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1-1. Natural products for drug discovery 

 

Humans have long used natural products for medical purposes. In particular, plants have 

been classically used over the centuries. Since beginning of the 19th century when the 

development of the analytical chemistry, isolation and purification of the active 

components of medicinal plants and demonstration of their values for medicine were 

become popular. In 1815, F. W. Sertürner isolated morphine (Figure 1-1) from opium 

extracts and found that its ability for the analgesic [1]. This success brought the 

importance to seek  “active principles” of medicinal plants, and discovery of bioactive 

natural products, such as quinine (Figure 1-1) and cocaine (Figure 1-1) [2]. 

The use of other natural resources for medicine, such as actinomycetes and fungi, began 

with the identification of penicillin’s antibacterial activity by Fleming [3] and its 

isolation by Chain and Florey [4]. This discovery of the world’s first antibiotic was a 

trigger that produced a large number of other antibiotic compounds, and many of them 

were commercialized and are still used in clinical care. Since about 1970s, 

pharmaceutical industry began using natural products for development of various 

diseases. For instance, Taxol (Figure 1-1) isolated from Taxus brevifolia [5] was used 

for anti-cancer drug and cyclosporine (Figure 1-1) isolated from Trichoderma 

polysporum [6,7] was used for immunosuppressant .  

When the human genome project started in 1990, function analysis of the protein has 

become the main focus in the growing research fields of biology. The concept of drug 

discovery also shifted to understanding of disease mechanism at the molecular level and 
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to screening for medicines targeting optimal bio-molecules (proteins) in organism. 

From this kind of circumstance, since about 1990s, combinatorial chemistry got the 

attention as discovery tool of drugs, and many pharmaceutical companies have been 

using in favor of high-throughput screening (HTS) based on molecular targets requiring 

large libraries of synthesis compounds. In contrast, these companies have deemphasized 

natural products research for drug development because of incompatibility with HTS, 

difficult of synthesis and unstable supply. Sorafenib (Figure 1-2) is one of the 

combinatorial compounds that can be identified as an approved drug, but the expected 

surge in productivity of clinical drug using the screening combining HTS and 

combinatorial chemistry has not come true, and the number of New Chemical Entities 

(NCEs) is declining yearly.  

Against this backdrop, many major pharmaceutical companies became interested in 

natural products as drug-seeds, because of high structural diversity and various unique 

biological activities of natural products. Recently, the use of natural products for drug 

discovery is not only directly adoption of compounds isolated from natural products but 

also diversity-oriented synthesis based on a hint from partial structure of nature. For 

instance, halichondrin B (Figure 1-2) isolated from the marine sponge Halichondria 

okadai [8,9] was total synthesized and its partial structure were approved as eribulin 

(Figure 1-2) [10] for treatment of cancer. Furthermore, recent reports showed that 34% 

of 1073 small molecule NCEs from 1981 to 2010 were classified as natural products or 

derivatives [11]. Moreover, 16% of these NECs were total synthesis, but the 

pharmacophore was from natural product [11]. These reports suggested that natural 
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products are expected to be the source of novel leads for drug development. 
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Figure 1-1. Structures of physiological active compounds derived from 
natural products. 
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Figure 1-2. Structures of sorafenib, halichondrin B and eribulin. 
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1-2. Prostate cancer 

 

There are approximately 240,000 new diagnoses and 33,000 deaths resulting from 

prostate cancer each year in the USA [12]. In Japan, the number of deaths caused by 

prostate cancer is on an increasing trend rapidly, and is expected to reach second, only 

after lung cancer in 2020. Moreover, prostate cancer is one of the diseases common in 

the elderly, thus, there is an urgent need to treat prostate cancer as aging of the 

population continue in Japan.  

The androgen receptor (AR), nuclear hormone receptor, plays an important role in the 

development and progression of prostatic diseases, and the AR can be activated by 

androgens, such as testosterone and dihydrotestosterone (DHT); therefore, the androgen 

deprivation therapy (ADT) is effective in decreasing prostate-specific antigen (PSA) 

levels and reducing the tumor size with early treatment [13,14]. ADT include multiple 

approaches, such as surgical castration by bilateral orchiectomy, administration of 

estrogens, luteinizing hormone-releasing hormone (LH-RH) agonists or antagonists 

therapy, treatment of 5α-reductase (an enzyme that convert testosterone to DHT) 

inhibition and anti-androgen therapy [13]. These therapies are generally used in 

combination with others to improve the effect of treatment. However, long-term ADT 

eventually cause cancer recurrence, specifically called castrate-resistant prostate cancer 

(CRPC) [12,15]. Although CRPC has been mis-comprehended as “androgen 

independent”, recent research revealed that CRPC is still driven by hormones [16]. 

Therefore, new AR antagonists and new agents targeting the metabolic pathways that 
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lead to the production of androgens have been developed for the treatment of CRPC 

[15,17].  

Enzalutamide (Figure 1-3) is the second generation AR antagonist that has been 

approved for the treatment of CRPC [18,19]. The first generation AR antagonists, such 

as flutamide (Figure 1-3) and bicalutamide (Figure 1-3), induce AR mutations and 

exhibit partial agonist after the long-term therapy [20,21], however, enzalutamide 

shows antagonism to these AR mutations, in particular W741C, which resistant to 

bicalutamide [18]. Furthermore, besides the competing with androgens, enzalutamide 

exhibit unprecedented antagonism including inhibiting translocation of AR to the 

nucleus, impairing bond of AR to DNA and disturbing co-activator recruiting [18].  

Recently, however, it has been shown that F876L mutant AR resistant to enzalutamide 

in the laboratory level [22]. This easy acquirement of tolerance may result from the 

structural similarities among existing AR antagonists. In fact, enzalutamide has 

common partial structure with both flutamide and bicalutamide including anilide and 

trifluoromethyl group. Other type of clinical AR antagonist is only steroid type (e.g., 

chlomadinone acetate (Figure 1-3)), therefore, development of an AR antagonist 

possessing novel structure is an attractive strategy to overcome prostate cancers that are 

resistant to the known AR antagonists. 
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Figure 1-3. Structures of clinical AR antagonists for prostate cancer. 
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1-3. Parkinson’s disease  

 

Parkinson's disease (PD) is the second most common neurodegenerative disease, 

affecting 1% of the population over 55 years of age [23]. PD is characterized by 

progressive dopaminergic neuronal cell death in the substantia nigra par compacta of 

the midbrain. The main symptoms of PD are movement disorders such as rest tremors, 

bradykinesia/akinesia, muscular rigidity, postural instability, and gait abnormalities. 

The pathological characteristic of the brain with PD is Lewy bodies, witch are 

composed mainly of α-synuclein and ubiquitin. Oral administration of L-dopa (Figure 

1-4), precursor to dopamine, is the most widely used and effective treatment for PD. 

However, L-dopa also leads to motor complication (e.g., dyskinesia, dystonia and 

end-of-dose akinesia) and its effective time of therapy wear off after 5-10 years of 

treatment [24]. Another class of antiparkinsonian drugs such as dopamine agonists (e.g., 

bromocriptine), anticholinergic agents (e.g., trihexyphenidyl), monoamine oxidase B 

(MAO-B) inhibitors (e.g., selegiline) and catechol-O-methyltransferase (COMT) 

inhibitors (e.g., entacapone), which only ameliorate the symptoms of PD, like L-dopa, 

and there are no therapies to completely cure patients with the disorder (Figure 1-4) 

[25]. 

The cause of PD remains unclear, but several pathogenic mechanisms have been 

suggested, including oxidative stress and mitochondria dysfunction. The oxidative 

stress accompanied by a disturbance of mitochondria function that has been in 

postmortem brain tissue from PD patients. Thus, several small antioxidant molecules 
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have been studied as treatment for PD [26,27,28], and some inhibitors of mitochondrial 

respiratory chain, such as rotenone, paraquat, 1-methyl-4-phenylpyridinium (MPP+) and 

its precursor 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) have been used as 

mimicking agents for various PD models (Figure 1-5) [29,30]. The identification of 

PD-associated genetic mutations from familial forms of PD (PINK1, Dj-1, LRKK2, 

parkin andα-synuclein) is another approach for studies of PD, and has revealed that 

involvement of molecular chaperon and the ubiquitin-proteasome system in PD 

pathogenesis [31,32]. 

