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Abstract 

Purpose: Scutellariae baicalensis Georgi is a medicinal plant widely distributed in 

Asia. Its dried root, Radix Scutellariae (RS), has been extensively used in Chinese and 

Japanese medicine. Six flavones including baicalein (B), wogonin (W), oroxylin A 

(OA) and their corresponding glucuronic acid conjugates (BG, WG, OAG) are the 

major bioactive components in RS. Our previous studies on B revealed an extensive 

first-pass metabolism during its absorption. Hence, it is expected that W and OA 

which have the similar structures as B, may share similar absorption and metabolic 

pathways as B. The present project aims to 1) establish an assay method for better 

quality control of RS; 2) provide further biopharmaceutic characterizations of W and 

OA in RS; 3) investigate the potential pharmacokinetic interactions among B, W and 

OA. 

Methods: The intestinal absorption and metabolism of W and OA as well as the 

potential interactions among B, W and OA were investigated at in vitro, in situ and in 

vivo levels. Various models were employed including Caco-2 cell monolayer model, 

in vitro enzymatic kinetics study, rat in situ single-pass intestinal perfusion model and 

in vivo pharmacokinetic study in rats. 

Results: Similar to B, W and OA showed favorable permeability in both the Caco-2 

cell and the rat in situ single-pass perfusion models. However, they experienced 

extensive first-pass metabolism, mainly in the form of glucuronidation. Intracellularly 

formed WG and OAG could be effluxed to both the apical side (lumen side) and 

basolateral side (mesenteric blood side) mainly by MRPs, which was confirmed by 

inhibition transport studies in Caco-2 cells and transfected MDCK cells. The 

glucuronidation rate of OA was higher than that of W, which was observed by 

enzymatic kinetics studies by sub-cellular fractions with intrinsic clearances (Vmax/Km， 



Hl/min/mg) of 456 to 4170 for W and 509-5038 for OA. UGT 1A9 was the most 

potent metabolic enzyme for hepatic glucuronidation, while UGTs 1A8 and lAlO 

were responsible for the intestinal glucuronidation of W and OA. The in vivo rat 

pharmacokinetics studies showed that W and OA may be readily absorbed and 

extensively metabolized with no parent compound detectable in blood after oral 

administration of W and OA. A new metabolite of W was identified to be the 

glucuronic acid conjugate at 5-OH of W. After co-administration of B, W and OA, 

decreased formation of BG, WG and OAG was observed in in vitro enzymatic kinetics 

study. Further studies in absorption models of Caco-2 cell monolayer and rat in situ 

single-pass intestinal perfusion demonstrated the enhancement in absorption of B, W 

and OA and decrease of BG, WG and OAG after the co-administration of B, W and 

OA. The ultimate pharmacokinetics interaction study revealed that glucuronides were 

the predominant form in systemic circulation and the AUG of OAG significantly 

increased after co-administration of B, W and OA. 

Conclusion: Similar to B, W and OA may be well absorbed followed by extensive 

first-pass metabolism, which was mediated by various UGT isozymes. During 

absorption, the intracellularly formed WG and OAG were mainly effluxed by MRPs 

to both the liimen and mesenteric blood side of the intestine. Both in vitro and in situ 

models indicated that interactions among B, W and OA would lead to decreased 

glucuronidation and increased absorption of parent flavones. Due to extensive 

metabolism in vivo, only glucuronides appeared in systemic circulation after 

co-administration of B, W and OA in rats. The resulted increased systemic exposure 

of OAG indicated that the co-administration might lead to the enhancement of 

bioavailability for the studied flavones in the form of glucuronides. 
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摘要 

研究目的：黃等是一種廣泛分佈于亞洲的藥用植物。其乾燥根庾泛應用于中國及 

曰本的傳統醫藥治療。黃苍素，漢黃苍素，千層紙素及其相對應的葡萄糖醋酸結 

合物（黃苍苷，漢黃苍苷，千層紙素苷）是黃苍的主要生物活性物質。我們之前 

對於黃荅素的研究表明，黃苍素在其腸道吸收過程中發生显著的首過效應。基於 

相似的化學結構我們認爲漢黃等素及千層紙素可能與黃苳素具有相同的吸收和 

代謝途徑。本研究的目的其一在於建立黃苍活性物質的含量測定方法以對其進 

行更好的質量控ffeli其二在於揭示漢黃等素及千層紙素的生物藥劑學及藥物動力 

學特徵，其三在於研究黃荅苷，漢黃茶素及千層紙素的藥物動力學方面的相互作 

用 0 

研究方法：本課題于體外，在體以及體内水平上對漢黃荨素及千層紙素的腸道吸 

收和代謝及黃答中各類有效成分之間的藥物動力學相互作用進行了硏究研究利 

用如Caco-2單層細胞模型，大鼠腸道單相灌流模型，體外代謝模型及大鼠體内 

動力學等多种模型。 

研究結果：漢黃苍素及千層紙素在Caco-2單層細胞模型和大鼠腸道單相灌流模 

型上顯示良好的透過性。然而，兩者在吸收的同時也伴隨显著的腸道首過代謝， 
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並主要生成相應的葡萄糖酸酸結合物。Caco-2單層細胞以及MDCK上的轉運责驗 

