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Abstract

Obesity and overweight are major health concerns worldwide due to their
contribution in numerous metabolic disorders. Previous studies on Peucedanum
japonicum Thunb (PJT) have reported anti-obesity properties available in PJT powder.
However, PJT as a crude extract restricted in-depth investigations on mechanisms related
to anti-obesity. In this thesis, partial purification of PJT, isolation of the active compound
responsible for anti-obesity ‘pteryxin’ in PJT and its characterization were investigated.

The first experiment examined the anti-obesity activities of partially purified
fractions of PJT in vitro. This study focused on the lipid accumulation in 3T3-L1
adipocytes, HepG2 hepatocytes and glucose consumption in C2C12 muscle cells. The
gene modulation pattern in each cell type due to ethanol extract (EE), hexane phase (HP)
and water phase (WP) of PJT was examined. The HP significantly downregulated
lipogenic gene expressions in hepatocytes, inhibited TG accumulation, and decreased the
size of 3T3-L1 adipocytes. In C2C12 myotubes, HP tended to enhance energy
expenditure. The results suggested that PJT HP possessing the characteristics of anti-
obesity during the partial purification.

The second experiment isolated the active compound from PJT HP responsible
for anti-obesity, namely pteryxin, a previously known coumarin in PJT. The dose
dependent effect on the triglyceride (TG) content, and the gene expressions related to
adipogenesis, energy expenditure and lipogenesis due to pteryxin were examined in vitro.
Pteryxin dose-dependently suppressed TG content in both 3T3-L1 and HepG2 cells. Key
lipogenic transcription factors were downregulated in pteryxin-treated 3T3-L1 and
HepG2 cells. The energy expenditure was upregulated due to pteryxin. This study
demonstrated that pteryxin in PJT play the key role in regulating lipid metabolism related
gene network in vitro.

Next, the efficacy of pteryxin containing PJT extracts against obesity in C57BL/6
mice fed a high-fat diet was assesses. The PJT EE was fractionated in to HP and WP. The
pteryxin content in each fraction was quantified by HPLC. The pteryxin-rich HP and EE
attenuated the body weight of mice after 4 weeks. HP suppressed blood glucose, TG
content and showed a downregulatory trend in insulin resistance. The highest marked
reduction in epididymal white adipose tissue weight was observed due to the HP diet.

Xii



The TG formation and storage in liver were reduced. This study demonstrated that
pteryxin in HP plays an important role in regulating lipid metabolism-related gene
expression and energy expenditure in vivo.

Finally, I investigated the molecular mechanisms of pteryxin in attenuating
adipogenesis. Pteryxin was used at low (20 pg/mL) and high (50 pg/mL) doses in 3T3-
L1 cells either during the entire adipogenesis or only during the proliferation stage and
performed next generation sequencing (NGS), qPCR, and protein expressions related to
different doses of pteryxin. | found that pteryxin at two different doses attenuate
adipogenesis, however, pteryxin at 20 pg/mL, downregulated lipogenic genes and
increased lipolysis. The 50 pg/mL pteryxin completely suppressed adipocyte
differentiation in 3T3-L1 adipocytes. The NGS data analysis suggested that pteryxin at
50 pg/mL downregulated Wnt5a non-canonical pathway. | found that ERK1/2, AMPK
activities play a major role in the adipogenesis inhibition in the presence of 20 and 50
pg/mL pteryxin, respectively.

In conclusion, these results provide great insight on the unique characteristics of
pteryxin in the anti-adipogenic process in order to utilize pteryxin as an anti-obesity drug

in the pharmaceutical industry in the near future.
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CHAPTER |

General Introduction



1.1 Global Perspective on Metabolic Syndrome

Metabolic syndrome represent a cluster of risk factors that raises the risk for
cardiovascular diseases and diabetes. The risk factors include obesity, hypertension,
dyslipidemia, and hyperglycemia (Borch-Johnsen, 2007). These syndrome or diseases
were earlier considered as high in occurrence in developed countries. However, the
stagnation or increment of the prevalence of these diseases in developing countries have
increased dominantly along with the global transition over the years. Metabolic
syndrome is an attractive scientific and commercial factor due to its high morbidity and
mortality. Thus, immediate attention should be required for preventive measures of these
risk factors.

Among these, obesity and overweight is increasing worldwide and has become an
overwhelming threat to large communities. The World Health Organization (WHO)
showed that, in 2014, more than 1.9 billion adults, the age of 18 and over, were

overweight (Fig. 1-1). Of these, more than 600 million were obese (WHO, 2014b).
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Figure 1-1 Comparison between the highest and least overweight and obese population
prevalence regions in the world
Source: World Health Organization; 2014



The prevalence of childhood overweight is increasing worldwide, especially in Africa
and Asia. Between the year 2000 and 2013, the prevalence of overweight in children
aged under 5 years, increased from 11% to 19% in some countries in southern Africa and
from 3% to 7% in South-East Asia. In 2013, there were an estimated 18 million
overweight children aged under 5 years in Asia. It is estimated that the prevalence of
overweight in children aged under 5 years will rise to 11% worldwide by 2025, if the
current trends continue (WHO, 2014a).



1.2 Prevalence of Obesity and occurrence in Japan

The WHO has standardized overweight and obesity by using body mass index
(BMI) > 25 to be overweight and > 30 to be obese. However, due to the high tendency of
exceeding the risk of type 2 diabetes and cardiovascular diseases due to the availability
of high visceral fat in human body at BMI 25, the Japan Society on Obesity Study has
bench-marked 25 as the obese limit of BMI (Japan Society on Obesity Study, 2014).

According to a survey conducted by the Ministry of Health, Labor and Welfare,
Japan, obesity risk was higher in adults 40 years and over, and continued to increase
yearly during the last two decades. Furthermore, it also revealed that Okinawa was
ranked as No. 1 for the highest prevalence of obesity amongst the 47 prefectures in all
Japan in the 2010 (Fig. 1-2). The second highest prevalence was observed in Miyazaki
and the least were in Tottori, Shiga, Fukui and Yamaguchi (Ministry of Health, Labour
and Welfare, Japan, 2010). The following figure illustrates the selected highest and

lowest prevalence of obesity in prefectures in Japan.
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Figure 1-2 Highest and lowest obese adult male population prevalence regions in Japan
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1.3  Causes for Obesity

Lack of energy balance in the body plays a pivotal role in obesity and overweight.
The accumulation of excess body fat occurs by the greater energy intake than the energy
expenditure. A high-fat diet (HFD) enriched with saturated fatty acids, which may affect
body weight by controlling satiety and metabolic efficiency, or by modulating insulin
secretion and action (Liu et al., 2003). On the other hand, there are many other factors
that are affecting obesity such as an inactive life style (Papandreou et al., 2007),
environment where the society has become overloaded with their busy schedules and has
poor access to healthy food. A person with an inactive life style could spend hours
watching television, seated in front of a computer, or even relying on cars instead of
walking. This way, the amount of calories burnt are less, allowing a retention of energy
in the body. Moreover, genes and family history (Lin et al., 2010), health condition of a
person, sleep (Dixon et al., 2007) and certain medicines that are used for depression also

have been found to contribute towards obesity (Uguz et al., 2015).



1.4  Physiological Roles of Adipose Tissue during Obesity

Adipose tissue is a complex organ that regulates energy homeostasis in the body.
However, the over accumulation of fat in the adipose tissue is characterized as obesity
(Nakamura et al., 2013; Rosen and Spiegelman, 2000). Furthermore, the adipose tissue
function as an endocrine organ that is capable of producing and secreting a variety of
factors including free fatty acids (FFA), leptin, adiponectin, tumor necrosis factor-a
(TNF-a) and interleukin-6 (IL-6) ultimately influence on the metabolic homeostasis.
Thus, the adipose cells had been used as a study model since 1970s due to its authentic
key features against other cell lines (Green and Kehinde, 1975). While many studies
focus on the adipogenesis by the development of white adipose tissue (WAT) (Than et al.,
2012; Park et al., 2012; Hung et al., 2005), recent research also focus on the brown
adipose tissue (BAT), which the physiological role is the opposite to that of WAT (Vitali
et al., 2012; Fisher et al., 2012). Thus, it confers beneficial effects on adiposity, insulin
resistance and hyperlipidaemia at least in mice (Bartelt and Heeren, 2014).

Figure 1-3 illustrates the cellular interactions that participates in the
inflammatory pathways along with the obesity-associated comorbidities. Insulin, which
is the key hormone involved in the control of glucose and lipid homeostasis. The adipose
tissue-derived inflammatory cytokines and the insulin resistance may promote the
tumorogenesis. In the presence of cold or p3-agonism, the WAT poses the ability to be
converted to BAT and reverse the action by a HFD or thermoneutrality. The abbreviated
genes are as follows: LPL; lipoprotein lipase, TNFa; tumor necrosis factor a, IL-6;
interleukin-6, MCP-1; monocyte ckemoattractant protein-1, HSL; hormone sensitive
lipase, PGCla; peroxisome proliferator-activated receptor-gamma coactivator, PPAR;
peroxisome proliferator-activated receptor, CREB; cAMP response element-binding
protein, UCP; uncoupled protein, GLUT; glucose transporter, ACL; ATP citrate lyase,
FAS; fatty acid synthase, SCD; stearoyl-CoA desaturase, ATGL; adipose triglyceride
lipase, SREBP; sterol regulatory element binding protein, ChREBP; carbohydrate-
responsive element binding protein, PKA; protein kinase A, MAPK; mitogen activated
protein kinase, PKG; protein kinase G, AMPK; AMP-activated protein kinase, FFA; free

fatty acids, IR; insulin resistance, IGFBP; insulin like growth factor binding proteins,



TG,; triglyceride, VLDL; very low density lipoprotein, HDL-C; high density lipoprotein-
cholesterol.
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Figure 1-3 Mechanisms linking excess adiposity in the body.



1.5 Treatments for Obesity

A weight loss between 5-10% of initial body weight has been recommended as
the threshold by National Institute of Health, USA (Padwal and Majumdar, 2007). There
are various obesity treatment drugs available on the market, one of these is orlistat
(Xenical), which reduces intestinal fat absorption through inhibition of pancreatic lipase
((Drew et al., 2007; Thurairajah et al., 2005). The other is sibutramine (Reductil), which
is an anorectic or appetite suppressant (Lean, 2001). Both drugs have side-effects,
including increased blood pressure, dry mouth, constipation, headache, and insomnia (De
Simone and D' Addeo, 2008; Slovacek et al., 2008; Thurairajah et al., 2005). Studies of
many anti-obesity drugs have been notable for their high attrition rates and lack of data
on obesity-related mortality.

At present, because of the dissatisfaction with high costs and potentially
hazardous side-effects, the potential of natural products for treating obesity is under

exploration, and this may be an excellent alternative strategy.



1.6 Peucedanum japonicum Thunb (PJT), a Plant with an Impact

Peucedanum japonicum Thunb (PJT), also known as “Chomeiso” (FmEL) is a

medicinal plant belonging to the family of Apiaceae, which is distributed in southern
Japan, China and Taiwan (Fig. 1-4).

Figure 1-4 Peucedanum japonicum Thunb (PJT)

The roots of this plant have been used as a folk medicine for cold and neuralgic
diseases in Taiwan (Chen et al., 1996b), also used as a basal ingredient in many dishes in
Okinawa. A number of studies have reported on the physiological activities of PJT
including antioxidant activity (Hisamoto et al., 2003), tyrosinase inhibitory effect
(Hisamoto et al., 2004), and antiplatelet aggregation activity (Chen et al., 1996b) in vitro.
Many studies have demonstrated that phenolic compounds available in plant extracts
exhibit anti-obesity activity in obese animal models and C57BL/6 mice (Wang et al.,
2011; Chan et al., 1999; Kim et al., 2008; Chung et al., 2012). PJT leaves too consist of
phenolic compounds including rutin and chlorogenic acid analogues (Hisamoto et al.,
2004).
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1.7 PJT as an Obesity Treatment

Early studies on PJT have found its usefulness as a natural agent to reduce obesity
(Okabe et al., 2011) and Nukitrangsan et al. confirmed 10% PJT powder can inhibit the
absorption of triacylglycerol (TG) and cholesterol (TC) in the alimentary tract of
C57BL/6 mice model (Nukitrangsan et al., 2011). Therefore, it was speculated that the
fiber component in PJT is largely responsible for the anti-obesity activity. However, a
compensatory decrease in dietary cellulose does not decisively address the question
whether fiber or other phytochemical components are responsible for the anti-obesity
activity in PJT. Therefore, further examination was carried out to partially identify the
fraction containing the anti-obesity activity and it was found that ethanol extract of PJT
has an ability to lower the lipid levels by modulating obesity related gene expression
levels in liver, adipose tissue and muscle (Nukitrangsan et al., 2012b). It was also
revealed that ethanol extract of PJT not only specific for anti-obesity, yet also plays an
important role in anti-diabetic activity (Nukitrangsan et al., 2012a) .