However, effective drugs or approach to therapies for PD have not been found by these 

researches so far. These failures may arise from a lack of understanding about the 

fundamental pathogenesis of PD upstream oxidative stress or mitochondria stress. 

Therefore, in order to develop innovative treatment for PD, it is necessary to investigate 

new target molecules and new molecular pathways of PD by using compounds which 

possess novel structure or ability. 
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Figure 1-4. Structures of anti-PD drugs. 
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Figure 1-5. Structures of mimicking agents for PD. 
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Chapter 2 

 

Isolation, structure elucidation and evaluation of 

pharmacological effect of a novel androgen antagonist, 

arabilin, produced by Streptomyces sp. MK756-CF1 
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2-1. Introduction 

 

One of the effective prostate cancer treatments is treatment of AR antagonists. AR 

antagonists can be classified into two structural types, steroidal and nonsteroidal 

compounds [33,34]. Steroidal AR antagonists, such as chlomadinone acetate (Figure 

1-3), often exhibit side effects because of cross-reactivity with other steroid hormone 

nuclear receptors, such as estrogen receptor and progesterone receptor. On the other 

hand, anilide-type compounds, such as flutamide (Figure 1-3) and bicalutamide (Figure 

1-3), are representative of nonsteroidal AR antagonists. Although these anilide-type AR 

antagonists have been clinically used for prostate cancer therapy, prostate cancer almost 

always advances to a hormone-refractory state after long-term treatment with AR 

antagonists [35]. The mutation in AR is considered a possible reason for rendering 

prostate cancer cells hormone refractory [36]. The most commonly reported AR 

mutation are point mutation of ligand binding domain including T877A [37], W741C, 

W741L [38],  H874Y [39,40]. Furthermore, anilide-type AR antagonists act as 

agonists toward hormone-refractory prostate cancer cells in some cases [38,41,42]. 

Thus, development of a new type of AR antagonist is an attractive strategy to overcome 

prostate cancers that are resistant to the known AR antagonists.  

In the course of screening for a new type of AR antagonist, the author isolated a novel 

compound, arabilin, with two known structural isomers, spectinabilin and SNF4435C, 

from Streptomyces sp. MK756-CF1. In this chapter, the isolation, structure elucidation 

and biological activities of arabilin are reported. 
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2-2. Result and discussion 

 

2-2-1. Screening for binding inhibitors of DHT and AR 

 

To acquire a new type of AR antagonist with a nonsteroidal/nonanilidetype structure, 

the author first screened more than 2000 microbial extracts to find inhibitors, which 

could inhibit the binding of DHT to AR using a [3H] DHT-AR in vitro binding assay. In 

the course of screening, the author found that the culture broth extract of strain 

MK756-CF1 inhibited the binding of DHT to AR. 

 

2-2-2. Taxonomy of the producing strain 

 

Strain MK756-CF1 produced spore chains on aerial mycelia, which developed from 

branched substrate mycelia. The partial gene sequence (1412 bp) coding 16S ribosomal 

RNA of MK756-CF1 showed high homology with those of members of the genus 

Streptomyces, such as Streptomyces spectabilis (National Institute of Technology and 

Evaluation Biological Research Center (NBRC) 13423T 1408/1413 bp, 99%) and 

Streptomyces flavofungini (NBRC 13371T 1391/1412 bp, 98%). These phenotypic and 

genotypic properties implied that strain MK756-CF1 belonged to the genus 

Streptomyces. 
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2-2-3. Isolation of arabilin, spectinabilin and SNF4435C 

 

The cultivation of strain MK756-CF1 was carried out in sixty 500-mL Erlenmeyer 

flasks containing pressed wheat (2.4 kg) because this solid-state fermentation enabled 

the strain to produce abundant active components. After fermentation, the culture was 

extracted with ethanol (2 L), filtrated and concentrated in vacuo. This suspension was 

adjusted to pH 7.0, followed by extraction with ethyl acetate (3 L) twice, and the 

organic layer was concentrated to give a pink oily residue (2.2 g). Thus, the obtained 

crude active oil was subsequently subjected to silica gel column chromatography (Silica 

gel 60, 60–230 µm; Merck, Darmstadt, Germany) using an n-hexane-ethyl acetate 

stepwise system. One active fraction (n-hexane-ethyl acetate, 2:1) was further purified 

by preparative octadecyl silyl (ODS) HPLC (Sun Fire, 10 µm, 19 x 250 mm; Waters, 

Milford, MA, USA) with 80% aqueous methanol to give a pure novel compound, 

arabilin (3.3 mg) (Figure 2-1). Another active fraction obtained by silica gel column 

chromatography (n-hexane-ethyl acetate, 1:1) was also further purified by preparative 

ODS HPLC to give spectinabilin (3.0 mg) [43] and SNF4435C (6.0 mg) [44] (Figure 

2-1). Spectinabilin and SNF4435C were reported as a weak inhibitor of Rauscher 

leukemia virus reverse transcriptase [43] and a potent immunosuppressant [44], 

respectively. The isolation procedure of these compounds was shown in Figure 2-2. 
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Figure 2-1. Structures of arabilin, SNF4435C and spectinabilin. 
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Figure 2-2. Isolation procedure of arabilin, SNF4435C and 
spectinabilin from Streptomyces sp. MK756-CF1. 
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2-2-4. Structure elucidation of arabilin 

 

The physico-chemical properties of arabilin as well as spectinabilin and SNF4435C are 

summarized in Table 2-1 [43,45]. From HRESI-MS measurements in combination with 

1H and 13C NMR data (Figure 2-4 and 2-5), the molecular formula of arabilin was 

determined to be C28H31NO6 (Found: 478.2215 [M+H]+, Calcd: 478.2224), the same as 

spectinabilin and SNF4435C. The IR spectrum revealed that arabilin possesses a ketone 

conjugated with a double bond (1666 cm-1) and a nitro group (1516 and 1342 cm-1), as 

does spectinabilin and SNF4435C (Figure 2-3 and Table 2-1).  

On the other hand, the UV spectrum of arabilin (λmax: 263 nm (ε 18,400), 315 nm (sh, ε 

10,300)) was different from that of spectinabilin (λmax: 252 nm (ε 17,600), 268 nm (ε 

18,200), 367 nm (ε 15,500) (Figure 2-3 and Table 2-1).  

Since the 1H and 13C NMR spectral data of arabilin were partially similar to those of 

spectinabilin [43,46], structural studies of arabilin were performed by comparing with 

spectinabilin. The structure of arabilin was mainly determined by NMR spectral 

analyses as follows. The author established direct connectivity between each proton and 

carbon by the HMQC spectrum (Figure 2-7); the 1H and 13C spectral data for arabilin 

are shown in Table 2-2. The 1H-1H COSY and HMBC spectra proved that arabilin 

possesses a p-nitrophenyl group (C-16 to C-19), as does spectinabilin (Figure 2-6, 2-8, 

Table 2-2, and Jacobsen et al [46]). Arabilin’s HMBC spectra (from H-1a to C-1, from 

H-2a to C-1, C2 and C3, from H-4a to C-3, C-4 and C-5), degrees of unsaturation, IR 

absorption at 1666 cm-1 and the chemical shift at C-1 (δ 162.1) and C-5 (δ 154.2) 
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indicated that C-1 and C-5 were conjugated to the same oxygen atom, and formed 

2-methoxy-3,5-dimethyl-γ-pyrone moiety (C-1 to C-5) [43,45]. This finding and the 

difference between the UV spectrum of arabilin and that of spectinabilin imply that the 

tetraene moiety combined with a substituted furan moiety in spectinabilin is not 

preserved in arabilin. In the 1H NMR spectra, one singlet methylene signal (δH 2.91, 

H-13, 2H) was observed only in arabilin (Table 2-2 and Jacobsen et al [46]). In the 

HMBC spectrum of arabilin, 1H-13C long-range couplings from two methyl protons (δH 

1.73, H-12a and δH 1.81, H-14a) to an sp3 carbon (δC 44.2, C-13) were observed (Figure 

2-10), whereas no 1H-13C long-range coupling from the methyl proton to sp3 carbon was 

observed in that of spectinabilin. In addition, 1H-13C long-range couplings from a 

methine proton (δH 6.48, H-8a) to a methine carbon bearing oxygen (δC 77.2, C-6), a 

methylene carbon (δC 35.6, C-7) and a quaternary sp2 carbon (δC 114.9, C-8) indicated 

that C-8 and C-8a are connected by a double bond in arabilin but not in spectinabilin. 