表明細胞内生成的漢黃苍苷及千層紙素苷經多葯耐葯相關蛋白主動外排至腸道 

側及血流側。千層紙素的萄糖酸酸代謝強于漢黃苍素。且經UGT1A9主要負責黃 

苍素，千層紙素和漢黃等素在肝臟的葡萄糖醒酸，而UGT1A8及1A10則主要參與 

三者在肠道的葡萄糖醛酸化。大鼠體内葯動學結果表明，口服后漢黃等素和千層 

紙素被迅速吸收並葡萄糖酵酸化。5位轻基葡萄糖酸酸結合物是漢黃苍素的另一 

种代謝物。三者合併給葯后，体外酶動力學研究表明三者生成的葡萄糖醛酸結合 

物均減少；Caco-2單層細胞模型和大鼠腸道單相灌流模型的硏究結果表明三者 

合併給葯后透過的原型藥物量增加的同時生成的代謝物減少。大鼠體内葯動學研 

究結果表明，葡萄糖醒酸結合物是黃荅素，漢黃等素及千層紙素在血中的主要存 

在方式，合併給葯后，僅千層紙素苷的葯時曲錢下面積與單獨給葯相比有顯著 

性增加。 

結論：漢黃苍素及千層紙素與黃苍素的吸收與代謝方式類似。雖然其腸道吸收較 

好，但在葡萄糖醒酸轉移酶作用下發生顯著的首過代謝。多葯耐葯相關蛋白參與 

其代謝產物的清除。体外及在体模型證寅，黃苍素，漢黃荅素及千層紙素三者閒 

的相互作用會導致原型藥物的吸收增加且代謝物的生成減少。然而由於體内強烈 

的代謝，三者合併給葯后生物利用度的增加僅表現于千層紙素苦在血中的總量增 

加。 
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Chapter One 

Introduction 

1.1 Background oi Radix Scutellariae 

1.1.1 Origin of Radix Scutellariae 

Scutellariae baicalensis Georgi (Fig. 1.1) is a Labiatae plant. In addition to Scutellariae 

baicalensis Georgi, there are about 350 species belonging to the genus of Scutellaria and 

this genus has wide distribution in temperate regions and tropical mountains in Europe, 

North America and East Asia (Bruno et al.’ 2002). The common species in China include 

S. viscidula Bunge, S. rehderiana Diels, S. amoena C.H. Wright, S, likiangensis Diels, S. 

hyperifolia Level and S, tenax W.W. Smith var P.G.Y. (Liu et al., 2002). Scutellariae 

baicalensis Georgi is often medicinally chosen to treat inflammation, cardiovascular 

diseases, respiratory and gastrointestinal infections (Cui et al., 2010). Radix Scutellariae 

(RS, Fig. 1.1), which is also called Huangqin in Chinese, is the dried root of Scutellariae 

baicalensis Georgi. RS has been used extensively in Chinese and Japanese medicine and 

is officially listed in Chinese Pharmacopoeia with broad therapeutic effects such as 

purging fire, cleaning away heat, moinstening aridity, detoxifying toxicosis, stopping 

bleeding, preventing miscarriage, etc. (The Pharmacopoeia Commission of PRC, 2005, 

Li et al., 2004). 
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Fig. 1.1 Photographs of Scutellariae baicalensis Georgi (left) and its 
dried root Radix Scutellariae (RS, right) (Shang et al.，2010) 

1.1.2 Pharmacological effects of RS 

The pharmacological effects of RS have been extensively studied, mainly in the form of 

water and organic solvent extract. As one of the most well reported pharmacological 

effects, its anti-inflammatory effect is believed to be related with its inhibition of NO, 

cytokine, chemokine and growth factor production in macrophages (Yoon et al., 2009). A 

number of in vitro and in vivo studies confirmed the anti-inflammatory and anti-oxidative 

effect of RS (Kang et al., 2005, Chen et al., 2006，Shao et al., 1999, Choi et al., 2002， 

Schinelia et al., 2002) and demonstrated its potential to treat colitis (Chung et al., 2007), 

stroke (Tang et al., 2004), colon cancer (Fukutake et al., 1998). In addition, the water 

decoction of RS exerted promising immunomodulatory activities on the immune function 

and the cell cycle distribution of mice and human immune cells (Li et al., 2010). 