Yet, in vivo studies may have a limiting approach in order to gain insight on
molecular mechanisms involved with PJT in the anti-obesity process. Therefore, it was a
timely requirement to address the actual mechanisms of PJT by in vitro studies which

will be the most appropriate to unveil the unexplored.
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1.8  Invitro based studies using Cell Models

3T3-L1 preadipocytes are frequently used to study the function of adipocytes.
This cell line isolated from non-clonal Swiss 3T3 cells and is already committed to the
adipocytic lineage (Green and Kehinde, 1975). Differentiated 3T3-L1 preadipocytes
consist of similar characteristics to that of adipocytes from animal tissue. Peroxisome
proliferator-activated receptor y (PPARy) and CCAAT-enhancer-binding proteins
(C/EBPs) are the crucial transcription factors in adipogenesis (Rosen and MacDougald,
2006). PPARy, is considered as the master regulator of adipogenesis. There are many
studies that have shown significant downregulation of PPARy by plant extracts and
concluded to be useful natural agents for obesity treatments (Taxvig et al., 2012; Chang
et al., 2011; Kim et al., 2012). On the other hand, PPARy also has a crucial role in
regulating lipid metabolism in mature adipocytes (Lehrke and Lazar, 2005). Targeted
deletion of PPARy in fat tissue has resulted in reduction of adipocytes number (He et al.,
2003), elevated levels of plasma non-esterified fatty acids and TG, and decreased levels
of plasma leptin and adiponectin. Furthermore, these mice were also significantly
susceptible to HFD induced steatosis (fatty liver), hyperinsulinemia, and insulin
insensitivity in fat and liver. Therefore, these contradicting findings suggest the
capabilities of PPARy that can act differently based on the type of plant extract.

In my studies, | selected the 3T3-L1 cell line, HepG2, hepatoma cell line and
C2C12 muscle cell model for investigations of the activity of PJT and its related
mechanisms in vitro. The 3T3-L1 cell model is a widely used cell line for adipocyte
differentiation and its fibroblast appearance can be changed to an adipocyte phenotype in
the presence of a differentiation induction cocktail ~which consist of
isobutylmethylxanthine, dexamethasone and insulin. The mature adipocytes are able to
store lipid as droplets and this could be used for assessing the TG accumulation in the
cells (Green and Kehinde, 1975; Mackall et al., 1976).

12



The HepG2 cell line is a perpetual cell obtained from the liver of a 15 years old
human male adolescent suffering from hepatocellular carcinoma. HepG2 having an
epithelial morphology either grow as a monolayer or as aggregates. Many studies have
used this cell model for screening of hepatic lipid accumulation and related lipogenic
activity (Lee et al., 2010; Hwang et al., 2011).

C2C12 is a mouse myoblast cell line originally obtained from the thigh muscle of
the C3H mice after crush injury. These cells are capable of differentiation into muscle-
like cells, it takes more than one week to achieve the differentiation. However, this cell
line is used for the measurement of glucose consumption in vitro (Hayata et al., 2008;
Shen et al., 2012).

13



1.9

Outline of the Studies

. An investigation of the effect of partially purified Peucedanum japonicum Thunb

extracts on anti-obesity in vitro using 3T3-L1, HepG2 and C2C12 cell lines. Gene
expression analyses were given special attention to reveal the underlying
mechanisms related to PJT (Chapter 11).

An identification of the active compound, a coumarin, Pteryxin, in the hexane
phase of the Peucedanum japonicum Thunb and its mechanisms of action against
adipogenesis (Chapter IlI). The main focus of this study was to elucidate the
compound responsible for repressing adipogenesis and to examine the activity

against anti-obesity in vitro.

. An investigation of the effect of pteryxin content and ethanol extract, hexane

phase, and water phase of Peucedanum japonicum Thunb in C57BL/6 male mice
in order to explore the activity of these fractions in vivo (Chapter V). This study
was carried out to examine the uninterrupted activities of pteryxin containing

fractions in a live murine model.

. An examination of the multifaceted pteryxin-mediated molecular mechanisms to

inhibit adipogenesis in 3T3-L1 cell line (Chapter V). This study focused on the
molecular mechanisms, upstream and downstream target points and gene

modulations due to a low and high dose of pteryxin in vitro.
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CHAPTER 11
Anti-obesity effects of partially purified Peucedanum

japonicum Thunb extracts: An in vitro study
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Introduction

Obesity has become one of the most critical medical issues worldwide due to its
close relationship with type 2 diabetes, fatty liver disease, and other critical metabolic
disorders (Yun, 2010; Ahn et al., 2012). Sedentary life style 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.

There are several pharmacological substances available globally as anti-obesity
drugs, yet they consist of many side effects such as dry mouth, constipation and insomnia
(Matson and Fallon, 2012). On the other hand, natural products have been used for
treating obesity in many Asian countries for centuries. Especially China and India have
taken the lead in this field.

Peucedanum japonicum Thunb (PJT), belonging to the family Apiaceae (earlier
known as Umbelliferae), originates from southern Japan, China, and Taiwan. PJT leaves
have been used traditionally to treat cold and cough in the Okinawa Island, Japan. In
village areas of Okinawa, the leaves are used as a raw ingredient for many dishes. Our
previous studies have reported on the anti-obesity properties of PJT powder (Okabe et al.,
2011). In further studies, the anti-obesity activity of PJT was found to be due to lipase
inhibition, and thus ethanol extract of PJT (EE) being characterized as anti-diabetic
activity (Nukitrangsan et al., 2012b; Nukitrangsan et al., 2012a; Nukitrangsan et al.,
2011). However, a persisting limitation is that PJT crude extracts restrict in-depth
investigations on the mechanisms related to anti-obesity.

Therefore, in the present study, | investigated the following:

1. Inhibitory effects of partially purified EE on obesity in vitro.

2. The target stage of adipocyte differentiation for the maximum
inhibition of lipid accumulation.
Related gene modulation pattern in adipogenesis.

4. Profiling of PJT extracts by HPLC.
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2.1 Materials and methods

2.1.1 Preparation of PJT extracts

The origin of PJT was harvested from the Yonaguni Island, Okinawa, Japan. PJT
leaves and stems were freeze-dried and ground by Yonagunijima Yakusoen Co. Okinawa,
Japan. The dried powder of PJT was analyzed by the Japan Food Research Laboratories
(Tokyo, Japan). The yield of EE was ~11% of the starting material. EE was further
suspended in water and partitioned into n-hexane (4x1: 1 v/v). The approximate yields of
the hexane phase (HP) and the residual water phase (WP) were 3.3% and 7.0%,
respectively (based on the starting material). All extracts were stored at —80°C for further
use (Fig. 2-1).

Figure 2-1 PJT ethanol extract fractionation to hexane and residual water phases.
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2.1.2 Cell culture

3T3-L1 preadipocytes were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and 10% bovine calf serum (BCS) and avoided complete confluence before
initiating differentiation. For adipogenesis, the confluent fibroblasts were maintained for
another 2 days (defined as Day 0). Differentiation was induced with standard
differentiation inducers 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.25 uM
dexamethasone (DEX) and 1.72 mM insulin for 48 h (from Day 0-2) (Koyama et al.,
2012). On Day 2, the culture medium was changed to the maintenance medium
containing DMEM, 10% fetal bovine serum (FBS), 10 pg/mL insulin, EE (25 or 50
pg/mL), HP (6 or 11 pg/mL), or WP (19 or 37 pg/mL) from Day 2-6. The control group
was maintained in the basic maintenance medium without PJT treatments. The non-
differentiated (preadipocytes) cells were maintained in DMEM supplemented with 10%
FBS from Day 0-6 with no differentiation induction. To study the acting stage of HP in
the adipocyte development, cell cultures were supplemented with HP (50 pg/mL) at

different time intervals as shown below in Fig. 2-2.

Day 0 -6
Y A A A |

Day 2-6 i Y -

Day 0-2 A_A Y

Day 2-4 Y "

Day 4_6 7Y Aﬂ

Cell harvest
\ N

Diff. A\c[tivation Diff. \I\/I[aintenance

Figure 2-2 Schematic diagram of the addition of hexane phase (50 pg/mL) at different

time points during the adipogenesis process in 3T3-L1 cells.
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HepG2 cells were maintained in DMEM supplemented with 100 U/ml penicillin,
100 pg/ml streptomycin, and 10% FBS in an atmosphere of 5% CO, at 37°C. For
experiments, the cells were incubated in complete medium to 70% confluence, and
maintained in serum-free DMEM overnight (Zang et al., 2004). HepG2 cells were then
cultured with or without insulin (1 uM) for 12 h and subsequently treated with or without
insulin and/or EE (50 pg/mL), HP (11 pg/mL), or WP (37 pg/mL) for another 12 h.

For C2C12 myocytes, cells were cultured in complete medium for 24 h as for
HepG2, where the cells reach 80% confluence. Then DMEM supplemented with 2%
horse serum was used to induce differentiation for 4-5 days with medium change every
48 h (Canto et al., 2009). For the measurement of glucose consumption, the culture
medium was replaced by DMEM supplemented with 0.25% (w/v) bovine serum albumin.
Then, cells were treated with PJT extracts for 24 h. The glucose concentration in the

medium was determined by the glucose oxidase method after 24 h.

For the cell viability check, each type of cells were cultured in 96-well plates and
assessed by using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) solution 20 pL per well for 24 h (HepG2, C2C12
cells) and 48 h, and 6 days for 3T3-L1 cells. Once added the MTS solution, absorbance
were measured at 0, 5, 10, 15, 20 and 30 min incubation time intervals (Zhang et al.,
2012). Dulbecco’s modified Eagle’s medium (DMEM), and fetal bovine serum (FBS),
were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Heat
inactivated horse serum (HS) and bovine calf serum (BCS) were purchased from Life
Technologies (Grand Island, NY, USA).
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2.1.3 Triglyceride Analysis

At the end of each treatment period, 3T3-L1 and HepG2 cells were washed with
phosphate buffer solution (PBS; Wako Pure Chemical Industries Ltd.) and harvested with
the use of accutase (Innovative Cell Technologies, Inc., San Diego, CA). Total lipids
were extracted according to the Bligh and Dyer method (Bligh and Dyer, 1959), and TG
content was quantified using a commercial enzymatic kit (Wako Pure Chemical
Industries Ltd.) according to the manufacturer’s instructions. The content of cellular

protein was determined using the Quant-iT protein assay kit (Life Technologies).

2.1.4 Quantitative real-time PCR

First strand cDNA was synthesized with 2 ug of total RNA as a template using
High capacity RNA-to-cDNA kit (Applied Biosystems, CA, USA). The quantitative real-
time reverse transcriptase-polymerase chain reaction (qPCR) was performed on the Step
One Plus ™ Real-Time PCR System (Applied Biosystems) with the following
parameters:
1% step - one cycle of 95°C for 20 s
2" step - 40 cycles of 95°C for 3's
3" step - 60°C for 30 s
4" step - A melting curve analysis
95°C for 15 s
60°C for 60 s
0.3°C increase every 15 s to determine primer specificity (Table 2-1
and 2-2). The mRNA levels of all genes were normalized using actin, beta, cytoplasmic
(ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and cyclophilin a
(CYPa) as the internal controls for 3T3-L1, HepG2, and C2C12, respectively.
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Table 2-1 Primer sequences used for gPCR in vitro murine cell lines

Gene Description Primer sequence Product Accession no.
RORC RAR-related orphan receptor y (F)5’-TCC TGC CAC CTT GAG TAT AGT C-3° 80 NM_011281
(R)5’-GTAAGT TGG CCG TCAGTG CTA-3
PPARa peroxisome proliferator (F)5’-CCT CAG GGTACCACTACG GAG T-3 69 NM_011144
activated receptor o (R)5’-GCC GAATAG TTC GCC GAA-3’
PPARYy peroxisome proliferator (F)5’-AGG CCG AGAAGG AGAAGC TGT TG-3’ 276 NM_011146
activated receptor y (R)S>-TGG CCACCTCTTTGC TGT GCT C-3°
FAS fatty acid synthase (F)5’-TGC TCC CAG CTG CAG GC-3° 91 AF_127033
(R)5’-GCC CGG TAG CTC TGG GTG TA-3°
FXRa farnesoid X receptor a (F)5’-CCCTGC TTGATG TGC TAC AA-3’ 189 NM_001163700.1
(R)5’-GTG TCC ATC ACT GCACAT C-3
SREBP-1 sterol regulatory element (F)5’-GCG CCATGG ACGAGC TG-3’ 205 NM_011480
binding protein-1 (R)5>-TTG GCACCT GGG CTG CT-3’
C/EBPa CCAAT/enhancer (F)5’-TGG ACAAGAACAGCAACG AGTAC-3’ 257 NM_007678
binding protein o (R)5’-GCA GTT GCC CAT GGC CTT GAC-3’
PEG1/MEST paternally expressed gene 1/ (F)5’-GTT TTT CAC CTACAAAGG CCT ACG-3° 52 NM_008590
Mesoderm specific transcript (R)5’-CAC ACC GAC AGAATC TTG GTA GAA-3’
LPL lipoprotein lipase (F)5’-AGG GCT CTG CCT GAG TTG TA-3° 199 NM_008509
(R)5’-AGAAAT CTC GAAGGC CTG GT-3°
UCP2 uncoupling protein 2 (F)5’-CAG GTC ACT GTG CCC TTACCAT-3’ 101 NM_011671
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UCP3