Thus, the partial structures of arabilin other than a substituted γ-pyrone ring and a 

p-nitrophenyl group (C-5 ~ C-16) were also determined on the basis of 1H-1H COSY 

and HMBC analyses (Figure 2-6, 2-8, and 2-10).  

The geometries of C-8/C-8a, C-9/C-10, C-11/C-12 and C-14/C-15 were determined to 

be E, Z, Z and E by NOE observation between H-8a (δH 6.48) and H-9 (δH 5.91), H-9 

and H-10a (δH 1.88), H-11 (δH 5.99) and H-12a (δH 1.73), and H-13 (δH 2.91) and H-15 

(δH 6.32), respectively (Figure 2-9 and 2-10). From the above findings, the planar 

structure of arabilin was determined as shown in Figure 2-1. Thus, it was revealed that 

all arabilin and its structural isomers, spectinabilin and SNF4435C, had a p-nitrophenyl 
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group and a substituted γ-pyrone ring.  

The stereochemistry of arabilin at C-6 had not been determined, but Lim, H. N. et al 

assumed this to be (R) by a analogy to that of its congeners in 2011 [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

Table 2-1. Physico-chemical properties of arabilin, spectinabilin and 
SNF4435C.  
 

  
 
 
 
 
 
 
 
 
 
 
 
 

arabilin spectinabilin SNF4435C 

Appearance Pale yellow powder Pale yellow powder Pale yellow powder 

Molecular formula C28H31NO6 C28H31NO6 C28H31NO6 

Molecular weight 477 477 477 

HRESI-MS (m/z, Pos) 
Calcd. 
 
Found. 

 
478.2224 

(as C28H32NO6) 
478.2215 

 
- 
 
- 

 
- 
 
- 

Optical rotation [α]D -166.2° 
(c 0.13, CHCl3, 25 ) 

+60.6° c) 
(c 5.0, CHCl3, 26 ) 

-105.6° d) 
(c 0.1, CHCl3, 26 ) 

IR vmax cm-1 (KBr) 2956, 2854, 1666,  
1597, 1516, 1342 

 1520, 1340, 1670 c) 2950, 2850, 1695,  
1600, 1520, 1350 d) 

UV λmax nm (ε) 263 (18400), 315 (sh, 10300) 
(MeOH) 

218 (19100), 252 (17600),  
268 (18200), 367 (15500) 

(EtOH) c) 

271 (19300) 
(MeOH) d) 

TLC (Rf)a) 0.68 0.51 0.55 

HPLC (Rt, min)b) 25.2 (85%MeOH) 23.5 (85%MeOH) 16.7 (85%MeOH) 

Solubility 
  Soluble 
  Insoluble 

 
CHCl3, MeOH 
n-hexane, H2O 

 
CHCl3, MeOH 
n-hexane, H2O 

 
CHCl3, MeOH 
n-hexane, H2O 

a) Silica gel TLC (Kieselgel 60F254, Merck); mobile phase, n-hexane-EtOAc (1:2) 
b)Column, SunFire ODS (Waters, 5 μm, 4.6×250 mm); mobile phase, aqMeOH; flow rate, 0.7 ml/minute 
c)Kakinuma K. et al., Tetrahedron 32, 217-222 (1976) 
d)Takahashi K. et al., J. Antibiot., 54, 548-553 (2001) 
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Figure 2-3. UV spectrum and IR spectrum of arabilin. 
(a) UV spectrum of arabilin was measured at room temperature in MeOH.  

(b) IR spectrum of arabilin was measured in a KBr disc. 
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Figure 2-4. 1H NMR spectrum of arabilin in CDCl3 (600 MHz). 
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Figure 2-5. 13C NMR spectrum of arabilin in CDCl3 (150 MHz). 
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Figure 2-6. 1H-1H COSY spectrum of arabilin in CDCl3. 
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Figure 2-7. HMQC spectrum of arabilin in CDCl3.  
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Figure 2-8. HMBC spectrum of arabilin in CDCl3.
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Figure 2-9. Difference NOE spectra of arabilin in CDCl3.  
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Table 2-2. 13C- and 1H-NMR data for arabilin in CDCl3.
 

  

No. δc (ppm) δH (ppm) 

1 162.1 

1a 55.3 3.92 (3H, s) 

2 99.9 

2a 6.9 1.86 (3H, s) 

3 180.6 

4 119.6 

4a 9.4 2.02 (3H, s) 

5 154.2 

6 77.2 5.59 (1H, dd, J = 7.7, 11.0 Hz) 

7 35.6 
2.85 (1H, dd, J = 7.7, 15.2 Hz) 
3.08 (1H, dd, J = 11.0, 15.2 Hz) 

8 114.9 

8a 144.4 6.48 (1H, s) 

9 118.5 5.91 (1H, s) 

10 131.7 

10a 25.3 1.88 (3H, bs) 

11 128.6 5.99 (1H, s) 

12 134.7 

12a 22.8 1.73 (3H, bd) 

13 44.2 2.91 (2H, s) 

14 141.1 

14a 18.1 1.81 (3H, bd) 

15 124.9 6.32 (1H, s) 

16 145.1 

17 129.3 7.35 (2H, d, J = 8.8 Hz) 

18 123.5 8.17 (2H, d, J = 8.8 Hz) 

19 145.9 

Chemical shifts in ppm from TMS as an internal standard
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Figure 2-10. Structures of arabilin elucidated by 1H-1H COSY, NOE 
and HMBC experiments. 
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2-2-5. Effects of arabilin, spectinabilin and SNF4435C on binding of DHT to AR 

 

Arabilin, spectinabilin and SNF4435C inhibited the binding of DHT to AR in a 

dose-dependent manner (Figure 2-11). The IC50 values of arabilin, spectinabilin and 

SNF4435C were 11 µM, 13 µM and 7 µM, respectively. Furthermore, these inhibitory 

activities were more potent than that of flutamide, which was clinically used for the 

treatment for prostatic diseases.  

On the other hand, arabilin, spectinabilin and SNF4435C did not show inhibitory 

activity against binding of estradiol to estrogen receptor (ER) up to 100 µM (Figure 

2-12). These data suggested that arabilin potent and specific blocked the binding of 

androgen to the ligand-binding domain of AR in vitro. 
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Figure 2-11. Effects of arabilin, spectinabilin, SNF4435C and 
flutamide on binding of DHT to AR. 
Fifty μg/ml MBP-AR-LBD, 2 nM [3H] DHT and the indicated concentrations of test 

compounds were incubated at 4°C for 3 hours. Then, the radioactivity of [3H] DHT 

bound to MBP-AR-LBD was measured with a liquid scintillation counter.  

Values are the means of four samples; bars, SD. 
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Figure 2-12. Effects of arabilin, spectinabilin, SNF4435C and 
flutamide on binding of estradiol to ER. 
Five hundred ng/ml MBP-ER, 1 nM [3H] estradiol and the indicated concentrations of  

test compounds were incubated at 4°C for 15 min. Then, the radioactivity of 

[3H] estradiol bound to MBP-ER was measured with a liquid scintillation counter.  

Values are the means of four samples; bars, SD.  
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2-2-6. Effects of arabilin, spectinabilin and SNF4435C on DHT-induced PSA 

expression 

 

To determine whether arabilin, spectinabilin and SNF4435C show AR antagonistic 

activity, the author examined the effects of these compounds on DHT-induced 

expression of Prostate-specific antigen (PSA) mRNA in LNCaP cells, DHT-responded 

prostate cancer cells. PSA is a 33-kDa serine protease, whose expression in the prostate 

is induced by androgen-mediated action of AR, therefore AR antagonist can suppress 

expression of PSA mRNA.  