Moreover, the anti cancer effect of RS extract is a hot topic recently. The methanol 

extract of RS was found to be able to inhibit the proliferation of human monocytic 

leukemia cell line THP-1 and human osteogenic sarcoma cell line HOS (Himeji et al” 
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2007). In an in vivo experiment, antitumor effects of RS on C3H/HeN mice implanted 

with a murine bladder cancer cell line (MBT-2) were confirmed (Ikemoto et al.’ 2000). 

The RS extract after pressurized liquid extraction also showed inhibitory effect on liver 

cancer cell lines (HepG2) (Ong et al.，2005). 

In addition, RS exhibits other pharmacological effects. The water extract of RS showed 

anticonvulsant effect via the prevention of seizure spread in mice (Wang et al., 2000). 

Ethanol extract of RS inhibited high glucose-induced endothelial cell apoptosis, 

indicating its beneficial effect in preventing diabetes-associated microvascular 

complications (Suh et al., 2003). Furthermore, the extract of RS can induce interferon and 

inhibit the replication of influenza virus in mice (Chu et al.’ 2007). 

1.1.3 Major chemicals isolated from RS 

There have been 295 compounds isolated from the genus Scutellaria^ including 

flavonoids, phenylethanoid glycosides, iridoid glycosides, diterpenes, triterpenoids, 

alkaloids, phytosterols and polysaccarides (Shang et al” 2010). It has been reported that 

flavonoids, frequently in the form of glycosides, constituted the most abundant 

ingredients and over 40 flavonoids have been found in RS (Ishimaru et al., 1995). 

Baicalein (B), baicalin (baicalein-7-glucuronide, BG), wogonin (W), wogonoside 

(wogomn-7-glucuronicle, WG), oroxylin A (OA) and oroxylin A-7-glucuronide (OAG) 

are usually considered to be the main bioactive components in RS (Li et al., 1995). Their 

chemical structures are shown in Fig. 1.2. Besides, other flavonoids have been identified 

in RS including viscidulin EI -2'-0-y9-D-glucoside, 5,7,2',5'-tetrahydroxyflavone,(-)-
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eriodictyol and rivularin (Zhang et al.，1994), chrysin 8-C-)5-D-glucopyranoside (Zhang 

et al., 1997), and 5,2'-dihydroxy-6,7,8,3'-tetramethoxyflavone, skullcapflavone I 

(Nishikawa et al.，1999). 

COOH R2 

o Ŷ〇 Y"̂  
OH 

OH 

Baicalin (R,=OH, R2=H) 

0 

Wogonoside (R尸H’ R2=OMe) 

Oroxylin A 7-0-glucuronide (R丨=OMe，R2=H) 

R2 ^ ^ 

R1 

OH O 

Baicalein (R,=OH, R2=H) 

Wogonin (Ri=H, R2=OMe) 

Oroxylin A (R,=OMe, R2=H) 

Fig. 1.2 Chemical structures of major bioactive flavones in RS 

1.2 Preparations of RS herbal material and products 

1.2.1 Preparations of crude herbal material of RS 

In the traditional medicine pharmaceutical industry, the selection of raw material is 

significantly important, because it is the first step for the quality control of the 

preparations. For the raw material of RS, various studies about the extrajz^ion and 

quantification method of the major components revealed the contents vary in different 

tissues of RS and the whole plant from different sources. Table 1.1 summarized the 

reported extraction and quantification methods and the corresponding contents of the 

major components. 
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Generally, extraction by methanol or ethanol is frequently used because of the relatively 

high solubility of flavonoids in those solvents. The primary extraction is often conducted 

with the process of sonication or reflux. After evaporation to dryness, the crude powder is 

further processed by the techniques such as high-speed counter-current chromatography 

(Wu et al.，2005) or solid phase extraction (Zgorka et al., 2003) to produce specific 

ingredients with higher purity. Because of the variation in the polarity among ingredients, 

different extraction methods\jxiay jDroduce different results. Compared with ethanol 

extraction; enzyme extraction produced highest extraction ratio for B and W (Wang et al., 

2007). However," we should consider the possibility that the glycosides of BG, WG and 

OAG could be changed to the corresponding aglycones after the enzyme treatment. The 

extraction method should be carefully chosen in order to optimize the content of desired 

components. 