GLUT4

IRS-1

FABP4

CPTla

GAPDH

ACTB

CYPa

uncoupling protein 3

glucose transporter
type 4

insulin receptor substrate 1

fatty acid binding protein 4

carnitine plamitoytransferase
l-alpha
glyceraldehydes-3-phosphate
dehydrogenase

actin, beta, cytoplasmic

cyclophilin a

(R)5’-CAC TAC GTT CCA GGA TCC CAA G-3’
(F)5’-CCA CCT TAG GGC AAG AAC GA-3’
(R)5’-GGT ACG ACC CTG AGA TGA GAAAA-3’
(F)5’-CTG CAAAGC GTA GGT ACC AA-3’
(R)5°-CCT CCC GCC CTTAGT TG-3’

(F)5’-CCA GAG TCAAGC CTC ACA CA-3’
(R)5’-GAA GAC TGC TGC TGC TGT TG-3’
(F)5’-AGC ATC ATAACC CTA GAT GG-3’
(R)5’-CAT AAC ACA TTC CAC CAC CAG C-3’
(F)5’-AAA GAT CAATCG GAC CCT AGA CA-3’
(R)5’-CAG CGA GTA GCG CAT AGT CA-3’
(F)5°-ACC CAG AAG ACT GTG GAT GG-3’
(R)5°-ACA CAT TGG GGG TAG GAA CA-3’
(F)5’-CAG AAG GAG ATT ACT GCT CTG GCT-3’
(R)5’-GGA GCC ACC GAT CCA CAC A-3’

(F)5’-GGG TTC CTC CTT TCA CAG AAT TAT T-3’

(R)5’-CCG CCA GTG CCATTATGG-3’

76

87

179

115

124

172

93

78

AB010742

BC014282

NM_010570.4

NM_024406.2

NM_013495

NM_008084

NM_007393

AF171073
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Table 2-2 Primer sequences used for gPCR in vitro human cell lines

Gene Description Primer sequence Product Accession no.
SREBF-1 sterol regulatory element (F)5’-GCC CCT GTA ACG ACC ACT GTG A-3 84 NM_001005291.2
Binding transcription factor 1 (R)5’-CAG CGA GTC TGC CTT GAT G-3’
PPARa peroxisome proliferator (F)5’-CGT CCT GGC CTT CTA AAC GTAG-3° 234 NM_001001928.2
activated receptor o (R)5’-CCT GTA GAT CTC CTG CAG TAG -3’
FASN fatty acid synthase (F)5’-TCG TGG GCT ACAGCATGG T -3’ 80 NM_011281
(R)5’- GCC CTC TGA AGT CGA AGA AG-3’
FXRa farnesoid X receptor o (F)S’>-GACTTT GGACCATGAAGAC -3’ 104 NM_005123.3
(R)5’-GCC CAG ACG GAA GTT TCT TAT TG-3°
GAPDH glyceraldehydes-3-phosphate  (F)5’-ACC CAG AAG ACT GTG GAT GG-3’ 172 NM_008084
dehydrogenase (R)5’-ACA CAT TGG GGG TAG GAA CA-3’
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2.1.5 Glucose Consumption

When experiments were conducted, the differentiation culture medium was replaced
by DMEM supplemented with 0.25% (w/v) bovine serum albumin (control), and insulin 0.1
umol/L (as positive control). The glucose concentration in medium was determined by the
glucose oxidase method after 24 h of treatment. Briefly, the glucose concentration of the
wells with cells was subtracted from the glucose concentration of the blank wells to obtain
the amount of glucose consumption (Shen et al., 2012; Yin et al., 2002).

2.1.6 HPLC analyses for PJT extracts

EE, HP, and WP were dissolved in 50% methanol, applied to an ODS column (ODS-
HG-5, 150 x 4.6 mm 1.D., Nomura Chemical, Seto, Japan) and analyzed using the Shimadzu
HPLC 10A system (Shimadzu, Kyoto, Japan). The mobile phases were 0.2% trifluoroacetic
acid (TFA) in 10% methanol as the starting eluent and 0.2% TFA in 70% methanol as the
limiting eluent. Samples were analyzed using the gradient program of the limiting eluent as
follows: 0-5 min, 50% to 100%, and 5-40 min, 100% with a flow rate of 0.5 mL/min at a

wavelength of 323 nm.

2.1.7 Statistical analyses

All results were expressed as the mean + S.E.M. The statistical significance of the

difference between the means of control and treatment groups was determined by Dunnett’s

test. The significance of the difference between the means of two groups was determined by

Student’s t-test. Differences were considered significant at p < 0.05.
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2.2 Results

2.2.1 Effect of PJT extracts on 3T3-L1 adipocytes

The preliminary results indicated that EE inhibited lipid accumulation in adipocytes
in a dose-dependent manner (Fig. 2-3A). Subsequent Oil Red O staining indicated that EE
decreased the lipid accumulation compared to the control cells upon differentiation (Fig. 2-
3B).

A
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300 A

200 -
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0

Preadlpocyte Control

TG content
(ng/mg of Protein)

100% EE (pg/mL)

Preadipocyte Control 10 pg/mL EE 50 pg/mL EE

Figure 2-3 Dose dependency effect of PJT 100% EE on 3T3-L1 cells. The cells were
incubated with treatments from Day 0-6. The harvested cells were tested for lipid
accumulation by TG assay per mg of protein (A). After the Day 6, the cellular droplets were

stained with Oil Red O (magnification X 20). Asterisk denotes a statistical significant

difference against the control (Dunnett’s test; *p < 0.05).
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The EE was further fractionated into HP and WP and tested in 3T3-L1 adipocytes.
A dose-dependent inhibition in the lipid accumulation was observed in EE and HP compared
to that of the control (Fig. 2-4A). When the HP concentration was doubled, the lipid
accumulation in cells was further reduced by 37.6%. Under the conditions of my study, the
treatments produced no detectable cell toxicity for all cell types.

In concordance with the previous in vivo results (Nukitrangsan et al., 2012a), EE-
treated cells showed a 2.4-fold increase in PPARy expression. The PPARy mRNA levels
showed a 2.6-fold increase due to HP (Fig. 2-4B). Lipoprotein lipase (LPL) showed 2.7-fold
increase due to the EE and HP-treatments and fatty acid transport gene, fatty acid binding
protein 4 (FABP4) (Strand et al., 2012), showed a 3.4-fold increase by EE and HP, and a 2-
fold increase by WP-treatment. A decreasing trend was observed in fatty acid synthase
(FAS) expression by the HP and was the lowest when compared with EE and WP. The
C/EBPo. expression was upregulated significantly by EE, and uncoupling protein 2 (UCP2),
involved in uncoupling thermogenesis (Lee et al., 2011), was significantly upregulated by
EE and HP. In addition, insulin receptor substrate-1 (IRS-1) expression tended to be
downregulated in the HP-treated adipocytes. EE increased the glucose transporter 4

(GLUT4) expression significantly and IRS-1, to a much lower extent.
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Figure 2-4 Effect of PJT extracts on lipid accumulation in adipocytes. TG content was
expressed as total triglyceride per cellular protein (A). 3T3-L1 preadipocytes were treated
with EE, HP, or WP (50 pg/mL) during Day 2—6. Gene expressions were examined by gPCR
with values expressed as fold-change over control (B). Data are shown as mean + S.E.M. of
three independent experiments. Asterisk indicates significance tested against the control, *p

< 0.05 vs. the control or fp < 0.05 between two concentrations in the same group.
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2.2.2 Effect of HP during the adipogenesis process at different time intervals

It was found that HP reduced the lipid accumulation in adipocytes. This prompted to
examine the maximum inhibitory point in adipogenesis due to the HP (Fig. 2-2). The HP had
the ability to significantly inhibit the TG content during early to late stage (Day 0-6) and
intermediate to late stage (Day 2-6) of the differentiation process by 24.4% and 14.9%,
respectively (Fig. 2-5A). Day 2-4 increased the lipid accumulation than any other HP-
treatment scheme, with values comparable to that of the control. Day 0—6 showed a 2.5-fold
upregulation in PPARy expression (Fig. 2-5B). The expression was stimulated 1.6-fold by
Day 2-6 treatment, and conversely decreased by 0.3-fold in Day 2-4. The HP-treatment led
to a significant decrease in paternally expressed gene 1 (Pegl)/mesoderm specific transcript
(Mest) (PEG1/MEST) expression during the entire adipogenic process. Both schemes of Day
0-6 and Day 2-6 led to a 2-fold increase in RAR related orphan receptor gamma (RORC)
and a 0.5-fold decrease in FAS.
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Figure 2-5 Effect of PJT extracts on adipocyte differentiation was evaluated. A schematic representation of the experimental
design to assess the effect of HP (50 pg/mL) at various time intervals (thick lines) during adipogenesis (A). TG content was
measured (B). HP (50 pug/mL) was added at different time points during adipogenesis. Several target genes were assessed by
gPCR and values are expressed as fold-change over control (C). All data are represented as mean + S.E.M. in three independent

experiments. *p < 0.05 vs. the control.
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2.2.3 Effect of PJT extracts on HepG2 hepatocytes

The lipid accumulation in HepG2 cells was suppressed by PJT EE (25 pg/mL), HP (6
pg/mL; Fig. 2-6A). EE and HP were able to suppress the lipid accumulation in hepatocytes
by 11.4% and 9.4%, respectively. However, for a better performance, the concentration of
each extract was doubled since no cell cytotoxicity was found.

With the doubled concentration of the extracts, the lipid accumulation in the HepG2
hepatocytes was significantly reduced due to EE and HP by 30.8% and 10.8%, respectively
in the absence of insulin (Fig. 2-6B).

This study focused on the expression of sterol regulatory element-binding protein
(SREBP) and FAS as target points of fatty liver (Hwang et al., 2011; Horton et al., 2002).
SREBP1c expression was suppressed 0.3- and 0.6-fold due to EE and HP, respectively (Fig.
2-6C). PJT extracts significantly reduced FAS expression, with the highest degree of
attenuation by HP. In concordance with previous data, the farnesoid X receptor alpha
(FXRa) expression level was upregulated by EE (Nukitrangsan et al., 2012b), with a 2-fold

increase in HP.
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Figure 2-6 Effect of PJT extracts in HepG2 cells. The serum-starved HepG2 cells were
treated with EE (25 pg/mL), HP (6 pg/mL), or WP (19 pg/mL) for 12 h and evaluated for
the TG content (A) and doubled the concentrations up to EE (50 pg/mL), HP (11 pg/mL), or
WP (37 pg/mL) for 12 h and evaluated for the TG content (B). Cells were treated with 50
pg/mL of EE, HP or WP for 24 h. Total RNA were extracted, cDNA were synthesized and
performed gPCR analysis with values expressed as fold-change over control (C). Data are
shown as mean + S.E.M. of three independent experiments. *p < 0.05 vs. the control with
insulin, **p < 0.05 vs. the control without insulin, and tp < 0.05, Tp < 0.01, between with

or without insulin treatment groups.
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2.2.4 Effect of PJT extracts on C2C12 myotubes

Insulin had no significant effect on glucose consumption in the presence or absence
of PJT extracts (Fig. 2-7A). This study also investigated the effect of PJT extract on gene
expressions responsible for fatty acid oxidation and thermogenesis. HP increased the
expression of uncoupling protein 3 (UCP3) gene to almost same extent as insulin (Fig. 2-7B).
PJT significantly upregulated carnitine palmitoyltransferase 1 alpha (CPT/a) and RORC.
GLUT4 expression level significantly increased with both insulin and WP. When compared

with the control, HP suppressed GLUT4, and EE was comparable to that of the control.
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Figure 2-7 Effect of PJT extracts on C2C12 myotubes. Cells were cultured with EE (50
pg/mL), HP (11 pg/mL), or WP (37 pg/mL) in the serum-free medium for 24 h. Glucose
consumption was assessed (A). Cells without insulin or treatment (control), insulin only (100
nmol/L), or treated with EE, HP, or WP (50 pug/mL; without insulin) for 24 h and gPCR was
performed with values expressed as fold-change over control (B). All data are given as mean

+ S.E.M. in three independent experiments. *p < 0.05 vs. the control.
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2.2.5 HPLC analysis of the PJT extracts

The chromatogram of EE (Fig. 2-8A) possess of a wide spectrum of different
compounds either with hydrophilic or hydrophobicity. The chromatogram of HP was similar
to the latter part of the EE chromatogram (Fig. 2-8B). The WP was similar to that of the
former portion of the EE chromatogram (Fig. 2-8C).
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Figure 2-8 HPLC Chromatographs of PJT extracts.
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2.3 Discussion

In this study, | further fractionated PJT EE into HP and residual WP as a partial
purification to identify anti-obesity related compound(s). The results of this study
demonstrated for the first time, that partially purified HP exerts a lipid lowering activity by
attenuating lipid accumulation in vitro. This study suggests that the anti-obesity mechanism
of PJT postulated in previous in vivo study (Nukitrangsan et al., 2012b) needs a revision as
the partially purified fractions of PJT directly modulated lipid metabolism in adipocytes,
hepatocytes and myotubes to inhibit adiposity.

