondrial inner membrane and thereby dissipates the proton motive force as heat instead of 

synthesizing ATP [113]. Adipocytes are broadly divided into white adipocytes and brown 

adipocytes. Brown adipocytes are characterized by multilocular lipid droplets and have 

thermogenic properties mainly through the mitochondrial UCP1 in brown adipose tissues; 

whereas, white adipocytes store neutral fat as energy in WAT [114]. It has been reported that 
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adaptive stimuli, such as cold exposure and adrenergic stimulation, can induce browning, which 

converts white adipocytes into brown-like adipocytes (recently called “beige” adipocytes) in WAT 

[115]. These beige adipocytes resemble white adipocytes in WAT  have extremely low basal 

expression of UCP1, but beige adipocytes similar to classic brown adipocytes with high UCP1 

expression; therefore, it is suggested that their generation increases energy expenditure and can 

prevent obesity [116-118]. At the molecular level, WAT browning is regulated by multiple factors 

and signaling pathways. PGC-1α is known as a cold-induced interacting partner of PPARγ in 

adipocyte browning [119]. Consistent with our findings on the upregulations of PPARγ, PGC-1α, 

and UCP1 expression in WAT (Figure 2–8), I observed that the dietary intake of DPCs or oral 

treatment with nano-DPCs enhanced energy expenditure and caused significant decreases in 

epididymal WAT mass in regular dose and nano-DPC group mice (Figure 2–4). In addition, these 

results suggested that the biological activities of DPCs are factors in the conversion of white into 

beige adipocytes.  

Several studies reported that, PLGA nanoparticles have markedly improved the bioavailability 

of several compounds, such as curcumin after oral administration [101,120,121]. A recent study has 

demonstrated that incorporation into PLGA nanoparticles markedly enhance the therapeutic 

effects of γ-oryzanol on glucose and lipid metabolism in obese diabetic mice [122]. In this study, I 

observed that treatment with small amount of DPC (1% of DPC amount in regular dose) had no 

effect on WAT weight, but had significant anti-obesity effects on mice when the same amount of 

DPCs encapsulated into PLGA nanoparticles (Figures 2–4 and 2–7). Moreover, PLGA 

nanoparticle encapsulation significantly increased the DPC concentration in WAT 24 h after oral 

administration (Figure 2–9). These results might demonstrate the enormous potential for PLGA 

nanoparticles to act as carriers for the oral delivery of DPCs. Moreover, significant decreases in 
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serum levels of cholesterol and hepatopathy indicators were observed in mice treated with DPCs 

encapsulated into PLGA, but not in those treated with DPCs alone (Figures 2–5 and 2–6). It has 

been reported that the compound has been encapsulated into PLGA nanoparticles is distributed 

mainly in the liver and intestine in mice over a longer period time than the non-encapsulated 

compound after oral administration [122]; therefore, it is suggested that PLGA nanoparticle 

encapsulation expands the therapeutic potential of DPCs to prevent the development of obesity 

and its related diseases, although further studies are needed to confirm this effect. 

 

2.5. Conclusions 

This study clearly demonstrated that DPCs, such as PCIII and PTX, contributes to the 

beneficial effects of PJT on the development of obesity, and also nano-DPCs enhanced DPCs 

accumulation and concentration in WAT. As a results DPCs and nano-DPCs prevents HFD-

induced weight gain, by converted hypertrophic to hyperplastic obesity, improved serological 

markers and enhanced energy expenditures. PLGA nanoparticle encapsulation was helpful in 

enhancing the efficacy of oral intake of DPCs to develop natural and safe anti-obesity agents. Thus, 

this study suggests that DPCs to be used as an anti-obesity drug in pharmaceutical industry nano-

DPCs technique can be consider for the development of new therapeutics.   
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Anti-obesity effect of Cirsium brevicaule A. 

GRAY Root (CbR) extract on 3T3-L1   
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3.1. Introduction 

In chapter II, I showed that anti-obesity activity of Peucedanum japonicum Thunb (PJT) 

derived DPCs and the usefulness of nanoparticle encapsulation on DPC activity; whereas, in this 

study, I focused on anti-obesity properties of the other tropical bioresource, Cirsium brevicaule 

A. GRAY (CBAG).  

Genus Cirsium (thistle) belongs to the Asteraceae family and more than 200 species of 

thistle are well distributed around the world. Some Cirsium species are used as edible plants and 

medicinal plants in the traditional medicine, although many species are often considered as 

invasive weeds against which massive means of control are deployed in general [123,124]. It is well 

known that Cirsium species contain a variety of natural products and their main secondary 

metabolites are flavonoids and glycosides [125,126]. Lot of studies have reported that compounds 

from Cirsium species and their extracts show many different biological activities such as 

antioxidant, antidiabetic, anti-inflammatory, hepatoprotective, and anticancer activities [123].  

It has been reported that flavones isolated from C. japonicum enhance adipocyte 

differentiation by inducing PPARγ activation in 3T3–L1 cells [127,128]. An antidiabetic effect of 

C. japonicum was also revealed in diabetic rats, suggesting their potential benefit as an alternative 

in treating diabetes mellitus [128]. Mori et al. demonstrated that the crude extracts of C. 

oligophyllum inhibited lipid accumulation in white adipose tissue in rats [129]. Nonpolar crude 

extracts of C. pascuarense, and C. vulgare and C. ehrenbergii have been shown to confer 

antidiabetic and hepatoprotective activities, respectively [130,131].  
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C. brevicaule A. GRAY (CBAG), is a wild perennial herb, grows in rocky gravels or forest 

margins along maritime coastlines [132], and is distributed in southern-Japan and China. Stems, 

leaves and roots of CBAG are traditionally used as a food and herbal medicine in the Okinawa 

Islands and Amami Islands of Japan. The Cirsium brevicaule group is characterized as follows 

[133]: (1) well-developed rossete-like basal leaves, (2) subscapos habit, (3) a few large and erect 

capitula, (4) large strongly spiny  (5) erect and not sticky involucral, and (6) habited preference in 

rocky gravels or foster margin along maritime coast. 