In the current Chinese Pharmacopeia, BG is chosen as the marker for quality control of 

RS and it is authorized that the content of BG should not be less than 9% in dried RS 

(The Pharmacopoeia Commission of PRC, 2005). Due to the wide distribution of 

Scutellariae baicalensis Georgi on earth, the content of the major components may be 

influenced by the environmental factors. A series of studies have detected the contents of 

flavonoid constituents in RS cultivated in different areas, especially in China (Zhou et al., 

2006, You et al., 2010, Song et al.，2006). The results showed the content had significant 

fluctuation and the content of baicalin was even below 9% in some area like Heihe in 

Heilongjian, Duolun in Inner Mongolia, Baikal in Russia (Yang et al., 2002). Particularly, 
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the content of BG and WG vary in different species of Scutellaria with S. likiangensis 

Diels containing the lowest amount of BG and S. amoena C.H. Wright containing the 

lowest amount of WG (Liu et al.，2002). In addition to BG，the other five bioactive 

flavones are also reported to exist in relatively high amount (Li et al.，1995, Li et al., 

2005) which is also confirmed by our study (Li et al., 2009). Due to the abundance of the 

other co-existing bioactive flavones, it may not be accurate enough to only monitor the 

content of BG. As a result, more marker component in addition to BG should be involved 

for better quality control of RS. 

》 
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. Chapter One 

1.2.2 Preparation of proprietary traditional Chinese medicine products of RS 

Because of its extensive pharmacological effects, RS has been extensively employed in a 

number of traditional formulations in China and Japan for a long history including 

Huangqin Tang, Huangqin Shegan Tang (Shang et al.，2010) and Xiao-Chai-Hu-Tang 

(Sho-Saiko-To) (Kang et al., 2009，Chang et al., 2007). In addition, RS has been 

commonly involved in various proprietary traditional Chinese medicine (PTCM) 

products as major ingredient such as Huangqin Tablet, Yinhuang Tablet, 

Shuanghuangiian capsule, Shuanghuanglian oral liquid, Yiqing capsule, Angong 

Niuhuang Pill, Qingfeiyihuowan, etc. Comparing with single herb, the ingredients in the 

traditional formulation and PTCM products containing RS are more complicated. There 

are influences from the excipients to prepare the herbal formula as well as the ingredients 

from other co-existing herbs in the PTCM products in addition to RS itself. Therefore, 

these ingredients may interfere with the major bioactive components in their 

quantification assay. As a result, the techniques with high separation efficiency are 

frequently used in the quantification of components in the traditional formulations and 

PTCM products containing RS, especially the chromatography methods such as high-

performance liquid chromatography, capillary electrophoresis, micellar electrokinetic 

capillary chromatography etc. Table 1.2 summarized the analytical methods that have 

been used for the quantification of major components in the traditional formulations and 

PTCM products containing RS. 
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. Chapter One 

1.3 Pharmacological effects of major bioactive flavones 

Among the isolated components in RS, six flavones, namely baicalein (B), baicalin 

(baicalein-7-gluciironide, BG), wogonin (W), wogonoside (wogonin-7-glucuronide, WG), 

oroxylin A (OA) and oroxylin A-7-gIucuronide (OAG) are identified as the main 

bioactive components in RS (Li et al.，1995)., 

1.3.1 Pharmacological effects of B and BG 

Both B and BG are bioactive. B prevented lipolysaccharide-induced production of nitric 

oxide in RAW264.7 mouse macrophages (Wakabayashi et al., 1999) and protected the 

inflammatory stimulated cell death of brain microglia by suppressing cytotoxic nitric 

oxide production (Suk et al., 2003). BG inhibited the binding of a number of chemokines 

to human leukocytes or cells transfected to express specific chemokine receptors, 

demonstrating its anti-inflammation effect (Li et al., 2000). The mechanism for anti-

inflammation of B and BG were studied to be different on COX-2 gene expression in 

LPS-induced Raw 264.7 cells, which might be mediated through inhibition of C/E&Pfi 

DNA binding activity (Woo et al., 2006). Anti-oxidation effect was observed in B and 

BG (Hamada et al., 1993; Gao et al., 1999). Anticancer effects of B were studied 

extensively in vitro and in vivo. B could inhibit the growth of mouse leukemia cells 
A 

(L1210) (Ciesielska et al., 2002); human breast carcinoma cell line (MDA-MB-435) (So 

et ai., 1996); human lung squamous carcinoma CH27 cells (Lee et al., 2005). The 

anticancer effect of B was confirmed by in vivo studies (Bonham et al., 2005; Ikemoto et 

al.，2004). For antivirus effect, B and BG could inhibit human immunodeficiency virus 

type 1 (Ahn et al., 2001; Kitamura et al., 1998). Besides, B could block DNA synthesis of 

34 
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human cytomegalovirus (Evers et al., 2005) and BG had a moderate ability to reduce the 

production of hepatitis B virus and had no effect on host cells (Romero et al., 2005). 