Using 3T3-L1 preadipocytes as the adipose cell model, | found that the HP
modulated lipid metabolism during the late stage of adipocyte development and significantly
suppressed the TG content. This finding suggests that the HP having an ability to reduce the
lipid content during the late stage of the adipocytes. On the other hand, the WP was
comparable to that of the control in both 3T3-L1 and HepG2 cells, suggesting the occurrence
of compounds in the crude extract to counteract the anti-obesity activity.

In the adipogenic gene network, PPARy is considered as the key regulator of
adipogenesis (Fu et al., 2005; Rosen and MacDougald, 2006). Many studies have justified
the inhibition of adipogenesis by downregulation of PPARy expression (Gosmann et al.,
2012; Ahn et al., 2012). In contrast, several reports have shown the beneficial effects of
upregulation of PPARy expression, such as improving type 2 diabetes (Willson et al., 1996)
and decreasing serum cholesterol, high density lipid and TGs (Searcy et al., 2012; Chang
and Cho, 2012). In my study, HP enhanced the genesis of small adipocytes, which may
offset the adverse effects of fat accumulation by increasing lipolysis and thereby decreasing
triacylglycerol storage in adipocytes. The downregulation of PEG1/MEST, an adipocyte size
marker gene, further confirms the above suggestion and improve fatty acid metabolism
within adipocytes.

The increase in FABP4, an extensive marker for differentiated adipocytes and a
carrier for fatty acids indicates an upregulation of fatty acid transportation suggesting that
the HP enhanced the ability of cells to process and metabolize fatty acids via energy

production in mitochondria (Strand et al., 2012). LPL was significantly upregulated by HP,
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suggesting the hydrolysis of triglycerides in mature adipocytes (Raichur et al., 2007).
However, this observation is contradicting with several other studies, possibly due to either
the use of difference in the treatments that are tested, difference in the cell differentiation
process or difference in the target point of the inhibition process (Zhang et al., 2012; Yoon et
al., 2015; Lee et al., 2007). HP also inhibited fatty acid synthesis via the downregulation of
FASN expression in HepG2 (Li et al., 2013). SREBP1c was also significantly downregulated
by the HP which indicates inhibition in lipogenesis. Taken together, these results
unequivocally demonstrated in vitro that phytochemicals in HP play a crucial role in the
gene modulation to attenuate the adiposity.

Moreover, this study showed an acceleration of CPTla expression in HP-treated
myotubes, suggesting an increase in fatty acid p-oxidation in muscle cells (Bandyopadhyay
et al., 2012). UCPs, the mitochondrial membrane transporters that uncouple substrate
oxidation from ATP synthesis (Raichur et al., 2007), showed a significantly increased level
of MRNA (UCP3) explaining the adaptive thermogenesis in myotubes due to the HP
(Schrauwen and Hesselink, 2002).

The chromatogram of HP appears to be associated with the aromatic compounds of
comparatively higher hydrophobicity. The present study shows the similarity between the
HP and latter part of the EE chromatograms which suggests the possible compound(s) that

may be associated with the antiobesity in HP.
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Conclusion

This study indicated that partially purified HP regulate lipid metabolism related gene
network and energy production in vitro to inhibit adipogenesis which may be the primary

mechanism of action for the anti-obesity activity of PJT.
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CHAPTER Il
Isolation of Pteryxin; a coumarin in Peucedanum
japonicum Thunb attenuates adipogenesis by modulating

adipogenic gene network in vitro
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Introduction

In the previous chapter, | showed that the anti-obesity activity in EE was partially
purified into the hexane phase (HP) demonstrating anti-obesity activity in 3T3-L1
adipocytes and HepG2 hepatocytes, with an improved energy expenditure profile in C2C12
myotubes. However, it remained unexplored of the active compound(s) in PJT responsible
for the anti-obesity effect.

Thus, in the present study, | examined the following:

1. Isolation of the active compound in PJT.
2.  Effect of the active compound to inhibit lipid accumulation.

3. Elucidation of the molecular mechanisms related to inhibition of lipid

accumulation in vitro.
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3.1 Materials and methods

3.1.1 Plant materials, purification and identification of active compound

The PJT used in this study was ground and extracted as described in Chapter Il. The
yield of EE (11%) of the starting material was further suspended in water and partitioned
into n-hexane (4x1: 1 v/v). The HP approximate yield was 3.3%, subjected to open column
chromatography (CC) for rough fractionation. The CC was performed on silica gel 40 um 60
A (26x100 mm; Yamazen Corporation, Japan) column. The starting eluent was hexane
(100%), thereby changed stepwise with the following eluents, respectively.

1t — hexane 100% (Frl)

2"Y - hexane-[CH2Clz:methanol (MeOH)] 90:(9.5:0.5) (Fr2, Fr3 and Fr4)

3" - hexane-[CH2Clz:methanol (MeOH)] 50:(47.5:2.5) (Fr5 and Fr6)

4" - CH,Cl2:MeOH (95:5) and (Fr7, Fr8 and Fr9)

5t - MeOH-HCOOH (99.5:0.5) (Fr10 and Fr1l) and obtained eleven fractions
altogether. These fractions (Frl to Frll) were screened for its adipogenic effect by the TG
assay and found Fr3 having the maximum lipid accumulation inhibition activity in 3T3-L1
cells.

The Fr3 (1.3%) was further subjected to HPLC on a silica gel column into twelve
fractions (Fr3-1 to -12). HPLC was performed on a Shimadzu HPLC 10A system on a silica
gel column (10 x 250 mm, 5SL-11; Cosmosil, Nacalai Tesque, INC., Japan). The mobile
phases were hexane as the starting eluent and 0.5% HCOOH in CH2Cl2:MeOH (94.5:5.0) as
the limiting eluent. The gradient program of the limiting eluent is as follows: 0-5 min, 10%,
and 5-30 min, 10% to 50%, 30-40 min, 50% to 10% with a flow rate of 2.0 mL/min and
with detection at a wavelength of 322 nm.

All isolated fractions were evaporated, dissolved in 99.5% ethanol 1:0.1 (w/v) and
stored at —20°C until further use. The fractions were screened against lipid accumulation in

3T3-L1 adipocytes and found Fr3-8 having the strongest effect on anti-adipogenesis.
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As the next step, this purified active component in Fr3 (Fr3-8; 0.15%) was collected
in large quantity and subjected to direct electron ionization-mass spectrometry (EI-MS). El-
MS was performed on a gas chromatogram mass spectrometer (GCMS-QP 2010; Shimadzu
Kyoto, Japan) using a direct inlet system. Thereafter, *H-nuclear magnetic resonance (NMR),
13C-NMR, heteronuclear multiple quantum coherence (HMQC), and heteronuclear multiple
bond correlation (HMBC) were carried out for the identification of the chemical structure.
H-NMR, #C-NMR, HMQC and HMBC were measured using a 5 mm probe. The operating
frequencies were 400.13 MHz for *H-NMR and 100.62 MHz for 3C-NMR spectra.

3.1.2 Cell culture

3.1.2.1 3T3-L1 preadipocyte culture

For adipogenesis, 3T3-L1 preadipocytes were cultured in 24-well plates at a density
of 1 x 10* cells/well in DMEM supplemented in 10% BCS and cells were grown up to
confluence as described in Chapter Il. The culture medium was then changed to DMEM
supplemented with 10% FBS, 10 pg/mL insulin, and HP (50 pg/mL), chlorogenic acid
(CGA; 10 pg/mL) or active compound (10, 15, or 20 pg/mL) from Day 2-6. The culture
medium was replaced every 2 days.

To investigate the time course of the effect of active compound on adipogenesis,
differentiation was triggered by active compound at different time intervals. Cells were
harvested on Day 6 for analyses.
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3.1.2.2 HepG2 hepatocyte culture

HepG2 cells were cultured as described in Chapter Il. For experiments, cells were
seeded in 24-well plates at a density of 5 x 10* cells/well, and maintained in serum-free
DMEM containing 1% bovine serum albumin overnight. HepG2 cells were then
subsequently treated with insulin (1 pM), HP (50 pg/mL), CGA (10 pg/mL) or active
compound (10, 15, or 20 pg/mL) for another 24 h.

3.1.3 Triglyceride analysis

At the end of the treatment period, 3T3-L1 and HepG2 cells were washed with
phosphate saline buffer (Wako) and harvested into 10% Triton X-100 solution in 1.5 mL
tubes and lysed by brief sonication. Then the cell containing tubes were centrifuged at 5,000
rpm for 3 min. The supernatant were transferred to new collection tubes. 20 pL of each
sample was mixed with 300 uL enzyme and vortex for 15-20 s. As the final step, incubated
at 37°C for 5 min. The TG content was quantified using a commercial enzymatic kit (Wako)

as mentioned in Chapter II.
3.1.4 Total RNA extraction and Quantitative real-time PCR
To obtain total RNA, the cells were seeded in 3.0 cm dishes with following densities:
v’ 3T3-L1 preadipocytes at 3 x 10* cells/dish
v HepG2 at 15 x 10* cells/dish.
Total RNA extraction, cDNA synthesis, and gPCR were performed as described in Chapter
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3.1.5 Statistical analyses

All results were expressed as the mean + S.E.M. The statistical significance of the
difference between the means of control and treatment groups was determined by Dunnett’s
test. The significance of the difference between the means of two groups was determined by
Student’s t—test. Differences were considered significant at p < 0.05.
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3.2 Results

3.2.1 Screening of the different fractions of PJT HP

Figure 3-1A shows the highest inhibition of the lipid content of the Fr3. Thus, Fr3
was further fractionated into twelve fractions (Fr3-1 to -12) using the HPLC system. The
screening of the fractionation of Fr3 shows the strongest inhibitory activity in the Fr3-8,
inhibiting the lipid accumulation by 45.9% in 3T3-L1 adipocytes.
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Figure 3-1 Partial purification of PJT HP to identify inhibitory effects of different fractions using 3T3-L1 cells. HP fractions (A)

and Fr3 fractions (B) were screened for inhibition of adipogenesis. All data are given as meanz S.E.M. in three independent

experiments. *p < 0.05 vs. the control.
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3.2.2 Chemical structure elucidation

EI-MS analysis of the active compound found the [M-1]* ion at m/z 385. Next, the
!H-NMR revealed the high purity of the compound. The 3C-NMR (Fig. 3-2A) and the 2-D
structure analysis were used to identify the chemical structure of the active component (Fig.
3-2B) as pteryxin (Chen et al., 1996b; Akihisa et al., 2003).
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Figure 3-2 Identification of the Fr3-8. The *C-NMR chromatogram of the Fr 3-8 (A).

Chemical structure of (x)-pteryxin, which was earlier identified as Fr 3-8 (B).
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3.2.3 Effect of pteryxin in the adipocytes

| investigated the effect of pteryxin against chlorogenic acid in 3T3-L1 cells (Fig. 3-
3A). A dose-dependent suppression was observed and the TG level in CGA was comparable

to the lowest dose of pteryxin.

Next, to obtain insight on the activity of pteryxin during the adipogenic process, |
examined the time course of the adipocyte differentiation in the presence of pteryxin (Fig. 3-
3B). The results indicated that the lipid accumulation was rather significantly blocked when
pteryxin-treatment was administered between Day 0 and Day 2 (Fig. 3-3C). Importantly,
pteryxin exerted the ability of suppressing the lipid accumulation at any given time point

during the adipogenic process.
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Furthermore, during the analysis of the gene expressions of the adipocytes, 3T3-L1
preadipocytes were differentiated and treated with 20 pg/mL pteryxin during Day 2-6.
Pteryxin showed a lower PPARy expression than the HP-treatment, however significantly
higher than the control (Fig. 3-4). Pteryxin decreased the master regulator of fatty acid
synthesis, SREBP1c and its downstream target genes acyl-CoA carboxylase-1 (ACC1) and
pyruvate dehydrogenase kinase 4 (PDK4) expression levels. RORC expression was

upregulated significantly by HP and pteryxin.