Our previous study [134] showed that dietary intake of CBAG leaves (CbL) significantly 

decreased hepatic lipid accumulation in mice fed a high-fat diet and treatment of 3T3–L1 cells 

with nonpolar crude extract of CbL significantly reduced cellular lipid accumulation. In contrast, 

there are few scientific data on the biological activities of CBAG root (CbR) are available (Figure 

3–1). 

In China, the roots or entire plants of more than ten Cirsium species (C. japonicum, C. 

eriophoroideum, C. escuientum, C. griseum, C. lineare, C. maackii, C. pendulum, C. setosum, C. 

souliei, and C. valassovianum) have been used as a folk medicines for symptoms of various 

diseases [126]. Previous study has investigated the antioxidant activities of the methanol and 

water extracts of the roots of C. japonicum, and also confirmed that both extracts have high 

phenolic and flavonoid contents and beneficial activities in vitro against diabetes [135]. I, 

therefore, evaluated the biological activities of CbR pertaining to metabolic syndrome, and tried 

to concentrate its active compound in this study.  
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Figure 3–1Cirsium brevicaule A. GRAY 

Shoot (left); root (right) 



48 
 

3.2. Materials and methods 

3.2.1. Plant material  

 Cirsium brevicaule A. Gray was botanically classified by Asa Gray [48]; a voucher 

specimen of the plant was deposited in the Amami Museum (Kagoshima, Japan) by Hayao Ohno 

(voucher specimen number: 1582). The CbR used in this study was harvested on Tokunoshima 

Island in Kagoshima Prefecture, Japan. Freeze-dried CbR was generously provided by Healthy 

Island Co. (Kagoshima, Japan). 

 

3.2.2. Extraction and fractionation of CbR 

Dried powder was serially extracted by incubation with a total of 9 volumes of hexane, 

chloroform, methanol, and water for 1 h at 37 °C (Figure 3–2). To identify the antiadipogenic 

compounds, the methanol extract was dried and re-dissolved in chloroform:methanol (9:1, v/v) 

(Figure 3–5A), these soluble and insoluble fractions were screened for its adipogenic effect by the 

lipid accumulation assy.  Chloroform:methanol 9:1 soluble fraction was having maximum lipid 

accumulation inhibition activity in 3T3–L1 cells. 

The chloroform:methanol 9:1 soluble fraction was further subjected to open column 

chromatography (CC) for rough fractionation. CC was performed on Hi-FLASH silica gel open–

column (Yamazen Corp., Osaka, Japan). The starting eluent was chloroform:methanol (9:1, v/v) 

followed by a gradual shift in the mixing ration to 0:10 (v/v) to yield 5 fractions F–1 to F–5 (Figure 

3–6A). 
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Figure 3–2 Flowchart for the extraction of active anti-obesity compounds from Cirsium 

brevicaule A GRAY root (CbR) with low polar to high polar solvent.  

Cirsium brevicaule A GRAY

(Dried Root Powder )

HEXANE (AMOUNTING TO 3 TIMES AMOUNT OF POWDER W/V )

EXTRACTION IN WATER BATH FREQUENT HAND 
SHAKING  (37̊ C, 1 HOUR)

EXTRACTION LIQUID

RESIDUE 

HEXANE (AMOUNTING TO 3 TIMES 

AMOUNT OF POWDER W/V )

RESIDUE 

 2

EXTRACTION LIQUID

HEXANE EXTRACT 

CHLOROFORM (AMOUNTING TO 3 TIMES AMOUNT OF POWDER W/V )

EXTRACTION IN WATER BATH FREQUENT HAND 
SHAKING  (37̊ C, 1 HOUR)

EXTRACTION LIQUID

RESIDUE 

CHLOROFORM (AMOUNTING TO 3 TIMES 

AMOUNT OF POWDER W/V )

RESIDUE 

 2

EXTRACTION LIQUID

CHLOROFORM EXTRACT 



50 
 

3.2.3. Purification and structure identification of fractionated CbR extract   

On the basis of low polarity F–1 was further subjected to HPLC with 

(chloroform:methanol, 9:1, v/v) in a silica gel column (Cosmosil 5SL-II, Nacalai Tesque, Inc., 

Kyoto, Japan) (Figure 3–7A). The active fractions were evaporated to a complete dry, dissolved 

in methanol, and further purified through an HPLC reverse-phase C18 column (GL Sciences Inc., 

Tokyo, Japan) with methanol containing 0.1% formic acid (Figure 3–7A). All extracts and isolated 

fractions were evaporated or freeze–dried in vacuo, and stored at −80 °C until further use. Powders 

were dissolved in dimethyl sulfoxide before use for the treatments. To identify the chemical 

structure of the purified active compound, NMR spectra were measured on a Bruker AVANCE 

400 (Bruker Biospin, Rheinstetten, Germany). 1H-NMR, 13C-NMR, HSQC, and HMBC were 

measured using a 5-mm probe. The operating frequencies were 400.13 MHz for 1H-NMR and 

100.62 MHz for 13C-NMR spectra. Samples were measured at 299 K in CDCl3 with TMS as 

standard. ESI-MS was also performed on a LC-MS (Xevo TQD, Waters Corp., Milford, MA, 

USA) in positive-ion mode. 

 

3.2.4. Cell culture and treatments 

Dulbecco’s modified Eagle’s medium (DMEM) and human insulin were purchased from 

Wako Pure Chemical Industries Ltd. Fetal bovine serum (FBS) and newborn calf serum (NCS) 

were purchased from AusGeneX PTY Ltd. (Oxenford, Australia) and Global Life Science 

Technologies Japan Co. Ltd. (Tokyo, Japan), respectively, and these sera were inactivated at 56 °C 

for 30 min before use. Dexamethasone, 3-isobutyl-1-methylxanthine, and syringin were purchased 
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from Sigma-Aldrich, Inc. (MO, USA). Cells were purchased from the JCRB Cell Bank (Tokyo, 

Japan) and cultured in a humidified atmosphere of 95% air and 5% CO2 at 37 °C. 