As shown in Figure 2-13, arabilin, spectinabilin and SNF4435C inhibited the 

DHT-induced expression of endogenous PSA mRNA in LNCaP cells with IC50 values 

of 210 nM, 1.75 nM and 274 nM, respectively. Although the author does not know why 

spectinabilin showed 100-fold potent inhibition activity of androgen-dependent PSA 

mRNA expression when compared with arabilin and SNF4435C, it is possibly due to 

the membrane-permeable ability of these compounds, or due to the difference of 

antagonistic mechanism by these compounds. Although there are difference in the 

potency of antagonism by these three compounds, these not work as AR agonist, but do 

as AR antagonist. 
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Figure 2-13. Effects of arabilin, spectinabilin and SNF4435C on 
DHT-induced PSA mRNA expression. 
LNCaP cells were treated with 0.1 nM of DHT and the indicated concentrations of test 

compounds. After 12 hours, PSA mRNA were measured by real-time quantitative 

RT-PCR. Values are the means of triplicate samples; bars, SD. 
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2-2-7. Effects of arabilin, spectinabilin and SNF4435C on DHT-induced prostate 

cancer cell proliferation 

 

To investigate whether arabilin, spectinabilin and SNF4435C show anti-prostate cancer 

activity due to AR antagonist activity, the author examined the effects of these 

compounds on DHT-dependent cell proliferation in LNCaP cells. 

Arabilin, spectinabilin and SNF4435C effectively dose-dependent inhibited 

proliferation in LNCaP cells with IC50 values of 90 nM, 0.9 nM and 220 nM, 

respectively (Figure2-14). These IC50 values are almost similar in inhibitory activity of 

DHT-induced PSA expression with IC50 values.  

On the other hand, arabilin, spectinabilin and SNF4435C did not showed that 

proliferation inhibitory activity even 1000 nM in PC3 cells, androgen-independent 

prostate cancer cells (Figure 2-15).  

Therefore, arabilin, spectinabilin and SNF4435C may exert cancer cell proliferation 

inhibitory activity by working as AR antagonists in LNCaP cells. Thus, the author 

obtained a new type of AR antagonists with non-steroidal/non-anilide-type structures. 
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Figure 2-14. Effects of arabilin, spectinabilin and SNF4435C on 
DHT-dependent proliferation in LNCaP cells. 
LNCaP cells were treated with 0.1 nM of DHT and the indicated concentrations of test 

compounds. After 72 hours, cell proliferations were measured by crystal violet staining 

assay. Values are the means of triplicate samples; bars, SD. 
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Figure 2-15. Effects of arabilin, spectinabilin and SNF4435C on 
DHT-independent proliferation in PC3 cells. 
PC3 cells were treated with the indicated concentrations of test compounds. After 72 

hours, cell proliferations were measured by crystal violet staining assay. Values are the 

means of triplicate samples; bars, SD. 
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2-3. Experimental procedures 

 

General experimental procedures 

 Mass spectra were measured with a JEOL JMS-T100LC mass spectrometer. Optical 

rotations were made with a JASCO P-1030 polarimeter using a micro-cell (light path 

100 mm). UV spectra and IR spectra were recorded on a Hitachi U-1800 

spectrophotometer and a Horiba FT-210 spectrometer in KBr disc, respectively. 1H and 

13C NMR spectra were recorded on a JEOL JNM-ECA600 spectrometer operating at 

600 MHz and 150 MHz, respectively. An LC-PDA-MS system (Waters Corp., USA) 

with a photo diode array detector (2996) and mass analyzer (micromass ZQ) was used 

for analysis and preparation. 

 

Taxonomic studies 

 The producing strain, MK756-CF1, was isolated from a soil sample collected in Kochi 

prefecture, Japan. The morphological characteristics of strain MK756-CF1 were 

determined on yeast-starch agar. The 16S ribosomal RNA (rRNA) gene was amplified 

by PCR using genomic DNA of the strain and sequenced. The most related sequences 

were searched using the BLAST algorithm in the DNA Data Bank of Japan (DDBJ). 

 

Fermentation 

 A slant culture of arabilin producing organism was inoculated in a 500-ml baffled 

Erlenmeyer flask containing 110 ml of a seed medium consisting of galactose 2%, 
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dextrin 2%, Bacto-soytone (Difco) 1.0%, corn steep liquor (Oji Cornstarch Co. Ltd.) 

0.5%, (NH4)2SO4 0.2% and CaCO3 0.2% in deionized water (pH7.4 before sterilization). 

The culture was incubated on a rotary shaker (180 rpm) at 27°C for 3 days. The seed 

culture (7 ml) of the strain was transferred into a 500-ml Erlenmeyer flask containing 

autoclaved press wheat (15 g) with deionized water (25 ml). The fermentation was 

carried out by a solid-state cultivation at 30°C for 14 days. 

 

[3H] DHT-AR in vitro binding assay 

 This assay was performed according to the method described previously [48]. In brief, 

the gene sequence corresponding to the ligand-binding domain (AR-LBD, 609–919 a.a.) 

in the C-terminus of AR was expressed in E. coli strain DH5α as a maltose-binding 

protein-fused protein (MBP-AR-LBD), followed by purification using amylose resin 

(BIO-RAD). Thus, the obtained recombinant MBP-AR-LBD (50 µg/ml), [3H] 

dihydrotestosterone (DHT, 2 nM) and test samples were incubated at 4°C for 3 hours. 

Then, [3H] DHT-bound MBP-AR-LBD was precipitated with hydroxyapatite and 

radioactivity was measured with a liquid scintillation counter.  

 

[3H] estradiol-ER in vitro binding assay 

 The gene sequence corresponding to the ligand-binding domain (ER-LBD, 301–551 

a.a.) of ER was expressed in E. coli strain DH5α as a maltose-binding protein-fused 

protein (MBP-ER-LBD), followed by purification using amylose resin (BIO-RAD). 

Thus, the obtained recombinant MBP-ER-LBD (0.5 µg/ml), [3H] estradiol (1 nM) and 
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test samples were incubated at 4°C for 15 min. Then, [3H] estradiol-bound 

MBP-ER-LBD was precipitated with hydroxyapatite and radioactivity was measured 

with a liquid scintillation counter. 

 

Detection of PSA mRNA by real-time RT-PCR 

 LNCaP cells were incubated in RPMI 1640 medium supplemented with 2% 

charcoal-stripped serum for 24 hours. The cells were then treated with DHT (0.1 nM) 

and test compounds. After 12 hours, RNA from the cells was isolated, and the 

expression of PSA genes was determined by real-time quantitative reverse 

transcription-PCR (RT-PCR), and normalized to GAPDH mRNA. The primer 

sequences used were as follows: for PSA, 5’-AGG TCG GAG TCA ACG GAT TT-3’ 

(forward) and 5’-TAG TTG AGG TCA ATG AAG GG-3’ (reverse); for GAPDH, 

5’-GGT CCT CAC AGC TGC CCA TC-3’ (forward) and 5’-CAG CCT GAG GCG 

TAG CAG GT-3’ (reverse). 

 

Evaluation of DHT-dependent cell proliferation by crystal violet staining assay 

 LNCaP cells were plated at a density of 1 x 104 cells per 48-well dish, and incubated in 

RPMI 1640 medium supplemented with 2% charcoal-stripped serum for 24 hours. The 

cells were then treated with DHT (0.1 nM) and test compounds. After 72 hours, cell 

were fixed with 3% paraformaldehyde, washed with PBS, and then stained with 0.1% 

crystal violet solution (Wako Pure Chemical Industries, Ltd., Japan). Stained-cells were 

wash with water, and then solubilized with 1 M citric acid (Kanto Chemical Co., Japan)	 
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buffer. The solution was transfer 96-well plate and monitored spectrophotometrically by 

measuring absorbance at 570 nm. 

 

Evaluation of DHT-independent cell proliferation by crystal violet staining assay 

 PC3 cells were plated at a density of 0.5 x 104 cells per 48-well dish, and incubated in 

RPMI 1640 medium supplemented with 2% charcoal-stripped serum for 24 hours. The 

cells were then treated with test compounds. The method of crystal violet staining assay 

is as above.  
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Chapter 3 

 

Identification of licopyranocoumarin and glycyrurol 

from herbal medicines as neuroprotective compounds 

for Parkinson’s disease treatment 
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3-1. Introduction 

 

Mitochondrial dysfunction, including impediment of the mitochondrial electron 

transport chain mainly relying on complex I activity, has been implicated in Parkinson's 

disease (PD). For instance, postmortem brains, skeletal muscle and platelets of PD 

patients have been found in disorder of mitochondrial complex I [49,50,51,52,53] and 

cybrid cells containing mitochondrial DNA (mtDNA) derived from PD platelets have 

indicated complex I defects [54,55]. Furthermore, mitochondria complex I inhibitors 

such as rotenone (Figure 1-5), MPTP (Figure 1-5), and its toxic metabolite MPP+ 

(Figure 1-5) have been shown to induce disorder of movement associated with selective 

loss of dopaminergic neurons on various rodents, therefore they have been widely used 

as acquired PD-like models [56,57,58,59,60,61].  