For an easier interpretation of data, the gPCR values were expressed as fold-change
over control. Comparisons between treatments with the control were analyzed by Dunnett’s
test (*p < 0.05), and a particular treatment vs. control was analyzed by Student’s t-test (fp <
0.05, +1p < 0.01).
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3.2.4 Effect of pteryxin on HepG2 hepatocytes

HepG2 cells were treated with different doses of pteryxin. Pteryxin showed an
inhibition in the lipogenesis at 10, 15 and 20 pug/mL, respectively (Fig. 3-5A).

CGA values were comparative to that of the control group. Further, the gene
expression data revealed that the SREBP1 (hSREBP1) expression was suppressed due to
pteryxin (Fig. 3-5B). Pteryxin significantly reduced FASN (hFASN) expression, stearoyl-
CoA desaturase (hSCD), and acetyl-CoA-carboxylase-1 (hACC1). A lipolytic gene, human
PPARa (hPPARa) was significantly upregulated by the pteryxin-treatment.
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Figure 3-5 Effect of pteryxin on HepG2 hepatocytes. Cells were treated with insulin (1 pM),
HP (50 pg/mL), chlorogenic acid (CGA; 10 ug/mL), or pteryxin (10, 15, 20 ug/mL) for 24 h
in serum-free medium. TG content was measured in each treatment (A) and expression of
lipogenic genes were assessed by gPCR with values expressed as fold-change over control
(B). Data are represented as mean £ S.E.M. in three independent experiments. Asterisk
indicates a significant difference between control and treatment groups tested by Dunnett’s

test. *p < 0.05 versus control.
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3.3 Discussion

In the present study, | isolated the anti-obesity responsible compound, pteryxin, a
known natural coumarin in PJT, and found its strong inhibitory properties towards lipid
accumulation. However, the suppressive effect of pteryxin on HepG2 was lower compared
with that on 3T3-L1 cells. Pteryxin has been previously identified as an antiplatelet
aggregation constituent, however its biological activities against obesity have not been
reported (Chen et al., 1996b).

In the purification process of HP, | found that the ability of Fr3 to suppress
adipogenesis was higher than that of HP. This indicates the availability of counteract
compounds in the HP, possibly the Fr3-1 to Fr3-6. In the investigation of the effects of
pteryxin on the gene modulation pattern, pteryxin enhanced the AdipoQ expression level as
previously reported for ascofuranone (Chang and Cho, 2012) and suggests pteryxin as a
potential therapeutic agent for obesity (Ohara et al., 2009; Alappat and Awad, 2010).
Pteryxin led to formation of small adipocytes, by the downregulation of MEST, an adipocyte
size marker gene (Takahashi et al., 2005), which may further increase the lipolytic activity,
and decreasing TG storage in adipocytes.

The suppression of lipogenic genes such as, ACC1/hACC1, and hSCD have
attenuated TG accumulation in both pteryxin-treated adipocyte and hepatocyte. Moreover,
pteryxin accelerated the direct fatty acid P-oxidation via activation of APPARa
(Bandyopadhyay et al., 2012) in HepG2 cells. Taken together, these results demonstrated
that pteryxin play a crucial role in the gene modulation to attenuate the adiposity and
lipogenesis in vitro. Furthermore, the reason to use CGA as a positive control is that CGA is
a main constituent in coffee (Shimoda et al., 2006) was previously identified in PJT
(Nukitrangsan et al., 2012b). While some studies explained the activity of CGA in
stimulating the glucose uptake in 3T3-L1 adipocytes without inducing significant
adipogenesis (Alonso-Castro et al., 2008), some exhibited anti-obesity properties in HFD
induced obese mice (Cho et al., 2010). In agreement with some reports on CGA leading to
insulin resistance and lipogenesis in hepatocytes, my study showed no TG suppression in

hepatocytes in the present investigation (Frank et al., 2003).
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Conclusion

This study clearly demonstrates for the first time, that pteryxin downregulated the
transcription factors for lipid synthesis in the differentiated adipocytes and in hepatocytes,
playing a crucial role in regulating lipid metabolism related gene expressions. The results
provide an insight on the activity of pteryxin involved in suppressing obesity. Thus, my
study suggests pteryxin as a potential natural compound to be used as an anti-obesity drug in
the pharmaceutical industry.
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CHAPTER IV
Pteryxin containing Peucedanum japonicum Thunb
extracts and their respective anti-obesity effects:

An in vivo study
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Introduction

In the previous Chapters, | demonstrated that PJT HP plays an important role in the
regulation of lipid metabolism and energy production in vitro. Furthermore, pteryxin, a
coumarin isolated from the HP showed its activity against obesity in vitro for the first time
(Nugara et al., 2014a; Nugara et al., 2014b). Pteryxin attenuated TG content in both 3T3-L1
adipocytes and HepG2 hepatocytes in a dose-dependent manner. However, the anti-obesity
activity of pteryxin rich-HP in vivo remained unexplored.

Thus, in the present study, | investigated the following:

1.  The inhibitory effects of pteryxin enriched HP on weight gain and several
physiological parameters in C57BL/6 mice.
2.  Effect of the HP on lipid metabolism-related gene parameters in WAT, liver

and muscle tissue.
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4.1 Materials and methods

4.1.1 Animals and diets

| used twenty 3-week old male C57BL/6 mice purchased from Japan SLC, Inc.
(Shizuoka, Japan) randomly assigned into four groups of five animals allocated for each
treatment. Adaptation period was one-week and the animals were fed a semi-synthetic, HFD
prepared according to the AIN-76 formulation (Table 4-1). The EE was used 0.40% in the
diet, whereas HP 0.12% and WP 0.27% doses were obtained according to the fractionation
ratio of EE compensating for sucrose in the diet. Mice were kept in individual plastic cages,
maintained at 24°C on a 12 h light-dark cycle with controlled humidity and ventilation. The
mice were allowed free access to group-specific diets and water for 4 weeks. Feces were
collected during the last three days before sacrifice. At the end of the feeding period, mice
were sacrificed after a 6 h fast under anesthesia with pentobarbital sodium salt. Serum, liver
tissue, white adipose tissue (WAT), brown adipose tissue (BAT) and soleus muscle tissue

samples were excised, weighed and stored at —80°C immediately after collection.

4.1.2 Preparation of PJT extracts

The dried PJT leaves powder (200 g) was extracted with 1 L of ethanol for 6 h at
ambient temperature. Extracts were then centrifuged at 3,000 x g for 10 min to remove
insoluble materials from the solvent. EE was then further fractionated as described in
Chapter 11. The approximate yields of HP and residual water phase (WP) were 3.3% and
7.0% of PJT powder (w/w), respectively. To obtain the relative anti-obesity activities of HP
and WP, their mixing ratios in EE were incorporated into the respective doses in the

experiment diet.
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Table 4-1 Composition of experimental high-fat diets

PJT extract (g/100 g diet)

Control” EEf HP* WpS
Casein 20.0 20.0 20.0 20.0
Corn starch 15.0 15.0 15.0 15.0
Sucrose 38.0 37.6 37.9 37.7
Cellulose 7.0 7.0 7.0 7.0
Mineral mixture 35 35 35 3.5
Vitamin mixture 1.0 1.0 1.0 1.0
DL-Methionine 0.3 0.3 0.3 0.3
Choline bitartrate 0.2 0.2 0.2 0.2
Corn oil 15.0 15.0 15.0 15.0
EE - 0.4 - -
HP - - 0.1 -
WP - - - 0.3

*The control group was fed with the modified AIN-76 diet (HFD).
"HFD was supplemented with PJT ethanol extract (EE).

EE was further fractionated into hexane phase (HP) and supplemented in the HFD.
SHFD was supplemented with the residual water phase (WP).
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4.1.3 HPLC analyses for PJT extracts

The HPLC samples (EE, HP and WP) were pretreated using a Sep-Pak vac silica 6 cc
column (Waters Corporation, Milford, Massachusetts, USA), dried, dissolved in DMSO and
obtained at 82.4, 6.1 and 69.9 ug/mL, respectively. Next, 1 uL from each of these samples
was applied to a Cosmosil 2.5 Cholester silica gel column (2.0 mm I.D. x 100 mm, Nacalai
Tesque, Inc., Kyoto, Japan) and analyzed using the Shimadzu SPD-MZ20A system
(Shimadzu, Kyoto, Japan). The HPLC conditions are given below:

® The mobile phases were 20 mM, pH 2.5 phosphate buffer (Nacalai Tesque) as

the starting eluent and acetonitrile as the limiting eluent.

® Gradient program of the acetonitrile:

» 0-15 min, 38%,
» 15-18 min, 90%
» 18-21 min, 38%,

® Flow rate: 0.4 mL/min

® Wavelength: 323 nm

Using the above mentioned conditions, purified pteryxin was analyzed as the
reference chromatogram. The amount of pteryxin in each extract was quantified by using
Visnadine (MW-388.41), purchased from Sigma Aldrich Co., St. Louis, USA, as a standard
with a comparative structure and molecular weight to pteryxin.
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4.1.4 Biochemical analyses

The physiological parameters were tested as follows:

TC, TG and glucose levels in serum were determined using a commercial
enzymatic kit (Wako Pure Chemical Industries Ltd.).

Serum insulin was measured using an enzyme-linked immunosorbent assay kit
(Morinaga Institute of Biological Science, Inc., Yokohama, Japan).

Total lipids were extracted from the liver tissue by Folch method (Folch et al.,
1957)

Liver levels of TC was determined by Shoenheimer-Sperry method (Sperry and
Webb, 1950) and TG by Fletcher’s method (Fletcher, 1968).

TC, TG and the lipid in feces were extracted and quantified using commercial
kits (Wako Pure Chemical Industries Ltd.).

All experiments using commercial Kits followed the respective manufacturers’ protocol.

4.1.5 RNA preparation and Quantitative real-time PCR

Total RNA was extracted from 30 mg of liver, epididymal adipose and soleus muscle
tissues by using RNeasy Lipid Tissue Mini Kit (Qiagen, CA, USA). The cDNA was

synthesized by using approximately 5 ug of total RNA as a template, using PrimeScript™
First Strand cDNA Synthesis kit (Takara BIO Inc., Shiga, Japan). The gPCR was performed
on the Step One Plus ™ Real-Time PCR System using SYBR GREEN® master mix as
discussed in previous chapters. The mRNA levels of all genes were normalized using ACTB

for WAT, GAPDH for liver tissue and cyclophilin a (CYPa) for soleus muscle, as internal

controls.
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4.1.6 Statistical analyses and calculation

The insulin resistance index (homeostasis model assessment, HOMA-IR) was
calculated according to the formula as follows (Katsuki et al., 2001):

HOMA-IR = plasma glucose (mM) x plasma insulin (mU/L)/22.5

All results are expressed as mean + S.E.M. The statistical significance of the differences

between the mean of the control group and the means of the treatment groups were

determined by Dunnett’s test. Differences were considered to be significant at p < 0.05.
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4.2 Results

4.2.1 HPLC of EE, HP and WP

EE consisted of the highest pteryxin peak area higher than HP and WP (Fig. 4-1A).
The peak of pteryxin (Fig. 4-1D) was observed in all EE, HP and WP chromatograms. The
presence of pteryxin in EE, HP and WP extracts was quantified as 24, 178 and 12 mg/g
extract, respectively, using visnadine as the standard (Fig. 4-2).

Based on the above quantification, | determined the pteryxin availability in EE, HP
and WP diets as 290 +0.50, 650 +0.89 and 94 +0.85 pug/mouse/day, respectively. Comparing
the diet amount offered to each group of treatment mice for 4 weeks, showed the highest

pteryxin availability in the HP extract diet.
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Figure 4-1 Analytical HPLC chromatogram for EE, HP WP and pteryxin.
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Figure 4-2 Standard curve of visnadine for the quantification of pteryxin.
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4.2.2 Effect of HP on physiological parameters in mice

The initial body weight and the food intake showed no significant difference between
the groups (Table 4-2). A significant decrease in the final body weight was observed after 4
weeks of the experiment due to the EE and HP treatments. The body weight with the WP
treatment was comparable with that of the control group. The epididymal WAT was
significantly reduced in the EE and HP groups.