 

 

 

Figure 3–3 Time schedule for the treatment with crude extract or its fractions during the cellular 

differentiation of 3T3–L1. 

 

3T3–L1 preadipocytes were maintained in DMEM with low glucose (1 g/L) containing 

10% NCS and avoided complete confluence before initiating differentiation. For adipogenesis, 

preadipocytes were cultured in 24-well plates at a density of 4 × 104 cells per well. The confluent 

preadipocytes were maintained for another 2 days. Differentiation was induced by standard 

differentiation inducers: 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.25 µM dexamethasone 

(DEX), and 10 µg/mL insulin in DMEM with high glucose (4.5 g/L) containing 10% FBS for 48 

h (from day 0 to 2). The culture medium was then changed to DMEM with high glucose 
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supplemented with 10% FBS and 10 µg/mL insulin from day 2 to 6. Cells were cultured in the 

culture media supplemented with each extract or isolated fractions from day 0 to 6. On day 6, lipid 

by Oil Red O (Figure 3-3).  

 

3.2.5. Oil Red O Staining 

3T3–L1 cells were washed two times with PBS and fixed in 10% formalin in PBS for 10 

minutes at room temperature. After washing the cells twice with PBS, cells were stained with Oil 

Red O staining solution for 10 minutes (0.3% Oil Red O in isopropanol, diluted 3:2 in water and 

filtered with a 0.45μm filter; Wako HP). After staining, cells were washed with 60% isopropanol 

then stained dye was extracted with isopropanol for quantification by absorbance readout at 520 

nm. 

3.2.6. Statistical Analyses 

Data are expressed as the mean ± standard error of the mean (SEM). The statistical 

significance of the difference between the two experimental groups was determined using the 

Student’s t-test. To determine the significance of the differences among the means for more than 

three groups, the data were analyzed using one-way analysis of variance, and the differences 

among the mean values were subsequently inspected using the Dunnett’s significant difference 

test. The level of significance was set to p < 0.05. 
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3.3. Results  

3.3.1. Effect of CbR extract on 3T3–L1 cells  

The CbR was extracted with hexane, chloroform, methanol and water, among them 

methanol extract in the highest extraction yield (5.5%, w/w) followed by hexane extract (3.5%, 

w/w), water extract (1.5%, w/w), chloroform extract (0.5%, w/w) from dried CbR powder. Lipid 

accumulation in 3T3–L1 adipocyte was significantly decreased when treated with chloroform 

extract or methanol extract whereas, there are no effect were observed in hexane and water extract 

(Figure 3–4).  

 

 

Figure 3–4 Effects of extracts from CbR on 3T3-L1 cells.  Inhibitory effects of the CbR crude 

extract on cellular lipid accumulation. The results are presented as means ± SEM from three 

independent experiments. The asterisk (*) indicates a significant difference between control and 

treatment groups by Dunnett’s test. **p < 0.01,  and ***p < 0.001 vs control (Cntl) and 

preadipocytes (pre).    
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3.3.2. Effect of partially purified CbR methanol extract on 3T3–L1 cells  

Methanol extract has been choosen for higher yeild and purifications were carried out for 

anti-adipogenic active compoud. To isolate the most active anti-adipogenic compound, methanolic 

extract was  partiality purified  on the basis of polarity. Stronger anti-adipogenic active compounds 

are soluble in  low polar solution Chlorofom : MeOH 9:1. (Figure 3–5B).  
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Figure 3–5 Effect of CbR methanol extract fractions on 3T3–L1 cells. (A) A Flowchart for the 

liquid-liquid partition on the basis of solvent polarity of CbR methanol extract. (B) Inhibitory 

effects of the CbR methanol extract and of its fractions on cellular lipid accumulation.  The results 

are presented as means ± SEM from three independent experiments. The asterisk (*) indicates a 

significant difference between control and treatment groups by Dunnett’s test. *p < 0.05, 

**p < 0.01,  and ***p < 0.001 vs control (Cntl) and preadipocytes (pre).     
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3.3.3. Effects of CbR methanol extract fractions on 3T3–L1 cells  

 Methanol extract was partially purified with chloroform: methanol 9:1, which was followed by 

further fractionated into F–1 to F–5 through a silica gel open column. Among these five divided 

fractions, treatments with a dose of 100µL/ml lower-polarity fraction, F–1 and F–2, significantly 

inhibited the lipid accumulation in 3T3–L1 cells whereas no significant effect was observed in 

comparatively high polar fractions such as F–3, F–4 and F–5 (Figure 3–6 B).  
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Figure 3–6 Effect of CbR methanol extract fractions on 3T3–L1 cells. (A) A Flowchart for the 

partially purified by open silica gel column chromatography. (B) Inhibitory effects of the fractions 

derived from partially purified methanol extract on cellular lipid accumulation. The results are 

presented as means ± SEM from three independent experiments. The asterisk (*) indicates a 

significant difference between control and treatment groups by Dunnett’s test.  **p < 0.01,  and 

***p < 0.001 vs control (Cntl) and preadipocytes (pre) C=Chloroform and M=Methanol. 
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3.3.4. Screening of F1 fraction  

In figure 3–6B shows the F–1 and F–2 inhibition of lipid accumulation first F–1 were 

selected for comparatively low polarity as mentioned above. F–1 was further fractionated in to 

three fractions (F1–1 to F1–3) using HPLC system. The screening of fraction of F1–2 shows the 

strongest inhibitory (Figure–3–8B). 

  

Figure 3-7  1 HPLC chromatogram of CbR methanol extract fractions 

detected at 271 nm (A)  F-1 and (B) F-2  ( Develosil  column 4.6 x 250 
mm) Chloroform : Methanol 9:1 
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Figure 3–8 Effect of fractions from CbR on 3T3–L1 cells. (A) A Flowchart for the isolation of 

active anti–obesity compounds from Cirsium brevicaule A GRAY root (CbR) methanol extract. 