Furthermore, B significantly attenuated oxidative cell death in vitro using a mouse 

hippocampal HT22 cell assay and could be used to develop as novel treatments for acute 

ischemic stroke (Lapchak et al., 2007). B attenuated ischemic-like injury in the neurons, 

which partly related to the inhibition of NMD A receptor-mediated 5-LOX activation (Ge 

et al.，2007) and B could protect against cerebrovascular dysfunction and brain 

inflammation in heatstroke (Chang et al., 2007). 

1.3.2 Pharmacological effects of W and WG 

With respect to anti-oxidation and aqti-virus effects, both W and WG are bioactive. W 

showed significant anti-inflammation effect (Chi et al., 2001; Park et al” 2001; Shen et 

al., 2002). Since nitric oxide (NO) produced by inducible nitric oxide synthase (iNOS) is 

one of the inflammatory mediators, the effects of 26 naturally occurring flavonoids on 

NO production were evaluated by LPS-activated RAW 264.7 cells in vitro. Wogonin was 

one of the most active flavonoids, having IC50 values of 17 |iM (Kim et al.，1999). 

Wogonin at 0.5 rtiM directly attenuated enzymatic activity of COX-2. The protein 

expression of COX-2 was depressed by wogonin at concentration^f 10 mM and more. 

These results suggest that wogonin decreases inducible prostaglandin E2 production in 

macrophages by inhibiting both COX-2 activity and COX-2 expression (Wakabayashi et 

al., 2000). W and WG showed significant effects on NADPH-induced lipid peroxidation 

(Gao et al., 1999). W, B and BG inhibited cell proliferation on human bladder cancer cell 

lines (KU-1 and EJ-1) and murine bladder cancer cell line (MBT-2) in a dose-dependent 
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Chapter One 

manner and RS showed anticancer effects on C3H/HeN Mice implanted with MBT-2 at a 

dose of 10 mg/mouse (Ikemoto et al.，2000). In a study to evaluate the biological 

activities on the human leukemia cell line (HL-60) by MTT assay, wogonin and fisetin 

were the most potent apoptotic inducers among seven structurally related flavonoids 

(luteolin, nobiletin, wogoin, baicalein, apigenin, myricetin and fisetin). The cytotoxic 

effects of wogonin and fisetin were accompanied by the dose- and time-dependent 

appearance of characteristics of apoptosis including DNA fragmentation, apoptotic 

bodies and the sub-GI ratio (Lee et al., 2002). In addition, wogonin exhibited central 

nervous effect. Wogonin was shown to inhibit the excitotoxicity induced by glutamate or 

A^-methyl-D-aspartic acid and lipid peroxidation initiated by Fê "̂  and L-ascorbic acid in 

rat brain homogenates (Cho et al., 2004). It also had a protective effect on neuronal cells 

damaged by oxygen and glucose deprivation in rat hipocampal slices in culture (Son et al., 

2004). Wogonin significantly blocked convulsion induced by pentylenetetrazole and 

electroshock and reduced the electrogenic response score, which indicated that the 

anticonvulsive effects produced by wogonin were mediated by the GABAergic neuron 

(Park et al., 2007). Sho-saiko-to, a traditional herbal medicine to treat chronic hepatitis 

might modulate the CD4/CD8 ratio via the selective inhibition of CD8+ T-cell 

proliferation by W and WG to exhibit this antihepatic effect (Ohtake et al., 2005). In vitro 

and in vivo studies demonstrated that wogonin possessed potent anti-hepatitis B virus 

activity and is under early development as an anti-HBV drug candidate (Guo et al., 2007). 

,1.3.3 Pharmacological effects of OA and OAG 

13 
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OA showed the potential of anti-inflammation. Among eight polyphenols isolated from 

Chinese herbs, namely myricitrin, oroxylin A, penta-O-galloyl-P-glucopyranose, 

woodfordin C, oenothein B and cuphiin Dl, only OA and myricitrin exhibited the effect 

of anti-inflammation. The mechanistic study revealed that OA inhibited LPS-induced 

iNOS and COX-2 gene expression by blocking N F - K B activation (Chen et al.，2000). In 

vitro and in vivo studies showed OA had central nervous effects. It inhibited 

[^HJflunitrazepam binding to rat cerebral cortical membrane, interacted as an antagonist 

at the recognition site of GABA receptor, and abolished the anxiolytic myorelaxant and 

motor incoordination, which added OA to the list of CNS active flavonoids (Huen et al.’ 