Serum TG and HOMA-IR were reduced in the HP-treated mice (Table 4-3). The
hepatic TG levels were reduced in the EE-treated mice. The mice fed with EE, HP or WP did

not show any higher fecal excretion of TG.
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Table 4-2 Effect of PJT on growth parameters in C57BL/6 mice

Index Dietary group®
Control EE HP WP
Food intake (g/day) 3.04+0.01 3.02+0.01 3.02+0.01 3.05+0.01
Energy intake (kcal/day) 12.98+0.02  12.89+0.02 12.89+0.04 13.02+0.02
Initial body weight () 13.96+0.72  13.90+0.32 13.94+0.55 13.93+0.63
Final body weight () 26.92+0.92  23.95+0.91*° 24.05+0.43*  26.85+0.36
Liver weight (g/100 g body weight) ~ 4.09+0.10 3.99+0.13 3.91+0.11 4.02+0.23
WAT (g/100 g body weight) 7.93+0.42 5.73+0.63 6.16+0.80 6.41+0.55
Abdominal fat 6.75+0.56 4.97£0.55 5.20+0.62 5.43+0.41
Epididymal fat 1.59+0.13 0.88+0.13% 0.84+0.18% 0.99+0.18%
Perirenal fat 3.34+0.34 2.65+0.34 2.90+0.36 2.86%0.26
Omental fat 1.82+0.28 1.45+0.20 1.47+0.12 1.58+0.12
Subcutaneous fat 1.18+0.26 0.75+0.23 0.95+0.28 0.98+0.25
BAT (g/100 g body weight) 0.14+0.02 0.12+0.02 0.10+0.02 0.14+0.02

"Values are means + S.E.M. of five mice.
aSignificant difference from the control group, p < 0.05.
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Table 4-3 Effect of PJT on lipid metabolism related parameters in C57BL/6 mice

Index Dietary group’
Control EE HP WP
Serum
Total cholesterol (mg/dl) 104.38+9.92 94.40£11.95 97.60+8.32  110.70%6.21
Triglyceride (mg/dl) 90.88+6.94 88.38+11.24 67.96+6.99 77.00£8.72

Glucose (mg/dl) 188.79+46.57 152.46+13.68

Insulin (ng/ml) 0.91+0.12 0.71+0.05
HOMA-IR 0.48+0.18 0.20+0.04
Liver lipid (mg/g liver)

Total cholesterol 4.58+0.17 4.15+0.19
Triglyceride 67.87+2.07 48.94+2.85
Fecal excretion (mg/day)

Total cholesterol 3.86+0.30 3.52+0.36
Triglyceride 0.23+0.04 0.31+0.05
Bile acid 1.10+0.11 1.05+0.07

97.29+18.71 185.07+25.5

0.85+0.12 0.90+0.13
0.22+0.06 0.46+0.10
4.60+0.07 4.84+0.16
63.01+2.71 58.14+3.85
4.50+0.35 4.19+0.41
0.20+0.03 0.18+0.02
0.85+0.06 0.88+0.10

"Values are means + S.E.M. of five mice. The significance was checked by Dunnett’s test,

*p < 0.05.
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4.2.3 Effect of PJT extracts on lipid metabolism-related gene parameters

In the previous studies on PJT, microarray analysis of gene expressions showed
several significantly modulated genes related to lipid metabolism in PJT diet-fed liver tissue
of C57BL/6 mice (Nukitrangsan et al., 2011). Therefore, in this study | investigated the
effect of HP on these selected lipid metabolism-related genes in WAT, the liver and soleus

muscle.

4.2.3.1 Gene regulation pattern in WAT

Figure 4-3 explains the regulation pattern of genes due to the PJT fractions. The key
lipogenic activator, SREBP1c, showed an upregulation in WP-treatment. The PPARy, RORC
and FXRa gene expressions showed an increasing trend in WAT possibly due to pteryxin-
rich HP, as it was observed in Chapter Il (Nugara et al., 2014a). The MEST, tended to reduce
due to HP. Adipose triglyceride lipase (ATGL), which is involved in the initial step of TG

hydrolysis (Smirnova et al., 2006), was increased due to all fractions.
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Figure 4-3 Gene expression in WAT of mice fed with a HFD and PJT fractions. The real-
time reactions were performed in triplicate for all target genes and ACTB as a housekeeping
control. Data are shown as means + S.E.M. for five mice. Asterisk denotes statistical
significance between the control group and treatment groups assessed by Dunnett’s test (*p
< 0.05). EE; ethanol extract, HP; hexane phase, WP; water phase of PJT.
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4.2.3.2 Gene regulation pattern in liver tissue

The gene expressions of SREBP1c and FAS were significantly downregulated by HP
(Fig. 4-4). Similarly, the EE and WP treatments suppressed the SREBP1c expression level.
The insulin induced gene 2 (INSIG2) and cytochrome P450, family 7, subfamily a,
polypeptide 1 (CYP7AL) expression levels showed a reducing tendency by HP.

The pre-B-cell colony-enhancing factor 1 (PBEF1) was highest in the WP treatment,
and HP- and EE-treatments were comparable with the control.
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Figure 4-4 Gene expression in the liver tissue of mice fed with a HFD containing different
PJT extracts. The real-time reactions were performed in triplicate for all target genes and
GAPDH as a housekeeping control. Data are shown as means + S.E.M. for five mice.
Asterisk denotes statistical significance between the control group and treatment groups

assessed by Dunnett’s test (*p < 0.05). EE; ethanol extract, HP; hexane phase, WP; water
phase of PJT.
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4.2.3.3 Gene regulation pattern in muscle tissue

The UCP2 mRNA level tended to increase in muscle in the HP group (Fig. 4-5). This
was contrary to the previous in vitro results. The GLUT4 expression showed a tendency to
increase compared with the other treatment groups. However, CPT1 o and g did not show

any alteration, failing to clarify its involvement in the lipid lowering activity.
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Figure 4-5 Gene expression in muscle tissue of mice fed with a HFD and PJT fractions. The
real-time reactions were performed in triplicate for all target genes and CYPa as a
housekeeping control. Data are shown as means + S.E.M. for five mice. Asterisk denotes
statistical significance between control group and treatment groups assessed by Dunnett’s

test (*p < 0.05).
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4.3 Discussion

This study examined the effects of PJT EE, HP and WP treatments on HFD-fed mice
in the lipid-lowering mechanisms in vivo. Thus, the data demonstrated that HP having the
ability of reducing body weight of mice after 4 weeks of treatment period. Even though the
HP concentration in diet was the least, its effect in the process of attenuation in body weight
was highest, along with lowest fat accumulation in the epididymal and subcutaneous WAT,
indicating the strength of pteryxin rich HP. This observation suggested that the effectiveness
of HP as an anti-obesity treatment was due to its largely available coumarin, pteryxin.

Moreover, the results suggested that HP regulated gene expression levels pertaining
to TG formation and storage in the liver and improved the energy expenditure in muscle
tissue. The availability of pteryxin in the EE was 50% lower than HP, however, EE also
showed a mitigation of obesity in HFD fed mice indicating the activity of EE was strong and
comparable to HP, suggesting the highly effective inhibitory properties of pteryxin at a
partially purified stage. However, due to the many and/or strong counterattack compounds in
the WP has suppressed the effect of pteryxin in the WP.

Previous studies have elaborated anti-diabetic effects of EE (Nukitrangsan et al.,
2012a). Hence, the improvement in insulin resistance due to HP in our study would probably
be a consequence of the observed improvement in the WAT profile. A further investigation
of pteryxin as a single compound in an in vivo study will be required to confirm the above
results.

Also, the fecal TG excretion in the treatment groups was comparable with that of the
control group, indicating the involvement of possible modulation of a lipogenic gene
network due to HP, as observed in the previous chapters (Nugara et al., 2014a; Nugara et al.,
2014b).

Moreover, this study attempted to increase understanding of how HP regulates gene
expression related to adipogenesis. The production of small adipocytes, which could be
attributed to the increased levels of PPARy, may have suppressed the fat accumulation in
adipose tissue and the gene expression of adipocytes size marker gene MEST (Takahashi et
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al., 2005) in the HP-fed group, as observed in the Chapter Il. C/EBPa showed similar
expression pattern to that of pteryxin in vitro, suggesting the uninterrupted delivery of
pteryxin into the animal’s body as it was observed for acetylangeloylkhellactone and
praeruptorin A, which possess a khellactone backbone similar to that of pteryxin, increase
arterial blood flow in vivo (Takeuchi et al., 1991).

The expression of RORC and FXRa in liver showed an upregulation pattern, with no
statistical significance and yet concordant with the HP in vitro results and indicates the
acceleration of activity in [-oxidation of fatty acids due to HP (Raichur et al., 2007). This
could have probably led to the repression of CYP7A1 and INSIG2 to enhance degradation of
3-hydroxy-3-methyl-glutaryl-coenyme A (HMG-CoA) reductase, the rate-limiting enzyme
in cholesterol biosynthesis (Faust et al., 1982; Hubbert et al., 2007). Nevertheless, PBEF1
also known as visfatin positively correlates with the development of obesity (Johansson et
al., 2008) showed a significant increase in the WP suggesting its contribution towards
obesity due to the minute quantity of pteryxin in WP and compounds that have
counterattacked pteryxin activity. Contributing to the above fact, the WP showed serine
peptidase inhibitor, clade A, member 12 (SERPINA12), commonly known as vaspin
expression levels similar to that of the control indicating its correlation with body fat mass
(Youn et al., 2008). Further, FAS showed significant repression due to EE and HP,
corresponding with the in vitro study on HP in Chapter Il. Taken together, our data suggest
that modulation of gene expression plays a partial, yet important role in attenuating lipid
accumulation in WAT and the liver in the presence of HP, possibly due to its major
constituent, pteryxin.

In muscle tissue in vivo, the UCP2 level showed a tendency to increase due to HP in
the muscle tissue. Although GLUT4 was upregulated in the muscle tissue, we found the least
expression level due to the HP treatment in the C2C12 cells (Nugara et al., 2014b). The

mechanisms behind this observation currently remain unknown.
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Conclusion

This study demonstrated that pteryxin rich HP rather than WP had higher anti-obesity
activity in WAT, the liver and muscle tissue in vivo, suggesting that the anti-obesity activity

of PJT is largely due to pteryxin.
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CHAPTER V
The multifaceted pteryxin-mediated molecular

mechanisms to inhibit adipogenesis in 3T3-L1 cells
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Introduction

In the previous chapters, | emphasized on the isolation of the pteryxin from the HP of PJT

and dose-dependent anti-obesity effects of pteryxin in vitro. Thus, as the next step, | was

intrigued to find on the molecular mechanisms related to pteryxin at lower and upper-limit

doses in 3T3-L1 cells against adipogenesis.

In the present study, | examined the following:

1.

The gene expression modulation pattern of pteryxin during the entire
adipogenic process.

The transcriptomic analysis to elucidate target molecules of pteryxin and the
bio-candidate markers during the entire adipogenic period.

The gene expression modulation patterns with time in the preadipocyte stage.
The transcriptomic analysis and target molecules identification in the

preadipocyte stage in the presence of pteryxin.
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5.1 Materials and methods

5.1.1 Pteryxin purification

The PJT HP was fractionated by open column chromatography and the Fr3 was
collected to a new collection tube. Fr3 was dried, re-dissolved in CH.CI and used as the
starting material for the HPLC fractionation (Nugara et al., 2014b). In the HPLC program,
Fr3-8 was collected as purified pteryxin. The purified pteryxin was dried, re-dissolved in
100% ethanol to obtain 10 pg/uL concentration, and stored at —20°C for further use.
Nevertheless, the purified pteryxin was tested on 3T3-L1 cells against adipogenesis to

confirm its activity.

5.1.2 Cell culture

The 3T3-L1 preadipocytes were cultured in 24-well plates at a density of 1 x 10*
cells/well as it was described in Chapters Il and Il1. The culture medium was then changed to
DMEM supplemented with 10% FBS, 10 pg/mL insulin, and pteryxin (20 or 50 pg/mL)
from 2 to 6 days.

To investigate the effect of pteryxin on the preadipocyte stage, pteryxin (20 or 50
png/mL) was maintained in the medium only during Day 0 to Day 2 and harvested the cells
either at Day 1 or Day 2 for further analyses. The below illustration gives a better
understanding of the treatments and time durations that they were maintained in the medium

before the cells were harvested for further experiments (Fig. 5-1):
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5.1.3 Quantitative real-time PCR

To obtain total RNA, the 3T3-L1 cells were seeded in 3.0 cm dishes with 3 x 10*
cells/dish. The cells were treated with the above pteryxin concentrations during Day 0-1 (24
h), Day 0-2 (48 h) or from Day 0-6, (6 days). Total RNA were extracted, cDNA were

synthesized and subjected to gPCR as mentioned in Chapters Il and I1I.