(B) Inhibitory effects of the fractions derived from partially purified methanol extract on cellular 

lipid accumulation. The results are presented as means ± SEM from three independent 

experiments. The asterisk (*) indicates a significant difference between control and treatment 

groups by Dunnett’s test.  ***p < 0.001 vs control (Cntl) and preadipocytes (pre).    
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Figure 3–9 Isolation of active components from CbR and their chemical structure. (A–B) 

Chromatograms of F–1 from crude methanol extract and purified syringin, respectively. (C) 

Chemical structure of syringin revealed by NMR analyses 
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3.3.5. Chemical structure identification of active compound from CbR  

The active fraction, F1, was further fractioned through normal and reverse phase HPLC 

columns (Figure 3–9A). The purified active fraction was subjected to NMR analysis (Figure 3–

9B). 1H-NMR (CDCl3, 400 MHz): δ 6.75 (s, H-2, H-4, 2H), 6.55 (d, J = 15.9 Hz, H-7), 6.33 (dt, J 

= 15.9 Hz, 5.6 Hz, H-8), 4.87 (overlapped with solvent signal, H-1'), 4.22 (dd, J = 5.5 Hz, 1.2 Hz, 

H-9, 2H), 3.86 (s, 3-OCH3 5-OCH3, 6H), 3.81 (m, H-6'a), 3.70 (m, H-6'b), 3.50 (m, H-2'), 3.44 

(m, H-4'), 3.43 (m, H-3'), 3.23 (m, H-5'). 13C-NMR (CDCl3, 100 MHz): δ 154.41 (C-3, -5), 135.92 

(C-4), 135.32 (C-1), 131.32 (C-7), 130.07 (C-8), 105.48 (C-2, -5), 105.37 (C-1'), 77.88 (C-5'), 

75.77 (C-2'), 71.38 (C-4'), 63.62 (C-9), 62.62 (C-6'), 57.05 (3-OCH3 5-OCH3). ESI-MS analysis 

of the compound found the [M+Na] + ion at m/z 395.2. Interpretation of these spectral data 

identified the chemical structure of the active component as syringin (Figure 3–9C). 

 

3.3.6. Screening of F2 fraction 

In figure 3–6B shows the highest inhibition of lipid accumulation of the F2. HPLC 

chromatography were performed F1 and F2 (Figure 3–7) chromatogram representing that F2 

contains high polarity compounds. Thus, F2 were further fractionated in to five fraction (F2–1 to 

F2–5) using open reverse phase column. F2–1 was further fractionated on the basis of elution yield 

(77%) and anti-adipogenic effect on 3T3–L1 cells.  In the following fractions using HPLC system 

in first normal phase HPLC column were used for large separation then revers phase column for 

purified the active compound (Figure 3–10) on the basis of strongest lipid accumulation inhibition 

effect on 3T3–L1 cells (Figure 3–11D and F). 

*
* 
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Figure 3–10 Flowchart for the bioactivity-guided purification of anti-obesity compounds from 

CbR. Bioactivity was assessed on 3T3–L1 cells. Liquid chromatography was carried out on an 

open column and HPLC system. 
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Figure 3–11 HPLC profiling CbR methanol extract and effects of on intracellular lipid 

accumulation in 3T3–L1 cells. HPLC chromatograms of partially purified CbR methanol Extract 

(detected at PDA 371 nm) (A): F2–1, (B): F2–1–1 (C): F2–1–1–3 and D–F relative lipid 

accumulation in 3T3–L1. The results are presented as means ± SEM from three independent 

experiments. The asterisk (*) indicates a significant difference between control and treatment 

groups by Dunnett’s test. **p < 0.01,  and ***p < 0.001 vs control (Cntl). 
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3.4. Discussion: 

 As described above, CbR has been traditionally used as a food and herbal medicine in the 

Okinawa and Amami Islands of Japan [135]. A previous study  investigated the antioxidant 

activities of methanol and water extracts from roots of C. japonicum and that both extracts have 

high phenolic and flavonoid contents, and  antidiabetic activities [128]. The testing and screening 

of plant extracts against a variety of pharmacological targets in order to benefit from the immense 

natural chemical diversity is a concern in drug discovery from the natural products.  

This study demonstrated that methanol extract of CbR and its minimally polar contents 

significantly inhibited cellular lipid accumulation in 3T3–L1 adipocytes, as a precursor to assess 

the effects of CbR on the development of obesity (Figure 3–4). Further fractionation suggested 

that CbR contains various anti-obesity active compounds (Figures 3–5, 3–4, 3–6, 3–8 and 3–11), 

and one of them was identified as a syringin (Figure 3–9). Syringin was also isolated from the 

roots of a different Cirsium plant, C. japonicum[136];   Many  studies have reported the beneficial 

activities of syringin, such as hypoglycemic, anti-inflammatory, anti-oxidative, and 

immunomodulating effects [137-139]. However, few studies have investigated the effect of syringin 

on 3T3–L1 cells and adipose tissues [140]. Although additional studies are needed to elucidate the 

underlying molecular mechanism and reveal other active components in CbR, this study suggested 

that CbR could be used for the treatment of obesity and diabetes. 

 

3.5. Conclusion 

This study indicated that CbR chloroform and methanol crude extract have the potent 

anti-obesity activity and also partially purified of CbR methanol extract inhibit adipogenesis. 
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CHAPTER IV 

 

Anti-adipogenic effects of syringin via  

AMPK and Akt signaling pathways   
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4.1. Introduction: 

In the previous chapter, syringin was identified as one of the components contributing to 

the anti-adipogenic activity of crude methanol extract of CbR. Syringin, a phenylpropanoid 

glycoside  was first isolated from lilac Syringa vulgaris, and is also called eleutheroside B[141]. 