Some candidate compounds of treatment for PD have been found using by these models. 

Selegiline (Figure 3-1), a medication widely used at present, has been revealed the 

capacity to protect dopamine neurons by inhibiting MAO-B oxidation for conversion of 

MPTP into MPP+ and blocking the formation of free radicals derived from the oxidative 

metabolism of dopamine [62,63]. MPP+ models also have found that unexploited 

therapeutic potential for some atypical antipsychotics (olanzapine, aripiprazole, and 

ziprasidone) and the anticonvulsant zonisamide in PD, and new mechanisms of 

neuroprotective activity of FLZ (which activates HSP27/HSP70) and paeoniflorin 

(which modulates autophagy) have led to treatments for PD (Figure 3-1) [64,65,66,67].  
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Herbal medicines are used to treat PD in ancient medical systems in Asian countries 

such as India, China, Japan, and Korea based on anecdotal and experience-based 

theories [68]. The traditional herbal medicines yi-gan san and modified 

yeoldahanso-tang have neuroprotective effects and can rescue dopaminergic neurons 

from MPP+/MPTP-induced toxicity using both in vitro and in vivo methods [69,70]. 

Several compounds derived from herbal medicines also exert anti-Parkinsonian 

activities. For instance, ginsenoside Rb1 isolated from Panax ginseng C. A. Meyer, 

3-O-demethylswertipunicoside isolated from S. punicea and salidroside isolated from 

Rhodiola rosea L. have been reported to attenuate MPP+-induced neurotoxicity in PC12 

cells in vitro (Figure 3-2) [71,72,73]. However, clinical evidence for the efficacy and 

safety of these herbal medicines for PD is insufficient [74].  

Therefore, in this study, we screened a library containing 128 traditional herbal 

medicines, which have been used clinically for at least 10 years in Japan (especially 

called kanpo in Japan), focusing on their neuroprotective activity using PD-like cellular 

models. As a result, the author found the anti-Parkinsonian herbal medicines 

choi-joki-to and daio-kanzo-to. Moreover, the author identified licopyranocoumarin 

(LPC) and glycyrurol (GCR) derived from the genus Glycyrrhiza as the potent 

neuroprotective agents against MPP+-induced toxicity. 
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Figure 3-1. Structures of candidate compounds for treatment of PD. 
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Figure 3-2. Structures of candidate compounds for treatment of PD 
derived from herbal medicine. 
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3-2. Result 

 

3-2-1. Identification of choi-joki-to and daio-kanzo-to as potent neuroprotective 

herbal medicines using PD-like model screening 

 

Rotenone, a direct inhibitor of mitochondria complex I, is usually used to mimic 

Parkinsonism in vitro and in vivo [75]. Treatment of NGF-differentiated PC12D cells 

with 0.3 µM of rotenone for 48 hours lead to salient cell death as evaluated by the 

trypan blue dye exclusion assay. Using this PD-like cellular model, the author screened 

a library containing 128 traditional herbal medicines, which have been used clinically in 

Japan, paying attention on preventive effects against rotenone-induced cell death of 

NGF-differentiated PC12D cells. 

As a result, several ethyl acetate (EtOAc) extracts of herbal medicines showed 

prevention against rotenone-induced cell death generally, but two traditional herbal 

medicines, choi-joki-to and daio-kanzo-to exerted significant neuroprotective effects 

against rotenone-induced neurotoxicity (Figure 3-3A). Furthermore, the EtOAc extracts 

of choi-joki-to or daio-kanzo-to also gave dose-dependent protection from neuronal cell 

death induced by MPP+, another well-known neurotoxicity for cellular model of PD 

(Figure 3-3B). 

 

 



 51 

  

Figure 3-3. Two herbal medicines, Daio-kanzo-to and Choi-joki-to, 
identified as neuroprotective agents in the course of screening. 
(A) NGF-differentiated PC12D cells were treated with 0.3 μM rotenone and herbal 

medicine extract for 48 hours. Cell viability was evaluated by trypan blue dye exclusion 

assay. (B) NGF-differentiated PC12D cells were treated with various concentrations of 

choi-joki-to or daio-kanzo-to in the presence of 0.3 mM MPP+ for 48 hours. Cell 

viability was evaluated by trypan blue dye exclusion assay. Values are the means of 

triplicate samples; bars, s.d. **p<0.01 compared with MPP+ group cells. 
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3-2-2. LPC and GCR isolated from Glycyrrhiza as potent neuroprotective 

compounds 

 

Next, the author attempted to identify the major compounds responsible for 

neuroprotective effects contained in choi-joki-to and daio-kanzo-to. First, the author 

noted that both choi-joki-to and daio-kanzo-to commonly contain rhubarb and 

Glycyrrhiza species, at the ratio of 2:1 (Table 3-1): therefore, the author analyzed 

whether this 2:1 ratio of rhubarb to Glycyrrhiza is important for neuroprotective effects 

against MPP+-induced toxicity. As shown in Figure 3-4, rhubarb and Glycyrrhiza 

contained in choi-joki-to and daio-kanzo-to at 2:1 is not a particular ratio necessary for 

neuroprotective effects, but rather increased Glycyrrhiza content potentiated the 

neuroprotective effects against MPP+-induced cell death.  

Thus, the author tried to isolate the active principle responsible for neuroprotective 

effects from EtOAc extract of Glycyrrhiza by monitoring the neuroprotective activity 

against MPP+-induced cell death in PC12D cells using a trypan blue dye exclusion 

assay. As a result, the author isolated two compounds from Glycyrrhiza powder as 

potent neuroprotective agents, and identified these two compounds as LPC and GCR by 

NMR analysis, respectively (Figure 3-5~3-9, 3-10A, B).  

Both LPC and GCR markedly prevented MPP+-induced cell death in a dose-dependent 

manner with IC50 values of 0.9 µM and 1.2 µM, respectively (Figure 3-10C). 

Furthermore, both LPC and GCR did not show cytoprotective effects against other 

toxins, such as taxol and cisplatin (CDDP) even at 3 µM concentration, which 
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significantly suppressed MPP+-induced cell death in PC12D cells. Therefore, 

cytoprotective effects of LPC and GCR may specific for mitochondrial toxins (Figure 

3-11).  

To further confirm the neuroprotective effects of LPC and GCR against MPP+-induced 

cell death, PC12D cells were labeled with propidium iodide (PI) and histogram 

analysis-related nuclear DNA contents were verified by flow cytometry. By the 

treatment of PC12D cells with 0.3 mM of MPP+, NGF-differentiated PC12D cells with 

DNA content below G1 phase levels (defined as hypodiploid sub-G1 peak) were 

distinguishable in the population as compared with control levels (49.63 ± 6.41% versus 

7.23 ± 1.04% of cells in sub-G1, respectively) (Figure 3-12A, B). LPC or GCR alone 

did not indicate any effects on the overall population of cells. However, they decreased 

the percentage of MPP+-induced cell death by 11.2–29.0% and 11.4–28.0% (values are 

the mean of average of three data), respectively (Figure 3-12A, B). These result 

indicated that LPC and GCR certainly exert neuroprotective activity against 

MPP+-induced cell death. 
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Table 3-1. Crude drugs constituents of “choi-joki-to” and
“daio-kanzo-to”. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Choui-jyouki-to Daio-kanzo-to
scientific names contents(g) scientific names contents(g)

rhubarb 2 rhubarb 4
glycyrrhiza 1 glycyrrhiza 2

salt cake 0.5
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Figure 3-4. Glycyrrhiza prevented MPP+-induced cell death more 
potently than rhubarb. 
NGF-differentiated PC12D cells were treated with various concentrations of rhubarb 

and Glycyrrhiza (rhubarb:Glycyrrhiza ratio = 1:0, 8:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:8, 0:1) in 

the presence of 0.3 mM MPP+ for 48 hours. Cell viability was evaluated by trypan blue 

exclusion assay. Values are the means of three independent experiments; bars, s.d. 
**p<0.01 compared with MPP+ group cells. 
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Figure 3-5. Isolation procedure of LPC and GCR from Glycyrrhiza. 