5.1.4 Protein extraction and Western blotting

In the presence of pteryxin for 24 h, 48 h or 6 days, the cells were washed twice with
cold PBS and harvested in 1,000 pL accutase (Sigma Aldrich). The harvested cells were then
transferred to 1.5 mL tubes, cell number per treatment were counted and centrifuged at 3,000
rpm for 5 min at 4°C. After removal of the supernatant, cells were washed with cold PBS
followed by centrifuge at 13,000 rpm for 1 min. The remnants were carefully removed and
resuspended the pellet in PRO-PREP solution (iNtRON Biotechnology Inc.). The volume of
resuspension buffer depends on the amount of cells per treatment (according to the
manufacturer’s protocol). The cells were incubated for 20 min at —20°C. Next, the cell
suspension was centrifuged at 13,000 rpm for 5 min at 4°C. Finally, the supernatant was
transferred to new collection tube and measured the protein concentration using Quant-iT
protein kit according to manufacturer’s protocol. Equal amounts of protein for each sample
were applied to either 5% (for ACC and phospho-ACC) or 10% (all other protein
expressions except ACC) polyacrylamide commercial gels (e-PAGEL; ATTO Corporation)
and were electrophoretically transferred to polyvinylidene difluoride membranes (PVDF).
For ACC, phospho-ACC, p38 mitogen-activated protein kinase (MAPK) and phospho-p38
MAPK, 20 ug of protein was used, for the rest of expressions, 10 pg of protein was used.
After electrophoresis, the separated proteins were transferred to the pre-treated PVDF
membranes. The nonspecific binding sites in the membranes were blocked using Blocking
One (Nacalai Tesque) at room temperature for 1 h. After blocking, the membrane was
incubated with primary antibody with 1: 5,000-dilution for B-actin, 1: 2,000-dilution for
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phospho-extracellular signal-regulated kinase (ERK) 1/2, 1: 1,000-dilution for ERK1/2,
ACC and phospho-ACC, 1:500-dilution for p38 MAPK and 1: 200-dilution for AMP-
activated protein kinase (AMPK), phospho-AMPK and phospho-p38 MAPK overnight at
4°C followed by a horseradish peroxidase-conjugated secondary antibody (anti-rabbit — 1:
100,000; anti-mouse — 1: 250,000). Peroxidase activity was visualized by ECL detection Kit
(GE Healthcare, Life Sciences). The expression of each protein was presented as fold against
the control. All measurements were normalized to the levels of B-actin. The density of
specific bands was calculated by ImageJ image analysis software (NIH, Bethesda, MD,
USA).

5.1.5 Next Generation Sequencing and transcriptome analysis

On Day 6, the control and pteryxin treated cells were harvested, followed by total
RNA extraction as described in 5.1.3. The mRNA were synthesized using Ambion Poly(A)
Purist MAG Kit (Life Technologies) according to manufacturer’s protocol. CDNA libraries
were then synthesized from the mRNA using Ambion SOLID Total RNA-Seq Kit (Life
Technologies) and then subjected to 5500xI SOLID (at Open Research Center, Okinawa
Science and Technology Promotion Center) to construct transcript sequences according to
the standard protocol for 75-base fragment sequencing followed by evaluation of expression
levels. For the gene expression analysis of samples on Day 1 (24 h with pteryxin 20 or 50
png/mL) the total RNA were extracted as explained above. The prepared total RNA samples
were sent to BGI Health Japan Co. Ltd., for the NGS analysis by HiSeq 2000 Illumina NGS.
The data processing was carried out as follows:
Reference sequence set was based on Affimetrix Gene Chip Mouse Genome 430 2.0
array (MGI Data and Statistical Reports, 2015; NCBI Reference Sequence Database, 2015).
Read from SOLID (short sequences) were trimmed and filtered according to the quality
value (QV). Each read was trimmed from 3’-end when QV of the base was < 20; after
trimming, any reads with length < 50bp or mean QV < 20 were discarded. Mapping the
filtered SOLID reads onto the reference sequences (allowing up to 2.5% of mismatch) using
the BWA software version no.0.6.1-r104 (Li and Durbin, 2010).
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Numbers of mapped reads per reference sequences were counted. Count data were
normalized between samples using “upper quartile” (Bullard et al., 2010). Fold changes of
gene expression level was calculated between samples. Genes with zero-values for both
samples were removed from analysis. Moreover, the fold change of a gene was recorded as
‘1’ (i.e., equivalent between the two samples) when not significant in fisher exact test (based
on count data before normalization) after false discovery rate (FDR) adjustment of p-values
(Benjamini et al., 2001). This test filtered results to avoid false positives apart from
biological significance.

Magnitudes of fold changes were rounded up to 50 times either positive or negative.
The ratio (fold change) were used as direct input data for the ingenuity pathway analysis
(IPA®; Qiagen Ingenuity, CA) which is a web based software that is used to identify new
targets, interactions in the different metabolic pathways, and important biomarkers in a

dataset obtained from ‘omics experiments.

5.1.6 Statistical analyses
All results were expressed as the mean £S.E.M. The statistical significance of the

difference between the means of control and treatment groups was determined by Dunnett’s

test or Student’s t-test. Differences were considered significant at p < 0.05.
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5.2 Results

5.2.1 Effect of different doses of pteryxin on the gene modulation pattern of

adipogenesis

In the presence of 20 and 50 pug/mL from Day 0-6 in 3T3-L1 cells, inhibited the
adipogenesis. However, the gene modulation patterns of the two doses showed contradictory
information indicating different target points in response to the two doses (Fig. 5-2). The
major adipogenic transcription factors PPARy and C/EBPa were inhibited due to the 50
pHg/mL dosage suggesting pteryxin ability to repress adipogenesis. The downstream target
genes of PPARy and C/EBPa, FABP4, LPL, MEST and Glut4 were also suppressed due to
the higher dose of pteryxin. The UCPs were upregulated due to the lower dose (20 pg/mL),
whilst the PGC1la and CPT1a were upregulated due to the higher dose (50 pg/mL).
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Figure 5-2 Effect of pteryxin (20 or 50 pg/mL) on the adipogenic gene network in 3T3-L1
cells. 3T3-L1 preadipocytes were differentiated and treated with 20 or 50 pg/mL pteryxin
during Day 0-6. The qPCR was performed with values expressed as fold-change over control.
Values are mean + S.E.M. in three independent experiments. Comparisons between

treatments with the control were analyzed by Dunnett’s test (*p < 0.05).
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5.2.2 Effect of different doses of pteryxin in adipogenesis — Pathway analysis via IPA

As illustrated in the Fig. 5-3, in the presence of pteryxin 20 pg/mL, the IPA results
suggested that the preadipocytes were not affected by pteryxin. However, at the adipocyte
stage, the leptin gene showed a 50-fold downregulation due to pteryxin. On the other hand,
50 pg/mL pteryxin was able to interfere both in the preadipocyte and adipocytes stages (Fig.
5-4). In the preadipocyte stage, the WNT5a non-canonical pathway was downregulated. The
frizzled receptors indicated a downregulation due to pteryxin irrespective of the dosage. In
concordance with our qPCR results, the PPARy and CEBPa were downregulated throughout
the adipogenic process. Moreover, the upstream of PPARy, SMAD 1/5/8 was upregulated
due to 50 pg/mL pteryxin.
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Figure 5-3 Effect of pteryxin (20 pg/mL) on the adipogenic pathway analysis. 3T3-L1
preadipocytes were differentiated and treated with 20 pg/mL pteryxin during Day 0-6. The
MRNA were subjected to SOLiID NGS, data were normalized and calculated the fold-change
as explained in the Materials and Methods. The processed data were subjected to IPA for
pathway, biomarker and target search. The pink color indicates the upregulated genes and
green for the downregulated genes. The brightness of color of each target indicates the

prominence of that particular gene.
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Figure 5-4 Effect of pteryxin (50 pg/mL) on the adipogenic pathway analysis. 3T3-L1
preadipocytes were differentiated and treated with 50 pug/mL pteryxin during Day 0-6. The
MRNA were subjected to SOLID NGS, data were normalized and calculated the fold-change
as explained in the Materials and methods. The processed data were subjected to IPA for
pathway, biomarker and target search. The pink color indicates the upregulated
genes/receptors and green for the downregulated genes/receptors. The brightness of color of

each target indicates the prominence of that particular gene.
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Furthermore, the AMPK signaling pathway was influenced by the higher dose of
pteryxin, with 45-fold downregulation of adiponectin and 50-fold downregulation of leptin
gene. The Glut4 and HSL genes were also downregulated (Fig. 5-5). The G-proteins
indicated to be upregulated to a lesser extent whereas IRS-1/2, phosphoinositide3 kinase
(P13K) and p38 MAPK have tended to be downregulated.
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Figure 5-5 Effect of pteryxin (50 pg/mL) on the AMPK Pathway. 3T3-L1 preadipocytes
were differentiated and treated with 50 pg/mL pteryxin during Day 0-6. The mRNA were
subjected to SOLID NGS. The processed data were subjected to IPA for pathway, biomarker
and target search. The pink color indicates the upregulated and green for the downregulated
genes/receptors/proteins. The brightness of color of each target indicates the prominence of
that particular gene.
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5.2.3 The effect of pteryxin in AMPK and ERK1/2-mediated MAPK signaling
pathways

To further elucidate the molecular mechanism of the suppressive effect of pteryxin, |
investigated the possibility of pteryxin acting as an activator of either AMPK or ERK1/2.
Thus, I investigated the phosphorylation of AMPK, ERK1/2, p38 MAP kinase when the cells
were cultured for 6 days in the pteryxin medium. As shown in Fig. 5-6, 20 pg/mL pteryxin
significantly increased the phosphorylation of ERK1/2. The AMPK phosphorylation was
triggered when the cells were cultured in 50 ug/mL pteryxin. Moreover, the phosphorylation
of p38 MAPK was downregulated indicating the suppression of the p38 activity in the

presence of pteryxin irrespective of the dosage.
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Figure 5-6 Effect of pteryxin on the molecular mechanism to suppress adipogenesis. 3T3-L1
preadipocytes were differentiated and treated with 20 or 50 pg/mL pteryxin during Day 0-6.
The protein were extracted and protein expressions were assessed by western blot. All values
were normalized to that of B-actin levels. Phosphorylated protein levels were quantified by
ImageJ software and normalized to total proteins. Values are represented as mean + S.E.M.
of three independent experiments. Fold changes of protein expressions were obtained against

the control group. Significance was tested vs. control by Dunnett’s test and *p < 0.05.
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5.2.4 Anti-adipogenic activity of pteryxin at preadipocyte stage

To identify the mechanism of pteryxin in the early phase of the adipogenesis,
pteryxin was added to the medium at Day 0 and maintained either 24 (Day 0-1) or 48 h (Day
0-2). At each time point, the cells were harvested for total RNA extraction and its gene
modulation pattern was observed (Fig. 5-7). It was evident that, PPARy was downregulated
more, by the 50 ug/mL dose along with time. Pteryxin at 50 pg/mL, C/EBPa, was
completely downregulated at 48 h. Similarly, SREBP1c expression significantly reduced at
50 ug/mL after 48 h. However, after 24 h, the ACC and FAS showed downregulation
irrespective of the pteryxin dose. Pteryxin at 20 pg/mL, significantly reduced the fatty acid
transporter gene, FABP4. However, 50 ug/mL pteryxin, increased the FABP4 expression
during the first 24 h and thereby reduced after 48 h. Moreover, pteryxin downregulated the
HSL levels at 48 h irrespective of the dosage. On the other hand, pteryxin at 24 h, showed
increasing trend in the UCP gene expression levels. Further, pteryxin 20 and 50 pg/mL
upregulated the key regulator of energy production PGCla.
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Figure 5-7 Effect of pteryxin (20 and 50 pg/mL) during the preadipocyte conversion period
in 3T3-L1 cells. 3T3-L1 preadipocytes were differentiated with pteryxin during Day 0-2.
Cells were harvested at 24 h and 48 h, total RNA were extracted, cCDNA were synthesized
and subjected to qPCR. Values expressed as fold-change over control. Closed circular (®)
indicates values at 24 h and closed square (m) indicates values at 48 h. Values are mean =+
S.E.M. in three independent experiments vs. control 24 h, *p < 0.05, **0.01 < p < 0.05, ***p
< 0.01; vs. control 48 h, #p < 0.05, ##0.01 < p < 0.05, ###p < 0.01; vs. pteryxin 20 pg/mL

24 h, Ap<0.05, AA0.01<p<0.05 AAAp<0.01.
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5.2.5 Pteryxin alters the lipogenic molecular mechanisms at early adipogenesis —