Syringin was also isolated from the root of different Cirsium plant, C. japonicum [136]. This 

compound is distributed widely throughout various plants [142], and its beneficial activities, such 

as hypoglycemic, anti-inflammatory, anti-oxidative, and immunomodulating effect, have been 

reported [137-139]; however, few studies have investigated the effect of syringin on 3T3–L1 

adipocyte and adipose tissues [140]. Therefore, it is essential to elucidate the molecular mechanisms 

of the anti-adipogenic activity of syringin. Here I have investigated the following:  

 

 Effect of syringin on 3T3–L1 cells lipid accumulation in different stages of adipogenesis.  

 Pattern of gene expression modulation when 3T3–L1 cells are treated with syringin at early 

stage of differentiation. 

  Elucidation of the molecular mechanisms involved in the inhibition of lipid accumulation 

in 3T3–L1 adipocytes. 
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4.2. Materials and methods 

4.2.1. Syringin purification  

Syringin purification and identification procedure have been discussed in chapter III.  

 

4.2.2. Cell culture and treatments 

3T3–L1 preadipocytes cells culture was described in chapter III. Cells were cultured in the 

culture media supplemented with syringin from day 0 to 6. On the other hand, to study the acting 

stage of active compound in the adipocyte development, the cell cultures were treated with syringin 

at different time intervals. On day 6, lipid droplets of 3T3–L1 cells were stained with Oil Red O 

discussed in chapter III. To visualize intracellular accumulated neutral lipids, after washing with 

PBS, 3T3–L1 adipocytes were fixed with 10% formalin solution and stained with Oil Red O 

solution, according to a method of Allott et al. [143], and observed under a light microscope. To 

elucidate cytotoxic effects of syringin on 3T3–L1 cells, cells were treated with 20 μM syringin 

from day 0 to 6. At the end of the treatment period, cells were washed twice with PBS and lysed 

into 1% Triton X-100, and the double-strand DNA (dsDNA) content of cell lysates was determined 

using a Quanti-iT  PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, MA, USA). 
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4.2.3. Quantitative real-time polymerase chain reaction 

Cells were treated with 20 µM syringin or DMSO (used as a vehicle) for 48 h followed by 

cells were two times washed with PBS and total RNA was extracted from 3T3–L1 cells, which 

were treated with 20 µM syringin from day 0 to 2, by FastGene RNA Basic kit (NIPPON Genetics 

Co., Ltd., Tokyo, Japan). First-strand cDNA was synthesized using mRNA as a template. For 

quantitative real-time polymerase chain reaction, the primers and probe sets (Table 4–1) were 

purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA). To measure the relative 

abundance of target transcripts, amplifications were performed using PrimeTime Gene Expression 

Master Mix (Integrated DNA Technologies, Inc.) with the StepOne Real-Time PCR System 

(Thermo Fisher Scientific), and the amounts of the target transcripts were normalized to those of 

ACTB. 
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Table 4-1 TaqMan gene expression assays used for the quantitative real time PCR analysis. 
 

Gene  Description  
Gene expression assay 

reference 

ACC1 Acetyl-coenzymeA (CoA) carboxylase 1 Mm.PT.58.12492865 

ADIPOQ  Adiponectin  Mm.PT.58.9719546  

β-actin ACTB Mm.PT.58.33257376.gs 

C/EBPα 
CCAAT/enhancer binding protein (C/EBP), 
alpha  

Mm.PT.58.30061639.g 

CPT1a Carnitine palmitoyltransferase 1A Mm.PT.58.10147164 

CPT2 Carnitine palmitoyltransferase 2 Mm.PT.58.13124655 

FABP4 Fatty acid binding protein 4 Mm.PT.58.43866459 

FASN Fatty acid synthase Mm.PT.58.14276063 

LIPE Hormone-sensitive lipase m.PT.58.6342082 

LPL  Lipoprotein lipase  Mm.PT.58.46006099 

ACOX Peroxisomal acyl-coenzyme A oxidase 1 Mm.PT.58.50503784 

PPARγ 
Peroxisome proliferator activated receptor 
gamma 

Mm.PT.58.31161924 

PGC1a PPARγ coactivator 1α Mm.PT.58.16192665 

SCD1  Stearoyl-Coenzyme A desaturase 1  Mm.PT.58.8351960 

GLUT4 Glucose transporter type 4 Mm.PT.58.9683859 

UCP2 Uncoupling protein  2 Mm.PT.58.11226903 

UCP3 Uncoupling protein  3 Mm.PT.58.9090376 

 

  PrimeTime qPCR Probe Assays (Integrated DNA Technologies, Inc) 
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4.2.4. Western blot analyses 

3T3–L1 cells have been treated with 20 µM syringin from day 0 to 2 were washed with 

PBS and their lysates were prepared with PRO-PREP™ Protein Extraction Solution (iNtRON 

Biotechnology, Gyeonggi-do, Kore). Proteins were extracted and separated using SDS-PAG 

electrophoresis and subsequently transferred onto Polyvinylidene difluoride (PVDF) membranes 

(GE Healthcare Life Sciences, Chalfont, UK). Membranes were blocked with ATTO EzBlock 

Chemi (ATTO Corp., Tokyo, Japan) at room temperature for 1 h and then reacted with the 

following monoclonal antibodies (mAb) or polyclonal antibodies (pAb) as primary antibodies 

(Table 4–2) and anti-rabbit IgG pAb linked with horseradish peroxidase (HRP) as secondary 

antibody. These antibodies were diluted with Bullet ImmunoReaction Buffer (Nacalai tesque) and 

reacted for 1 h at room temperature. After each reaction, the PVDF membrane was washed three 

times with Tris-buffered saline with tween 20, and the protein bands on them were detected with 

the ECL Advance Western Blotting Detection System (GE Healthcare). Their images were 

captured and visualized using ImageQuant LAS 4000 (GE Healthcare) and the band intensities 

were quantified with ImageJ software and density were normalized by the level of β-actin.  
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Table 4–2 List of antibodies used in this western blotting  

 

  