Powder of Glycyrrhiza (50g) 

extracted with 90%EtOH 

active fraction (250.6 mg) 

filtrate 

CPC descending mode 
(CHCl3:MeOH:H2O = 5:6:4) 

Sephadex LH20 column chromatography  
(eluted with MeOH) 

prep. HPLCa) 
(40%CH3CN iso) 

licopyranocoumarin (LPC) 
(10.8 mg)   

Aqueous layer (pH 7.0) 

glycyrurol (GCR) 
(4 mg)   

extracted with EtOAc 

removed EtOH 

EtOAc extraction (3.76 g) 

a) YMC-Pack ODS-AQ, YMC Co. Ltd., Japan, 10ml/minutes 
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Figure 3-6. 1H NMR spectrum of LPC in acetone-d6 (500 MHz).  
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Figure 3-7. 13C NMR spectrum of LPC in acetone-d6 (500 MHz). 
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Figure 3-8. 1H NMR spectrum of GCR in DMSO-d6 (500 MHz). 
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Figure 3-9. 13C NMR spectrum of GCR in DMSO-d6 (500 MHz).  
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Figure 3-10. LPC and GCR prevented MPP+-induced cell death.
Structures of (A) LPC and (B) GCR. (C) NGF-differentiated PC12D cells were treated 

with various concentrations of LPC or GCR in the presence of 0.3 mM MPP+ for 48 

hours. Cell viability was evaluated by trypan blue dye exclusion assay. Values are the 

means of three independent experiments; bars, s.d. **p<0.01 compared with MPP+ group 

cells. 
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Figure 3-11. LPC and GCR did not show cytoprotective effect against 
other toxins in PC12D cells. 
PC12D cells were treated with various concentration of LPC or GCR in the presence of 

10 ng/ml taxol or 10 μg/ml cisplatin (CDDP) for 48 hours. 
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Figure 3-12. LPC and GCR attenuated MPP+-induced apoptosis.
(A) NGF-differentiated PC12D cells were treated with various concentrations of LPC or 

GCR in the presence of 0.3 mM MPP+ for 48 hours. Collected cells were stained with PI 

and analyzed by flow cytometry. (B) The sub-G1 ratio was analyzed. Values are the 

means of three independent experiments; bars, s.d. **p<0.01 compared with MPP+ group 

cells. 
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3-2-3. LPC and GCR attenuate the MPP+-induced decrease in mitochondrial 

membrane potential 

 

MPP+ is a well-known inhibitor of mitochondria complex I and induces mitochondrial 

dysfunction. Because LPC or GCR suppressed MPP+-induced cell death, the author next 

investigated the effect of LPC and GCR on MPP+-mediated loss of mitochondrial 

membrane potential (ΔΨmit) using JC-1 dyes. As shown in Figure 3-13, by the treatment 

of differentiated PC12D cells with 0.3 mM of MPP+ for 48 hours, ΔΨmit was decreased 

to 45–50% with reduction of JC-1 aggregate fluorescence. However, significant 

increase in ΔΨmit was observed following cotreatment with LPC and GCR. These 

results suggested that LPC and GCR each inhibit MPP+-induced decrease of ΔΨmit. 
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Figure 3-13. LPC and GCR protected cells against MPP+-induced 
disappearance of mitochondrial membrane potential. 
(A) NGF-differentiated PC12D cells were treated with various concentrations of LPC or 

GCR in the presence of 0.3 mM MPP+ for 48 hours. Collected cells were stained with 

JC-1 and analyzed by flow cytometry. (B) The ratio of cells exhibiting disappearance of 

mitochondrial membrane potential was analyzed. Values are the means of three 

independent experiments; bars, s.d. *p<0.05, **p<0.01 compared with MPP+ group cells. 
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3-2-4. LPC and GCR counteract MPP+-induced ROS production 

 

MPP+ has been extensively reported to evoke generation of reactive oxygen species 

(ROS). Therefore the author examined the effect of LPC and GCR on MPP+-mediated 

ROS generation. As shown in Figure 3-14, cytofluorometric histograms of 

NGF-differentiated PC12D cells after 12 hours of treatment with 0.3 mM MPP+ upon 

staining with CMH2DCFDA. ROS levels were significantly increased from 100 ± 7.8% 

(control level) to 247 ± 14.9% (p<0.001). However, the generation of intracellular ROS 

was reduced to 164 ± 15.7% (p<0.01) and 153 ± 13.0% (p<0.01) by the addition of 3 

µM LPC and 3 µM GCR, respectively. These data suggested that LPC and GCR inhibit 

MPP+-induced intracellular ROS generation. 
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Figure 3-14. LPC and GCR decreased MPP+-induced intracellular 
ROS generation.  
(A) NGF-differentiated PC12D cells were pre-incubated for 1 hour with 3 μM LPC or 3 

μM GCR, then treated with 0.3 mM MPP+ for 12 hours. Then, the samples were loaded 

with 2.5 μM CM-H2DCFDA and the fluorescence intensities were measured by flow 

cytometry. (B) The ratio of cells exhibiting ROS production was analyzed. Values are 

the means of four independent experiments; bars, s.d. ##p<0.01 compared with control 

cells. **p<0.01 compared with MPP+ group cells. 
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3-2-5. Antioxidant activities of LPC and GCR in vitro 

 

Because treatment of PC12D cells with LPC and GCR each effectively reduced 

MPP+-induced intracellular ROS generation, the free radical scavenging activities of 

these two compounds were examined. When the antioxidant activity was evaluated by 

β-carotene bleaching assay, kaempferol (positive control) indicated potent scavenging 

activity (60.9 ± 2.5%), but LPC and GCR inhibited less than 10% of the carotene 

bleaching even at the final concentration of 30 µM (Figure 3-15A). The DPPH free 

radical scavenging potentials of LPC and GCR at 30 µM each showed little to no 

scavenging activity compared with kaempferol (80.9 ± 1.7%) (Figure 3-15B). These 

results indicated that LPC and GCR did not possess antioxidant activity in vitro. 
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Figure 3-15. LPC and GCR lacked potency for scavenging free 
radicals. 
Antioxidant activities of LPC and GCR were measured by (A) a β-carotene bleaching 

assay system and (B) a DPPH radical scavenging assay. Kaempferol served as the 

positive control. Values are the means of three independent experiments; bars, s.d. 
##p<0.01 compared with antioxidant activity of kaempferol. 
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3-2-6. LPC and GCR attenuate JNK activity induced by MPP+ 

 

It is well-established that JNK plays a pivotal role in the mediation of MPP+-induced 

neurotoxicity [76,77,78,79]. Particularly, MPP+-induced ROS generation is closely 

related to JNK activation [80]. Thus, the author investigated whether the ability of LPC 

or GCR to reduce MPP+-induced cell death involves the alteration of JNK signaling in 

MPP+-induced neurotoxicity. As shown in Figure 3-16, phosphorylated JNK levels 

were increased after exposure to MPP+ for 36 hours, and treatment with LPC or GCR 

significantly reduced the expression levels of the phosphorylated protein.  

In addition, a JNK inhibitor, SP600125, led to attenuation of the MPP+-induced 

neuronal cell death and decreased ΔΨmit just like LPC and GCR as shown in Figure 

3-10, 3-12 and 3-13 (Figure 3-17B, C). These results suggested that MPP+-induced 

disappearance of ΔΨmit, which leads to neuronal cell death, were mediated by JNK, and 

neuroprotective activity of LPC and GCR against MPP+-induced neuronal cell death 

might be due to downregulation of ROS generation, resulting in the inhibition of JNK 

activation. 
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Figure 3-16. LPC and GCR attenuated MPP+-induced JNK activation.   
NGF-differentiated PC12D cells were treated with various concentrations of LPC or 

GCR and 0.3 mM MPP+ for 36 hours, and JNK and phosphorylated JNK level were 

detected by Western blot.  
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Figure 3-17. SP600125 attenuated MPP+-induced cell death and 
disappearance of mitochondrial membrane potential.   
(A) structure of SP600125. (B), (C) NGF-differentiated PC12D cells were treated with 

SP600125 and 0.3 mM MPP+ for 48 hours. Thereafter, cell viability was measured by 

trypan blue dye exclusion assay (B) and mitochondrial membrane potentials were 

assessed by JC-1 assay (C). Values of (B) are the means of three independent 

experiments; **p<0.01 compared with MPP+ group cells. 
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3-3. Discussion 

 

Both choi-joki-to and daio-kanzo-to are traditional herbal medicines available in Japan 

(called kanpo in Japan in particular) that are mainly used for laxative products. In the 

laboratory, choi-joki-to exhibited oxygen radical scavenging capacity [81] and inhibited 

the progression of atheroma in a KHC rabbit model [82], On the other hand, 

daio-kanzo-to has provided inhibition of amylase activity in mouse plasma and 

gastrointestinal tube [83], inhibition of cholera toxin [84], and inhibitory effects on drug 

oxidations [85].  