2003). Besides, OA could dramatically attenuate the memory impairment induced by 

2VO and this effect might be mediated by the neuroprotective effects of OA as supported 

OA induced reductions in activated microglia and increases in BDNF expression and 

CREB phosphorylation (Kim et al., 2006). The results in another study suggested that OA 

may be useful for the treatment of cognitive impairments induced by cholinergic 

dysfunction via the GABAergic nervous system (Kim et al., 2007). After alkylation and 

condensation, a series of OA were produced and screened for antibacterial activity 

against a panel of susceptible and resistant Gram-positive and Gram-negative organisms. 

It was observed that acylation of 7-OH group in OA significantly enhanced the activity 

than the parent compound (Suresh et al.，2005). In addition, OA exhibited strong anti-

tumor effect, which indicated that OA could be a promising antitumor drug. OA inhibited 

human hepatocellular carcinoma cell line HepG2 in a concentration-and time-dependent 

manner by MTT-assay (Hu et al., 2006). The OA induced apoptosis in HepG2 cells was 

achieved through mitochondrial pathway (Liu et al.，2009). OA could decrease the tumor 

14 
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volumes and weight of human cervical cancer HeLa cell line in vitro and in vivo, in 

which apoptosis induction might be involved (Li et al.，2009). OA was identified as the 

potent compound against respiratory syncytial virus (Ma et al.，2002). However, the study 

about the pharmacological effect of OAG was relatively less in comparison with the other 

five bioactive flavones in RS. OAG showed neuronal protective effect by binding to the 

PDZ domains of postsynaptic density protein and preventing the combination of this 

domain with neuronal nitric oxide synthase (Tang et al., 2004). OAG exhibited higher 

inhibition activity of prolyl oligopeptidase than OA，which could be used as a potential 

therapeutic agent for the treatment of neurological disorders (Marques et al., 2010). 

1.4 Biopharmaceutic and pharmacokinetic studies of the major bioactive 

flavones in RS 

1.4.1 Biopharmaceutics characteristics of bioactive flavones in RS 

The studies about the biopharmaceutics profiles of the bioactive flavones in RS were also 

carried out by various models on in vitro and in situ scale. The results on Caco-2 cell 

monolayer model were consistent with the findings in rats. The aglycones of B easily 

passed through the monolayer from the apical side (lumen side) to the basolateral side 

(mesenteric blood side) due to its high lipophilicity and low molecular weight. During the 

absorption of B, it underwent extensive glucuronidation and sulfation. BG was found to 

have limited permeability possibly due to its high polarity and large molecule (Zhang et 

al.，2007a; Dai et al., 2008). Zhang et al. confirmed the involvement ofMRPs and MXR 

in the efflux of BG (Zhang et al., 2007a). The transport and metabolism of flavonoids 
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from a Chinese herbal remedy Xiaochaihu-tang was studied on Caco-2 cell monolayer 

model. The results demonstrated that W and OA also had favorable permeability and the 

transport of OAG was mediated by efflux transporters (Dai et al.，2008). The rat in situ 

single-pass perfusion model revealed that the permeability of B was favorable for 

absorption and BG was not detected in the mesenteric blood after perfusion of BG at a 

dose of 200 îM (Zhang et al., 2005, Akao et al., 2004). B, rather than BG could be 

absorbed in the intestine (Liu et al., 2006). By in vitro enzyme incubation method, UGT 

1A9 was in charge of the formation of BG and other isoforms of UGT also mediated its 

formation with different kinetic profiles (Zhang et al., 2007b). 

1.4.2 Pharmacokinetics profiles of bioactive flavones in RS 

Several studies have investigatedkthe pharmacokinetics of the major ingredients in RS. 