Antibody name  Company  Source  Dilution 

anti-PPARγ mAb Signaling Technology, Inc (81B8) Rabbit 1:1000 

anti-C/EBPα mAb Signaling Technology, Inc (D56F10) Rabbit 1:1000 

anti-FABP4 mAb Signaling Technology, Inc (D25B3) Rabbit 1:1000 

anti-AMPK1/2 pAb Santa Cruz Biotechnology, Inc Rabbit 1:500 

anti-p-AMPK1/2 pAb Santa Cruz Biotechnology, Inc Rabbit 1:500 

anti-ACC pAb Signaling Technology, Inc  Rabbit 1:1000 

anti-p-ACC pAb Signaling Technology, Inc Rabbit 1:1000 

anti-Akt mAb Signaling Technology, Inc (C67E7) Rabbit 1:1000 

anti-p-Akt mAb Signaling Technology, Inc (D9E) Rabbit 1:1000 

anti-GLUT4 mAb Signaling Technology, Inc (1F8)  Mouse  1:1000 

anti-SCD1 pAb Signaling Technology, Inc (M38) Rabbit  1:1000 

Anti-LIPE pAb Signaling Technology, Inc (D6W5S) Rabbit 1:1000 

anti-CPT1a mAb Abcam (Cambridge, UK) Mouse 1:1000 

anti-β-actin Signaling Technology, Inc (E135) Rabbit 1:1000 

anti-rabbit IgG Signaling Technology, Inc Goat 1:2000 

anti-mouse IgG Signaling Technology, Inc Goat  1:2000 
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4.2.5. Statistical Analyses 

Data are expressed as the mean ± standard error of the mean (SEM). The statistical 

significance of the difference between the two experimental groups was determined using the 

Student’s t-test. To determine the significance of the differences among the means for more than 

three groups, the data were analyzed using one-way analysis of variance, and the differences 

among the mean values were subsequently inspected using the Dunnett’s significant difference 

test. The level of significance was set to p < 0.05.    
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4.3. Results 

4.3.1. Effect of syringin during the differentiation time points of adipogenesis  

 To gain insight on the mechanism of the suppressive effect of syringin on adipogenesis of 

3T3-L1 cells, I investigated the time course of the adipocyte differentiation in the presence of 

syringin (Figure 4–1A). Cellular lipid accumulation was significantly inhibited when syringin-

treatments at 20 µM are administered from day 0 to day 2 or 6 (Figure 4–1B). On the other hand, 

the inhibitory effects were not shown when 3T3–L1 cells are treated with syringin only for the 

latter period, day 2–6 (Figure 4–1B).  

 

 

 

Figure 4–1 Effect of syringin on intercellular lipid accumulation in 3T3–L1 cells. (A) Time 

schedule for the treatment with syringin during the cellular differentiation of 3T3–L1cells (B) 

Inhibitory effects of the syringin on lipid accumulation in 3T3–L1 adipocytes. The results 

represent as the mean ± SEM from three independent experiments. The asterisk (*) indicates a 

significant difference between control and treatment groups tested by Student’s t-test. ***p < 0.001 

vs control (Cntl). 
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4.3.2. Effects of syringin on differentiation and lipid accumulation of 3T3–L1 cells 

The effect of syringin of intracellular lipid accumulation in mature 3T3–L1 adipocytes was 

visualized by Oil Red O staining as shown in (Figure 4–2C). Syringin treated groups decreased 

the amount of lipid in 3T3–L1 adipocytes. This observed reduction in lipid accumulation was 

confirmed by relative lipid quantification assay. As shown in (Figure 4–2B), compared to the 

differentiated control cells, 5μM, 10μM, and 20 μM, treatment of syringin significantly decreased 

the lipid accumulation in 3T3–L1 adipocytes by 13, 18, and 29 %, respectively compared to control 

cells. There were no significant effects on lipid accumulation were observed in cells treated with 

2.5 μM versus control cells. 
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Figure 4–2 Effect of syringin on adipogenic differentiation through the regulation of adipogenic 

factors in 3T3–L1 cells. (A) Cytotoxic effect of syringin on 3T3–L1 cells. (B & C) Cellular lipid 

accumulation by Oil Red O staining (image 20× magnification). The results are presented as means 

± SEM from three independent experiments. The asterisk (*) indicates a significant difference 

between control and treatment groups by Dunnett’s test and Student’s t-tests. *p < 0.05, **p < 0.01, 

 and ***p < 0.001 vs control (Cntl) and preadipocytes (pre). 
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Figure 4–3 Effect of syringin on adipogenic differentiation through the regulation of adipogenic 

factors in 3T3–L1 cells. (A–C) mRNA levels of (A) lipogenesis, (B) lipolysis, and (C) 

thermogenesis-related genes. (D) The expression of lipogenesis and lipolysis-related proteins. The 

results are presented as means ± SEM from three independent experiments. The asterisk (*) 

indicates a significant difference between control and treatment groups by Dunnett’s test and 

Student’s t-tests. *p < 0.05, **p < 0.01,  and ***p < 0.001 vs control (Cntl) and preadipocytes 

(pre). 
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4.3.3. Effects of syringin on lipid metabolism related genes and proteins regulation  

First 48 h of differentiation of 3T3–L1 cell  has been generally considered as a critical 

window for assessment of anti-adipogenic effect [144]. To investigate the adipogenic effects of 

syringin, 3T3–L1 cells have been treated with syringin from day 0 to 2. Double-strand DNA 