Pathway analysis via IPA

I was also intrigued to examine the target points of different metabolic pathways due
to pteryxin. Thus, the data of the Illumina NGS were analyzed by IPA. The 20 ug/mL
pteryxin directly affected on the oxidation of lipids by downregulating negative regulatory
genes on fatty acid oxidation (Fig. 5-8), however no effects were identified in the
adipogenesis at preadipocyte stage. The ABCA1 was downregulated by 2.1-fold whereas the
Kl was reduced by 3.3-fold. The Aldhla7 and TP63 were reduced by 2.4- and 2.1-fold,
respectively when compared with the control values.
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Figure 5-8 Pteryxin (20 pg/mL) affecting the oxidation of lipids during the early
adipogenesis. 3T3-L1 preadipocytes were treated with 20 pg/mL pteryxin during Day 0-1
(24 h). The obtained data from Illumina NGS were filtered and mapped as explained in the
Materials and Methods in Chapter V. The processed data were subjected to IPA for pathway,
biomarker and target search. ABCAL, ATP-binding cassette subfamily A, member 1;
Aldhla7, aldehyde dehydrogenase 1A7; KL, klotho; TP63, tumor protein 63.
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At 50 ug/mL, pteryxin was able to reduce the differentiation of adipocytes,
adipogenesis in cells (Fig. 5-9A), insulin resistance (Fig. 5-9B) and obesity (Fig. 5-9C)
during the first 24 h of the early adipogenesis. The CMKLR1, IGF1, DUSP9 and LIPE were
downregulated by 7.4-, 4.4-, 2.8- and 2.1-fold, respectively. Pteryxin 50 ug/mL, upregulated
the CA6 by 13.0-fold. ADM also indicated of a 5.9-fold upregulation when compared with

the control.
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Figure 5-9 Effect of pteryxin (50 pg/mL) on different adipogenic pathways during the early
adipogenesis. 3T3-L1 preadipocytes were treated with 20 pg/mL pteryxin during Day 0-1
(24 h). The obtained data from Illumina NGS were filtered and mapped. The processed data
were subjected to IPA for pathway, biomarker and target search. IGF, insulin like growth
factor; LIPE, hormone sensitive lipase; ADM, adrenomedullin; Arxesl/Arxes2, adipocyte-

related X-chromosome expressed sequence 1/ adipocyte-related X-chromosome sequence2;
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Insigl, insulin induced gene 1; PSMBS8, 20s proteasome; RETN, resistin; Retnla, resistin like
alpha; TRIB3, tribbles pseudokinase; CMKLR1, chemerin chemokine like receptor 1; DUSP9,
dual specificity phosphatase; CA6, carbonic anhydrase 6; LBP, lipopolysaccharide binding
protein; LDLR, low density lipoprotein receptor; TRPV4, lon (Ca*?) transport protein;
ACAT2, acetyl CoA-acetyltransferase 2; CIDEC, cell death inducing DFFA-like factor C
(adipocyte specific); CXCL2, chemokine ligand 2; REN, renin; SNCG, Synuclein gene;
TXNIP, thioredoxin interacting protein; AGTR2, angiotensin Il receptor type 2; ANGPT2,

angiopoietin 2.
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Moreover, 50 ug/mL pteryxin affected on the carbohydrate metabolism. The quantity
and the release of carbohydrates were reduced while the uptake of the D-glucose was

upregulated due to pteryxin (Fig. 5-10).
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Figure 5-10 Pteryxin (50 pg/mL) affecting on the carbohydrate metabolism during the early
adipogenesis. 3T3-L1 preadipocytes were treated with 20 pg/mL pteryxin during Day 0-1
(24 h). The obtained data from Illumina NGS were filtered and mapped. The processed data
were subjected to IPA for pathway, biomarker and target search. IGF, insulin like growth
factor; Insigl, insulin induced gene 1; LBP, lipopolysaccharide binding protein; LDLR, low
density lipoprotein receptor; LIPE, hormone sensitive lipase; NCEH1, neutral cholesterol
ester hydrolase 1; PCTP, phosphatidylcholine transfer protein; RETN, resistin; TXNIP,
thioredoxin interacting protein; PLA1A, phospholipase Al Member A; DUSP9, dual
specificity phosphatase; ABCAL, ATP-binding cassette subfamily A, member 1; ADM,
adrenomedullin; CIDEC, cell death inducing DFFA-like factor C (adipocyte specific).
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5.3 Discussion

This investigation identify a unique role of pteryxin in regulating adipogenesis under
two different concentrations. Pteryxin at lower dose (20 pg/mL) regulated the ERK1/2
signaling pathway and switch to AMPK signaling transduction at the higher dose (50
ug/mL). Moreover, this study provides an in-depth understanding of the different molecular
mechanisms of action in the early and late adipogenesis in the presence of the two doses.
Pteryxin at 50 ug/mL was effective at the preadipocyte stage and suppressed the adipocyte
differentiation. Thus, these results provide new insights into an understanding of the
different faces of pteryxin to repress the adipogenesis in vitro.

At the 20 pg/mL dose, pteryxin was able to increase the ERK1/2 signaling pathway.
ERKZ1/2 signaling pathway is the center of a complex signaling network that regulates
pivotal cellular processes including proliferation, differentiation and survival (Procaccia et
al., 2010). Studies have shown that ERK1/2 are required for the adipocyte differentiation
(Sale et al., 1995). However, the function of ERK in adipogenesis has to be timely regulated,
which has to be switched-on in the proliferation stage and switched-off at adipocyte maturity
stage in order to maintain mature adipocytes. Several studies have shown that inhibition of
ERK1/2 activity during the mitotic clonal expansion (MCE) step occurs post-confluent. The
precise suppression of ERKs at the MCE has led to blocking of adipocyte differentiation
(Tang et al., 2003). Pteryxin at the lower dose (20 ug/mL) increased the ERK1/2 activity
throughout the adipogenesis and inhibited adipogenesis (Sakaue et al., 2004; Jeong et al.,
2015) as it was observed in diallyl trisulfide (Lii et al., 2012). Furthermore, PPARy, substrate
of ERK (Camp and Tafuri, 1997) decreases its transcriptional activity by the ERK
phosphorylation, thereby inhibiting adipocyte differentiation justify the downregulating
trend of the PPARy when compared with HP in the previous chapters (Nugara et al., 2014b).

AMPK is known to be involved in the regulation of adipogenesis and energy
homeostasis (Carling et al., 2011). The activation of AMPK suppressed the adipogenesis
(Hardie, 2011). Pteryxin 50 ug/mL, enhanced the phosphorylation of AMPK, thereby

decreasing the accumulation of intracellular lipids in 3T3-L1 cells. However, the regulatory
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mechanism related to pteryxin has not been identified. Thus, in this study I revealed the
pteryxin-mediated suppression of adipogenesis either via ERK1/2 or AMPK signaling
pathway depending on the dose. In addition, our unpublished results indicated no apparent
cell cytotoxicity against pteryxin at 50 pg/mL dose. Adipocyte differentiation is a cascade of
different genetic modulation patterns, and confirming the gPCR results, pteryxin at 50
ug/mL suppressed major transcription factors PPARy and C/EBPa according to the IPA
results. However, SOLID NGS results showed a 50-fold downregulation in the leptin gene
expression indicating the correlation between leptin gene and the adipocyte volume (Zhang
et al., 2002; Li et al., 2004) and ability of reducing obesity by pteryxin higher dose (Chen et
al., 1996a). The Wnt family proteins, secreted from glycoproteins, participate in many
cellular developments functions such as cell proliferation, cell migration and differentiation
(Gordon and Nusse, 2006). The Wnt family functions through two major pathways:
canonical (B-catenin-related) and non-canonical (not B-catenin-related) based on intracellular
Ca?" release and the activation of phospholipase C and protein kinase C (Topol et al., 2003).
Studies have shown that Wnt10b activates the Wnt/p-catenin pathway and maintain the
preadipocytes in undifferentiated state (Ross et al., 2000). However the roles of non-
canonical pathways in the adipogenesis are not well understood. Nishizuka et al. have
demonstrated that the inhibition of Wnt4a and Wnt5a expression in 3T3-L1 cells prevented
the TG accumulation and decreased the adipogenic gene expressions (Nishizuka et al., 2008).
In concordance, these results indicated that higher dose of pteryxin downregulated Wnt5a,
PPARy and C/EBPa in the preadipocyte stage decreasing the adipogenesis. Moreover, the co-
receptor for Wnt, frizzled receptor (Fz) also indicated a downregulation in the pathway
search suggesting that less availability of active binding site for Wnt may have led to less
signaling competence of Wnt5a (Gordon and Nusse, 2006). Further, the lower dose of
pteryxin accelerated CPTa, which is the key regulator of B-oxidation, further stimulated by
reduction of ACC2, and/or activating PGClo (Schreurs et al., 2010), suggesting its activity
towards inhibition of adipogenesis.

The role of pteryxin in the preadipocyte stage showed its positive effect in repressing
adipogenesis both in the 24 and 48 h. However, the effect was prominent in the presence of
50 pg/mL for 24 h or 20 pg/mL for 48 h. The pattern of gene regulation was closer to the
observations that of 50 pug/mL after 6 days. Pteryxin showed an increasing trend in the key
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regulator of energy metabolism, PGCla, suggesting the acceleration of conversion from free
fatty acids to ATP. Further strengthening this suggestion, the 13-fold increase of CA6 which
was the hallmark among the upregulated genes showed its activity in the maintenance of pH
homeostasis by catalyzing the reversible reaction CO, + H,O < HCOs + H* (Kivela et al.,
1999) in the energy conversion process. However, some studies have shown the acceleration
of CAs providing bicarbonates for the elevated levels of lipogenesis (Chegwidden and
Spencer, 1996). KL protein is correlated with adipogenesis, whereas pteryxin lower dose has
reduced its expression by 3.3-fold and suppressed the adipogenesis (Chihara et al., 2006).
Moreover, ABCA1, a key regulator for cholesterol homeostasis showed a downregulation,
thereby reducing the lipid accumulation (De Haan et al., 2014) and increased the lipid
peroxidation (Shao and Heinecke, 2009). In the presence of pteryxin 50 pg/mL, IGF-1, also
known as an inducer for differentiation (Hwang et al., 1997) downregulated in IPA results by
4.4-fold showing the repressive effects of pteryxin higher dose. Further confirming the
suppressive effects of higher dose pteryxin on the differentiation at proliferation stage,
CMKLR1, a recent novel adipocyte-derived molecule showed 7.4-fold downregulation.
Pteryxin 50 pg/mL after 24 h in the culture medium, increased the uptake of glucose levels
during the preadipocyte stage, similar to the findings reported by other groups in rodent cell
lines (Hauner et al., 1998; Tordjman et al., 1989; Garcia de Herreros and Birnbaum, 1989),

whilst the quantity of carbohydrates were more prominently retarded.
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Conclusion

In summary, | showed the different mechanisms of pteryxin to inhibit adipogenesis
both in preadipocyte and adipocyte stages indicating its unique characteristics to adjust the
target molecules depending on the dose. This study is the first to demonstrate an in-depth
molecular mechanisms related to pteryxin in the attenuation of adipogenesis in 3T3-L1 cell

line.
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CHAPTER VI

GENERAL CONCLUSIONS
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Obesity has become one of the critical factors contributing to world’s crisis.
Peucedanum japonicum Thunb (PJT), possessing anti-obesity properties was nominated as a
positive candidate for obesity. It was revealed that ethanol extract of PJT being characterized
of an anti-diabetic activity by modulation of obesity related lipid parameters. However, PJT
as a crude extracts restricted in-depth investigations on mechanisms related to anti-obesity.

Thus, in this study | partially purified the ethanol extract and found that hexane phase
consisting of the anti-obesity characteristics that were observed in the ethanol extract (Fig. 6-
1). During the purification of the hexane phase, | isolated a previously known coumarin,
pteryxin containing the anti-obesity effects for the first time. Pteryxin modulated the gene

network to suppress adipogenesis as illustrated in Fig. 6-2.
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Figure 6-1 Schematic representation of the effect of PJT hexane phase in regulation of

adipogenesis-related gene parameters in vitro.
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Figure 6-2 Summary illustration of the suppressive effects of pteryxin on adipogenesis and

lipogenesis related gene parameters in vitro.
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Pteryxin not only regulated the anti-adipogenic effect in vitro but also in vivo when
mice were fed with a high-fat diet. Pteryxin containing hexane phase reduced the body
weight and impact on several other important physiological parameters very effectively
during a 4 week period.

Moreover, pteryxin also showed a unique ability of changing the target molecules to
attenuate adipogenesis depending on the dose and the duration of existence in the culture
medium in vitro and provided great insight on the biomarkers and their respective pathways
that pteryxin has affected when compared with other available compounds which possess
anti-obesity activity (Fig. 6-3). Further, | have summarized several important characteristics

of pteryxin in Table 6-1.
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Figure 6-3 Specificity of pteryxin against several other anti-obesity compounds.
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Table 6-1 Summary of pteryxin characteristics

Plant name Identified Function Reference
Angelica keiskei (+)-pteryxin  Antitumor-promoter (Akihisa et al.,
2003)

Scavenging activity for

against Nitric oxide

Peucedanum japonicum  (+)-pteryxin  Antiplatelet aggregation (Chenetal.,
1996b)
Formosan
Peucedanum japonicum  (+)-pteryxin  Anti-obesity activity (Nugaraet al.,
Thunb 2014b)
20 ug/mL Upregulated Downregulated
(+)-pteryxin genes genes
PPARY, SREBPI1c,
RORC, FAS,
FABP4, ACC,
UCP2 MEST
50 pg/mL PGCla PPARY, Unpublished
(+)-pteryxin CPT1a C/EBPq,  data
SREBP1c,
MEST,
FAS,
Adiponectin
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Overall, this study explain and provide very important understanding of the whole
regulatory mechanisms related to pteryxin (Fig. 6-4). In addition, a study using purified
pteryxin as a single compound in an in vivo study in different doses may be a limitation of
the present study to investigate the actual complexity of the pteryxin-mediated mechanisms

in an animal body.
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