Most of them concerned the pharmacokinetic profiles in rat. The studies in human were 

limited and they all just studied the urinary metabolism and excretion. There is no report 

about the pharmacokinetic characteristics of the major ingredients in the systematic 

circulation of human. Based on the results from animal and human studies so far, the 

pharmacokinetic profiles are expected to comply with the general pharmacokinetic 

characteristics of flavonoids. Major findings and the pharmacokinetic parameters of 

pharmacokinetic studies of major bioactive flavones in RS are summarized in the Table 

Among the six bioactive flavones in RS, B and BG were studied relatively more than the 

other four. The absorption of B was fast and good. However, it also underwent fast and 
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extensive metabolism either after its p.o. or i.v. administration. As a result, the 

bioavailability of B was quite low (Lai et al.，2003). The multi-peak phenomenon of the 

plasma concentration-time curve revealed the enterohepatic circulation of BG and it was 

confirmed by the study on germ-free rat (Xing et al.，2005). BG itself cannot be absorbed 

directly across the intestine and was firstly hydrolyzed into B, its aglycone, by intestinal 

bacteria (Akao et al., 2000). The involvement of enzymes in GI tract such as p-

glycosidase or lactase phlorizin hydrolase (LPH) in the hydrolysis of BG has also been 

reported (Day et al., 2000, Day et al.，2003). Conjugated metabolism is the major route of 

metabolism for B in plasma and urine (Lai et al., 2003, Li et al., 2005). In addition to 

systemic exposure of RS, the distribution of BG in the cerebral nuclei was found to 

provide therapeutic effects of RS on the central nervous system (Zhang et al., 2006). 
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Chapter One 

1.5 Interactions among the multiple ingredients in herbal medicines 

Herbal medicines are attracting more and more attentions these days due to their 

beneficial effects and relatively low toxicities. In clinical practice, poly-pharmacy is 

common. Nowadays, it is not unusual that patients would administer various over-the-

counter medications, vitamins, herbal medicines, together with their prescribed 

medications (Fugh-Berman A, 2000]. There have been a number of studies on the herb-

drug and herb-herb interactions. Nevertheless, since the ingredients of herbal medicines 

are complicated and they often contain multiple components, the interaction among co-

existing components in herbal medicines or herb extract is also a major concern for their 

safe application. As a matter of fact, there has been s numerous reports on the 

pharmacokinetics as well as pharmacodynamics interactions among the co-existing 

components in a medicinal herb in the form of herb extract or herb decoction or herb 

preparation, which will be summarized as follows. 

1.5.1 Pharmacokinetic interactions 

In most of the investigations on pharmacokinetic interactions, the marker components in 

a specific herb for the quality control were often chosen as the tested ingredients to 

investigate the changes of their pharmacokinetic profile by other co-existing components. 

Only a few studies clearly identify the potential ingredients that cause the interaction and 

their related mechanisms. Table 1.4 provides the examples of the pharmacokinetics 

interactions of multiple ingredients in herbal medicines. All the listed herbs are 

commonly used in traditional Chinese formulations or as herbal supplements such as 

Hawthorn fruits, Salvia miltiorrhiza (Dan Shen), Kava and RS. The studies usually used 

22 



Chapter One 

area under the plasma concentration versus time profile (AUC) as the index to evaluate 

the extent of pharmacokinetic interactions. It has been reported that the co-existing 

ingredients could enhance the AUC of the tested ingredients (Chang et al.，2005, Song et 

al., 2007) as well as reduce the AUC of tested ingredients (Liu et al., 2008, Lu et al, 

2007). After in vitro incubation with total rhubarb anthraquinoses in Rheum officinale 

Baill and its components including rhein, aloe-amodin, chrysophanol and physcion, the 

cellular absorption of emodin was significantly reduced in Caco-2 cell monolayer model 

(Liu et al., 2008). In summary, the pharmacokinetic interactions have been proved in 

vitro and in vivo. However, report on the pharmacokinetics interactions among the major 

bioactive flavones in RS is limited. 
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Chapter One 

1.5.2 Pharmacodynamic interactions 

As for the pharmacodynamics interactions among the multiple components of herbal 

medicines, it could also result in synergic effects or antagonistic effect. As one of the 

major components in Salvia miltiorrhiza Bunge, salvianolic acid B exhibited higher 

efficacy (17 times) than the Salvia miltiorrhiza Bunge extract on the free radical-
'J I 

scavenging activity in DPPH assay and on preventing Cu -induced LDL oxidation (Wu 

et al., 1998). Furthermore, Ren et al. used modified Ellman method to determine the 

inhibition effect of the major components in the acetone extract of Salvia miltiorrhiza to 

acetylcholinesterase. This spectrophotometric method based on the reaction of released 

thiocholine to give a coloured product, in which the IC50 of physostigmine was employed 

as a marker of acetylcholinesterase inhibitor. Also as two major components in Salvia 

miltiorrhiza Bunge, dihydrotanshinone and cryptotanshinone exhibited a reduced 

inhibitory effect on acetylcholinesterase in the form of compound mixture in comparison 

to their pure compounds (Ren et al., 2004). There has been no study about the 

pharmacodynamics interactions among the major bioactive flavones in RS. 