(dsDNA) content of cellular lysate from 3T3–L1 cells cultured with syringin was highly similar 

compared to that from control cells in chapter III (Figure 4–2A). To understand the molecular 

mechanisms, assessed mRNA levels of lipid metabolism-related genes in 3T3–L1 cells. When 

comparing with mRNA levels of untreated control cells, treatment with syringin significantly 

decreased mRNA levels of the lipogenic-related genes, SCD1 and GLUT4. Whereas slightly 

increased mRNA level of FASN (Figure 4–3A). However, the protein level of SCD1 was 

suppressed with no significance, while GLUT4 protein level was significantly retarded as observed 

in its mRNA expression level. On the other hand, syringin significantly increased mRNA levels 

of lipolytic-related genes, LIPE and CPT1a, and thermogenic-related genes UCP2 (Figures 4–3B 

and 4–3C).  The protein expression level of CPT1a and LIPE showed an increasing trend compared 

to control (Figure 4–3D). In lipolytic-related genes, mRNA level of ACOX was significantly 

decreased by syringin treatment (Figure 4–3B). Treatment with syringin significantly decreased 

mRNA levels of key adipogenic-specific gene PPARγ and adipocyte marker gene FABP4 and 

adiponectin, in comparison with untreated 3T3–L1 cells (Figure 4–4A). In protein expression 

levels, adipogenic-related proteins PPARγ, FABP4, and C/EBPα also significantly decreased by 

the treatment with syringin (Figure 4–4B).   
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Figure 4–4 Effect of syringin on the expression of adipogenesis-related genes. (A) mRNA levels 

of adipogenesis-related genes. (B) Representative Western blot of adipogenic protein factors. The 

results are presented as means ± SEM from three independent experiments. The asterisk (*) 

indicates a significant difference between control and treatment groups tested by Student’s t-test. 

*p < 0.05 and **p < 0.01 vs control (Cntl) 
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4.3.4. Effects of syringin on signaling pathways 

To elucidate how anti-adipogenic effects of syringin are exerted, I investigated the changes 

in signaling pathway related to adipogenesis. As shown in Figure 4–5, treatment with syringin 

significantly upregulated the levels of phosphorylated AMPK and ACC but not that of total ones, 

resulting in significant increases in phosphorylated protein ratios (Figures 4–4B and 4–5A). On 

the other hand, phosphorylated Akt ratio was significantly enhanced in 3T3–L1 cells treated with 

syringin (Figure 4–5C).  
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Figure 4–5 Effects of syringin on AMPK, ACC, and Akt phosphorylation during the 

differentiation of 3T3–L1 adipocytes. (A–C) Ratios of relative phosphorylated to total protein 

levels of (A) p-AMPK/AMPK, (B) p-ACC/ACC, and (C) p-Akt/Akt. The results are 

presented as means ± SEM from three independent experiments. The asterisk (*) indicates a 

significant difference between control and treatment groups by Student’s t-test. *p < 0.05 vs 

control (Cntl). 
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4.4. Discussion  

In the previous chapter syringin as a bioactive compound was identified in several plants 

[141]; however, this is the first time it is being reported that syringin presence in CbR. It has 

attracted wide attention for its considerable bioactivities such as neuroprotective, antioxidant, anti-

diabetic, anti-allergic and anti-inflammatory properties[141]. Syringin significantly inhibited the 

fibroblast to adipocyte differentiation of 3T3–L1 cell. It was here shown that syringin affects the 

expression of several lipid metabolism and adipogenic-related genes on the transcriptional and 

posttranscriptional levels (Figures 4–2 to 4–5) respectively, resulting in anti-adipogenic activities. 

It has been especially reported that syringin have potentially hypoglycemic and antidiabetic 

activities [145,146]. Which are strongly associated obesity related metabolic syndrome. To evaluate 

the anti-obesity effects of syringin and exposed to a range of syringin at 2.5 to 25 μM treated in 

the later stage of adipocyte differentiation (day 2–6) resulting no significant inhibitory effects on 

cellular lipid accumulation. Although these results are consistent with   (Figure 4–1). In here 

demonstrated that syringin has anti-adipogenic activity when treated in the early stage of 

differentiation of 3T3–L1 cells for the first time (Figures 4–1B, and 4–2B and C) without 

cytotoxicity (Figure 4–2A). 

There are several mechanisms for reducing obesity, such as lipid accumulation inhibition, 

enhanced energy expenditure, thermogenesis  and lipolytic enhancement  [147]. Adipocyte is an 

endocrine organ which play a vital role in glucose and lipid metabolism. In addition it maintains 

physiological signal or metabolic stress by releasing endocrine factors that regulate diverse 

processes, such as energy expenditure, appetite control, glucose homeostasis, insulin sensitivity, 

inflammation and tissue repair [148]. Several studies found that, adipocyte differentiation and their 
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fat accumulation are positively correlated with the number and size of adipocytes which are 

associated with the development of obesity [149,150]. In this study, treatment with syringin of 3T3–

L1 cells significantly decreased mRNA levels of major lipogenic-related genes, but enhanced 

mRNA levels of major lipolytic and thermogenic-related genes and proteins (Figure 4–3). 

Adipocyte differentiation is associated with a broad network including transcription factors, which 

are responsible for expression of adipogenic-related proteins. Among the transcription factors, 

PPARγ and C/EBP family are considered  as a master  regulators of adipogenesis [151,152]. As 

shown in (Figure 4–4A), syringin attenuated the mRNA levels of adipocyte specific markers such 

as FABP4 and adiponectin, which are regulated by C/EBPα or PPARγ during adipocyte 

differentiation [153]. Indeed, syringin suppressed mRNA levels of PPARγ and also 

protein expressions of PPARγ and C/EBPα (Figure 4–4B). Treatment with syringin on 3T3–L1 

cells significantly reduced cellular lipid accumulation during early adipocyte differentiation 

(Figure 4–1B). These data suggested that syringin influence on adipogenesis in 3T3–

L1 preadipocytes at an early phase by modulating the expression of adipocytes differentiation–

related transcription factors. 

Recent studies provided the protective effects of syringin against oxidative stress and 

inflammation in diabetic rats and considered  that syringin could be a probable candidate to be 

used in the treatment of gestational diabetes It was also shown that syringin improved insulin 

sensitivity by increasing AMP-activated protein kinase (AMPK) activity, decreasing expression 

of lipogenic genes in skeletal muscle cells, and suppressing the chronic inflammation and 

endoplasmic reticulum (ER) stress [154]. AMPK, a serine/threonine protein kinase, regulates the 

fatty acid synthesis and degradation according to sensor of cellular energy metabolism, and it has 

critical role in maintaining energy homeostasis in the body [155]. It has been well known that 
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AMPK plays a crucial role in regulating adipogenesis, and their activation in adipose tissue could 

prove beneficial in attenuating adipose tissue dysfunctionality because AMPK has a crucial role 

in the regulation of transcriptional factors related to adipogenesis and lipid synthesis [156-158]. 