In this study, the author have demonstrated that choi-joki-to and daio-kanzo-to had 

neuroprotective effects against MPP+- and rotenone-induced toxicity in 

NGF-differentiated neuronal PC12D cells. Because these herbal medicines are provided 

enough to evidence of safety, it could be the state of being real that these herbal 

medicines are approved for use in PD in the near future.  

Furthermore, the author confirmed that Glycyrrhiza, commonly contained in these two 

herbal medicines, indicated potent neuroprotective activity against MPP+-induced 

toxicity. Glycyrrhiza is known to be included in a number of traditional herbal 

medicines, and its major components are triterpenoid saponins, and glycyrrhizin and its 

metabolite. These compounds show several physiologically activities including 

anti-inflammatory, anti-viral, hepatoprotective, anti-cancer, and immunomodulatory 

effects [86]. Therefore, at first the author expected that glycyrrhizin might be an active 
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principle contained in Glycyrrhiza that suppressed MPP+- and rotenone-induced toxicity, 

but glycyrrhizin did not show such activities. Alternatively, the author isolated two 

coumarin derivatives, LPC and GCR, as the most potent neuroprotective compounds in 

Glycyrrhiza. LPC isolated from Glycyrrhiza sp. has been reported to show several 

bioactivities, including anti-HIV effects, inhibitory activity of CYP3A4 and the aryl 

hydrocarbon receptor antagonist [87,88,89]. On the other hand, GCR, which was very 

recently isolated from Glycyrrhiza uralensis, shows antithrombotic effects [90]. 

However, the neuroprotective effects of these two compounds have not yet been 

reported so far. This study has indeed revealed, for the first time, the potent 

neuroprotective activity of LPC and GCR in a PD-like cellular model system.   

Oxidative stress is responsible for a general dysfunction of mitochondrial homeostasis 

that is a leading hypothesis as a potential mechanism for dopaminergic neuronal 

degeneration in PD [91]. Postmortem analyses of the substantia nigra from PD patients 

confirm several oxidative stress-related alterations [92,93,94], and several toxins 

(rotenone, paraquat and MPP+) used to produce PD-like models directly and/or 

indirectly inhibit mitochondrial function, induce the production of ROS, and promote 

oxidative damage. Therefore, antioxidant agents are considered to be promising 

approach to prevent the disease progression. For example, α-tocopherol, coenzyme Q10, 

and catechols have been reported to show neuroprotective effects by attenuating 

rotenone-induced oxidative stress on PD-like models in vitro and in vivo [26,27,28].  

Likewise, the author found that LPC and GCR attenuated the MPP+-induced elevation 

of intracellular ROS generation (Figure 3-14A, B), indicating that inhibition of 
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MPP+-mediated ROS generation is closely related to the neuroprotective effects of LPC 

and GCR.  

Several evidences have suggested that ROS generation induces the activation of JNK 

signaling, and JNK represents one of the major signaling pathways implicated in PD 

pathogenesis. JNK activity is increased in MPTP animal models [95,96,97,98], 

MPP+-treated cellular models [80,96] and rotenone neurotoxicity [99,100]. Moreover, 

ROS-mediated activation of JNK almost certainly leads to cell death. Indeed, the author 

also verified that a JNK inhibitor, SP600125, suppressed MPP+-induced cell death 

(Figure 3-17 B). Furthermore, MPP+-induced activation of JNK and cell death were 

found to be inhibited by LPC and GCR under conditions where these compounds 

inhibited the MPP+-mediated ROS generation (Figure 3-16). Although the potential 

mechanisms by which JNK participates in MPP+-induced cell death remains to be fully 

elucidated, activation of JNK has been reported to mediate cell death by taking part in 

the induction of mitochondrial permeability transition (mPT) and decrease of ΔΨmit in 

subsets of cell types [101,102]. Because in our assay system SP600125 inhibited both 

cell death and the disappearance of ΔΨmit induced by MPP+ (Figure 3-17B, C), the 

author considers the inhibition of the decrease in MPP+-induced ΔΨmit caused by LPC 

and GCR (Figure 3-13) to be due to the inhibition of ROS-mediated JNK activation.  

Several neuroprotective compounds have significant antioxidant and free 

radical-scavenging activities. There have been several reports on the antioxidant 

activities of coumarin derivative [103,104,105], and LPC and GCR each inhibited 

MPP+-induced ROS generation and are member of the coumarin compound family. 
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Nevertheless, neither LPC nor GCR showed ROS scavenging activity in vitro. 

Increased amount of ROS can be generated by an imbalance of activation of the oxidase 

system and antioxidant enzymes. Membrane-bound nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase is known to be a neurotoxin-related oxidase enzyme 

system [106,107], and enzymatic antioxidants include superoxide dismutase (SOD), 

glutathione peroxidase (GPx), thioredoxin reductase (TPx) and catalase [108]. 

Therefore, it is likely that LPC and GCR might regulate the balance of these systems by 

inhibiting oxidase activity enzymatically or neurotoxin-induced activation of oxidase 

system. Furthermore, the author can’t exclude the possibility that LPC and GCR could 

induce the expression or activation of antioxidant enzymes.  

In summary, the author identified choi-joki-to and daio-kanzo-to as neuroprotective 

herbal medicines, and both LPC and GCR were identified as neuroprotective substances 

from Glycyrrhiza contained in choi-joki-to and daio-kanzo-to. LPC or GCR exert their 

neuroprotective effects by inhibiting MPP+-induced ROS production and thus limiting 

JNK activation, and causing a subsequent decrease in ΔΨmit. Our proposed mechanism 

is illustrated in Figure 3-18. Further studies are required to elucidate the molecular 

mechanisms for the suppression of ROS generation by LPC and GCR in PC12D cells. 

Our findings enliven the prospect of using LPC, GCR, choi-joki-to, and daio-kanzo-to 

as effective and safe natural therapeutic agents in PD; in vivo trials in MPTP animal 

models are needed. 
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Figure 3-18. Suggested model for neuroprotection of LPC and GCR 
against MPP+-induced toxicity in PC12D cells.
Both LPC and GCR exert neuroprotective effects against MPP+-induced toxicity via 

suppression of ROS generation and of JNK activation. 
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3-4. Experimental procedures 

 

Reagents 

MPP+, Rotenone, linoleic acid, 2,2-Diphenyl-1-pocrylhydrazyl (DPPH), SP600125, and 

mouse monoclonal anti-β-actin antibodies were purchased from Sigma Chemical Co. 

(St. Louis, MO). Taxol, cisplatin, pyridinium iodide (PI) and 

5,5´,6,6´-tetrachloro-1,1´,3,3´-tetraehylbenzimidazolylcarbocyanineiodide (JC-1) were 

purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Nerve growth 

factors, CM-H2DCFDA, and β-carotene standard were purchased from Alomone Labs 

(Jerusalem, Israel), Life Technologies (Carlsbad, CA), and Kanto Chemical Co. (Tokyo, 

Japan), respectively. Rabbit polyclonal anti-JNK antibody and rabbit monoclonal 

anti-phospho-JNK antibody were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA) and Cell Signaling (Beverly, MA), respectively. Horseradish 

peroxidase-conjugated anti-mouse and anti-rabbit IgG used as a secondary antibodies 

were from GE Healthcare (Little Chalfont, UK). 

 

Cell cultures 

PC12D cells were cultured in Dulbecco’s modified Eagle medium supplemented with 

5% (v/v) inactivated fetal bovine serum, 10% (v/v) inactivated horse serum, 100 U/mL 

penicillin G, 0.6 mg/mL L-glutamine, and 0.1 mg/mL kanamycin at 37ºC with 5% CO2. 