Therefore, differentiation of pre-adipocytes into adipocytes inhibitory substrate and adipocytes 

associated with activation of AMPK signaling could be considered as a target for treatment of 

obesity [159-161]. In an attempt to elucidate the molecular mechanisms underlying syringin induced 

anti-adipogenesis of 3T3–L1 preadipocytes, protein levels of phosphorylated AMPK and its 

substrate, ACC were evaluated. Treatment with syringin induced the levels of p-AMPK (Thr172), 

and this activation resulted in the phosphorylation of ACC resulting in ACC inhibition, in turn, 

inhibited adipogenesis (Figures 4–5A and 4–5B).  The present study also showed the decreases in 

lipogenic-related gene and proteins expressions (Figure 4–3A). These data therefore suggested that 

syringin inhibits adipogenesis through the enhanced AMPK activation in adipocyte. Significant 

decreases in pAkt/Akt ratio were observed in syringin-treated cell compared with the control cells 

(Figure 4–5C). It has been reported that inhibition of Akt phosphorylation/activation blocks 

adipocyte differentiation of 3T3–L1 cells, and suggested Akt signaling pathway is essential for 

adipogenesis [162,163]. Anti-adipogenic effects of syringin, therefore, may be exerted partly by 

inhibiting Akt activation.  
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4.5. Conclusion 

Isolated syringin as an anti-adipogenic active compound in CbR, and demonstrated that 

syringin attenuated lipogenesis by direct modulation of the lipogenic gene network and 

significantly inhibited adipogenesis of 3T3–L1 cells when treated at early stage of differentiation. 

To the best of my knowledge, this is the first report on the anti-obesity properties of syringin.  

Although additional studies are needed to elucidate the underlying details of the molecular 

mechanisms and reveal the other active component (s) in CbR. This study suggests providing the 

evidence for promoting the development of natural and safe anti-obesity agents from CbR. 
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CHAPTER V 

 

General Conclusion   
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Over the last few decades, obesity has become one of the most prevalent health issues 

worldwide and reaching pandemic levels. Therefore, it is essential to establish strategies for 

prevention and medication of obesity.  

In previous studies, DPCs such as pteryxin (PTX) and peucedanocoumarin III (PCII) were 

isolated from Peucedanum japonicum Thunb (PJT) have reported anti-obesity properties in 3T3–

L1 adipocytes. However, pure DPCs had limitation on in vivo study in-depth investigations on 

mechanisms related to anti-obesity. Thus, in this study found that DPCs consisting anti-obesity 

effect on HFD-induced obese mice. On the other hand, nanoparticulation of DPCs with PLGA 

dramatically increased its activity almost 100-fold compared to non-nanoparticulated DPCs. DPCs 

and nano-DPC modulate gene network showed anti-obesity activity as illustration in (Figure 5–1). 

I have summarized several important characteristics of PTX and PCIII in Table 5–1 and 5–2 

respectively. Thus, this study suggests that DPCs is potential anti-obesity drug in the 

pharmaceutical industry. 

Cirsium brevicaule A. GRAY is a wild perennial herb, and its roots (CbR) have 

traditionally been used as food and medicine in the Okinawa and Amami Islands of Japan. In this 

study characterized anti-obesity properties of CbR by testing its activities in the 3T3–L1 adipocyte. 

I have isolated syringin as an anti-obesity active compound for the first time. I have summarized 

several important characteristics of syringin (Table 5–3) and, syringin modulated the gene network 

to suppress adipogenesis as illustrated in (Figure 5–2). 
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Table 5–1 Summary of pteryxin (PTX) characteristics 

  

Plant name  Identified Function Literature 

Peucedanum 

japonicum Formosan 

(+)-pteryxin 
Antiplatelet aggregation 

[164] 

Angelica keiskei (+)-pteryxin Antitumor-promoter 

Scavenging activity for against Nitric 

oxide 

[165] 

Peucedanum 

japonicum Thunb  

(+)-pteryxin  Antioxidant protein HO-1 inducer  [166] 

Peucedanum 

japonicum Thunb 

(+)-pteryxin Anti-obesity activity [167] 

 
20 μg/mL 

(+)-pteryxin 

 

 

 

 

Upregulated 
genes 

Downregulated genes 
 

 

 

[168] 

 

PPARγ, 

RORC, 

FABP4, 

UCP2 

 

SREBP1c, FAS, 

ACC, 

MEST 

50 μg/mL 

(+)-pteryxin 

 

 

PGC1α, 

CPT1α 

 

PPARγ, 

C/EBPα, SREBP1c, 

MEST, 

FAS, Adiponectin 
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Table  5–2 Summary of peucedanocoumarin III (PCIII) characteristics 

 

  

Source  Name Identified Function Literature 

Bioactive compound 

was determined in 

several plants or   

Synthetic.  

 

Peucedanocoumarin 

III 

Therapeutic effect on 

Parkinson’s disease 
[169] 

 

Anti-obesity activity 
[170] 

Upregulated 

genes 

Downregulated 

genes 
[94] 

 
PPARγ, 

PPAR α, 

C/EBPα,  

SCD1, 

 Slc2a4,  

UCP2  
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 Table  5–3 Summary of syringin characteristics  

Source Name Identified Function Literature 

Bioactive compound was 

determined in several 

plants or   Synthetic. 

Syringin Neuroprotective effect [171] 

Antidiabetic effect [145,146] 

Anti-ulcer effect [172] 

anti-inflammatory effect [173] 

Anti-allergic effect [174] 



91 
 

 

Figure 5–2 Summary illustration of the suppressive effects of syringin on adipogenesis and 
lipogenesis related gene parameters in vitro  
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