PC12D cells were differentiated by 100 ng/mL NGF treatment for 48 hours. 
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Cell viability assays 

For the trypan blue dye exclusion assay, differentiated or undifferentiated PC12D cells 

were cultured in 48-well dishes. Drug-treated or untreated cells were stained with trypan 

blue (Sigma Chemical Co.), and the ratio of viable cells was determined using a 

hemocytometer. Cell viability (%) means the ratio of the number of trypan 

blue-impermeable cells to total cell count. IC50 values were calculated by linear 

regression analysis from the inhibition of MPP+-induced cell death at different 

concentrations of the drug.  

 

Cell cycle analysis 

To examine apoptosis, differentiated PC12D cells were harvested after drug treatment. 

The cells were washed with PBS and fixed with 70% ethanol at 4ºC for more than 1 

hour. The cells were then stained with propidium iodide (PI) solution according to a 

previously reported protocol [109]. The labeled nuclei were subjected to flow cytometry 

(FCM, Beckman-Coulter, Miami, FL).  

 

Measurements of mitochondrial membrane potential 

Changes in mitochondrial membrane potentials were assessed JC-1 was used according 

to the manufacturer’s protocol. Briefly, treated cells were collected by pipetting and 

removing medium. Next, the cells were incubated in medium containing 2.5 µg/ml JC-1 

for 20 min at 37ºC. Cells were then washed with PBS. JC-1 fluorescence was measured 

by a flow cytometer. 
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Measurement of intracellular ROS 

Intracellular ROS production was measured using CM-H2DCFDA. The cells were 

plated at a density of 12 x 104 cells per 12-well dish. The cells were treated with MPP+ 

and test compounds for 12 hours, and then trypsinized and collected. After the cells 

were washed with PBS, incubated with 2.5 µM CM-H2DCFDA in HBSS at 37°C for 30 

min, and then washed again with PBS three times. The relative levels of fluorescence 

were quantified by using a flow cytometer.     

 

β-carotene bleaching assay 

This assay was carried out according to the β-carotene bleaching method [110]. A 

mixture of β-carotene and linoleic acid was prepared by adding a mixture of 0.3 mg of 

β-carotene in 3 mL chloroform, 40 mg linoleic acid, and 400 mg Tween 20. Chloroform 

was removed and 100 mL of distilled water was added to form an emulsion with 

continuous shaking. Aliquots (0.1 mL) of the β-carotene/linoleic acid emulsion were 

mixed with 1 µL of sample solution and incubated in a water bath at 50ºC. The 

oxidation of the emulsion was monitored spectrophotometrically by measuring 

absorbance at 470 nm. Control samples contained 1 µL of methanol. Antioxidant 

activity is expressed as percent inhibition relative to control after 60 min incubation 

using the following equation: 

AA(%) = 100(DRc – DRs)/DRc, 

where AA = antioxidant activity; DRc = degradation rate of the control =[ln(a/b)/60]; 

DRs = degradation rate in presence of the sample = [ln(a/b)/60]; a = absorbance at time 
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0; b = absorbance at 60 min. 

 

DPPH radical scavenging assay 

The DPPH radical scavenging effect of test compounds was determined according to 

the previously described method [110]. The reaction mixtures contained 100 µl ethanol, 

125 µM DPPH, and test compounds. After 2 min of incubation at room temperature, the 

absorbance was recorded at 517 nm. 

 

Extraction and isolation of LPC and GCR from Licorice 

Compounds were extracted from dried and pulverized licorice (50 g) with 90% EtOH, 

then filtrated and concentrated in vacuo. This suspension was adjusted to pH 7.0, 

followed by extraction with EtOAc (5 L) twice; the organic layer was concentrated to 

yield residue (3.76 g). The EtOAc extract was fractionated by centrifugal partition 

chromatography (CPC) with CHCl3-MeOH:H2O (5:6:4). The obtained crude active 

extract was applied on Sephadex LH20 column chromatography (Sephadex LH-20, 70 

µM; GE Healthcare, NJ, USA), and eluted with MeOH. The active fraction (250.6 mg) 

was further purified by preparative octadecyl silyl (ODS) HPLC (YMC-Pack ODS-AQ, 

YMC Co. Ltd., Japan) with 40% aqueous CH3CN to give pure licopyranocoumarin 

(10.8 mg) and glycyrurol (4 mg), respectively. 

 

Western blotting 

Cells were lysed in RIPA buffer (25 mM HEPES (pH 7.2), 1.5% Triton X-100 (Wako), 
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1% sodium deoxycholate (Wako), 0.1% SDS, 0.5 M NaCl (Wako), 5 mM EDTA, 50 

mM NaF (Sigma), 0.1 mM sodium vanadate (Sigma), and 1 mM phenylmethylsulfonyl 

fluoride (PMSF) with sonication. The lysates were centrifuged at 13,000 rpm for 15 min 

to yield the soluble cell lysates. For immunoblotting, cell lysates were subjected to 

SDS-polyacrylamide gel electrophoresis. Proteins were transferred onto a 

polyvinylidene fluoride membrane (Millipore) by electroblotting and then incubated 

with appropriate antibodies. Immune complexes were detected with an Immobilon 

Western kit (Millipore), and luminescence was detected with a LAS-1000 mini 

(Fujifilm Co., Tokyo, Japan). 

 

Statistical analysis 

All statistical analyses in bar plots were performed with a two-tailed paired Student’s 

t-test. 
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Both prostate cancer and PD are progressive age-dependent diseases, therefore it is 

urgently necessary for our country to treat for these two diseases because of the rapid 

progression of aging in Japan. However, the present therapies of these two diseases 

have the separate problems, respectively.  

Although androgen antagonists are established prostate cancer treatments, prostate 

cancer almost always has drug-resistant caused by insufficient structure variation of 

clinical drug. On the other hand, the pathogenesis mechanisms of PD remain to be 

clarified, and current therapy is limited to a symptomatic treatment.  

In this study, the author screened for new drug-seeds for prostate cancer and PD from 

second metabolites of microbes and traditional herbal medicine, respectively. The 

results, significance and speculation about this study are summarized below. 

 

[chapter 2] In the course of screening for a new type of androgen receptor (AR) 

antagonist, the author isolated a novel compound, arabilin, with two structural isomers, 

spectinabilin and SNF4435C, produced by Streptomyces sp. MK756-CF1. Structure 

elucidation on the basis of the spectroscopic properties showed that arabilin is a novel 

polypropionate-derived metabolite with a p-nitrophenyl group and a substituted 

γ-pyrone ring.  

Arabilin competitively blocked the binding of androgen to the ligand-binding domain of 

AR in vitro. In addition, arabilin inhibited androgen-induced PSA mRNA expression 

and proliferation in prostate cancer LNCaP cells.  

However, whether arabilin can overcome hormone-refractory prostate cancer is still 
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unknown. Therefore, further study such as binding assay or reporter gene assay using 

mutant ARs (e.g., T877A, W741C, W741L) are going now. 

 

[chapter 3] In the course of screening for the anti-Parkinsonian drugs from a library of 

traditional herbal medicines, the author found that the extracts of choi-joki-to and 

daio-kanzo-to protected cells from MPP+-induced cell death.  

Because choi-joki-to and daio-kanzo-to commonly contain the genus Glycyrrhiza, the 

author isolated licopyranocoumarin (LPC) and glycyrurol (GCR) as potent 

neuroprotective principals from Glycyrrhiza.  

LPC and GCR markedly blocked MPP+-induced neuronal PC12D cell death and 

disappearance of mitochondrial membrane potential, which were mediated by JNK. 

LPC and GCR inhibited MPP+-induced JNK activation through the suppression of 

reactive oxygen species (ROS) generation, thereby inhibiting MPP+-induced neuronal 

PC12D cell death.  

These results indicated that LPC and GCR derived from choi-joki-to and daio-kanzo-to 

would be promising drug leads for PD treatment and biological tool to understand the 

underlying mechanism of PD in the future. Interestingly, both LPC and GCR did not 

possess ROS scavenging activity in vitro. Therefore, the investigation of other 

mechanism for inhibition of cellular ROS generation by LPC and GCR, such as 

NADPH oxidase inhibitory activity and up-regulation of glutathione, are going now. 
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