1.6 Herb-drug and herb-herb interactions related to RS 

Due to its broad application and relatively high intake in our daily diets, it is of great 

chance that RS might be consumed with other synthetic drugs. As a result, the herb-drug 

interactions between RS and other synthetic drugs should be paid attention to. In fact, co-

administration of RS decoction with cyclosporine has been reported to significantly 

decrease the 0 瞧 and AUG o-»540min of cyclosporine by over 50% in rats via oral route. 

However, the pharmacokinetics parameters of cyclosporine were not altered after 
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intravenous administration. It was suggested that oral administration of RS decoction or 

its related preparations with cyclosporine should be avoided (Lai et al., 2004). It has been 

summarized that the mechanism of the flavonoids-drug interactions might be conducted 

from three aspects:!) Phase I metabolism; 2) Phase II metabolism and 3) Phase III 

metabolism, which is the efflux by membrane transporters (Lamber et al., 2007). 

Although there is no mechanistic study about the interaction between RS or its major 

bioactive flavones with other synthetic drugs, we believe that the second and third aspect 

might be involved based on our previous study on B and BG. Besides, it was reported 

that B showed inhibitory effect on MRPl and MRP2 (van Zanden et al.，2005). B could 

increase the cell uptake of mitoxantrone on human breast cancer MCF-7 selected with 

mitoxantrone (Zhang et al., 2005). Therefore, if the synthetic drug is the substrate of 

MRPl, MRP2 or BCRP and consumed with drug preparations containing RS, there is 

great chance of drug-herb interactions. 

For the reason that herbal medicines are usually consumed in the form of herbal extract, 

the effects of other co-administrated herbs on the pharmacokinetics of BG were also 

studied. In previous studies, the pharmacokinetic parameters of BG in rats after oral 

administration of pure BG, RS extract as well as herbal formulas containing RS such as 

Shuang-Huang-Lian, Huang-Lian-Jie-Du-Tang, Huangqin Tang and Xiexin decoction 

were obtained and compared. It was observed that s.ome ingredients in the extract or 

formulas might interact with these bioactive flavones. Rhizoma coptidis and Cortex 

phellodendri in Huang-Lian-Jie-Du-Tang could inhibit the activity of p-glycosidase and 

thus decreased the systemic exposure of BG and WG (Lu et al., 2007). Coexisting 
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ingredients in Huangqin Tang could delay the absorption and prolong the circulation time 

as well as increase the absorption of BG and WG in rat, but the possible ingredients and 

mechanism are not clear (Zuo et al.，2003). Furthermore, Co-existing ingredients in 

Xiexin decoction could also delay the peak of BG in urine (Li et al.，2005). The RS 

extract could increase the absorption of B comparing with pure B (Kim et al., 2007). In 

summary, although the herb-herb interactions are mostly observation, there is lack of 

corresponding explanations. Due to the abundant existence and frequent utilization, the 

exploration of the herb-herb or interactions among the bioactive flavones in RS is 

essential. 

1.7 Rationale of current study 

Due to their effectiveness and relatively low toxicity, herbal medicines have drawn more 

and more attention during the past decades. With the growing use of herbal products, its 

quality becomes especially important to guarantee the safety and efficacy of the 

utilization of herbal medicines. Unlike the synthetic drugs, herbal medicines have 

complex compositions. The effectiveness of herbal medicines may be attributed to the 

overall effect of all the components rather than a single component. 

Although BG is identified as the marker compound for quality control of RS and its 

content is requested to be not less than 9% (w/w) in dried RS in Pharmacopeia of PRC 

2005 (The Pharmacopoeia Commission of PRC, 2005), there are other bioactive 

ingredients such as WG, OAG, W and OA existing in RS. Thus, the quality control of 

herbal medicine should contain the information of bioactive components as much as 
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possible. Nevertheless, most studies about the content of bioactive components in RS 

concentrated on B or BG and the information about the content of bioactive components 

in PTCM products of RS are limited. 

The major obstacle for the further pharmacokinetic characterization of herbal medicines 

is their complicated multiple co-existing components. In the case when these components 

share the same absorption and metabolism pathway, there is great chance that they might 

compete with each other. Besides, the onset of pharmacodynamic effects and toxicity is 

closely related to the drug concentration in vivo. The interaction in pharmacokinetics 

might lead to the interaction in pharmacodynamics. There have been several reports 

about the pharmacokinetic and pharmacodynamic interactions between the co-existing 

components in a herb. As a result, the pharmacokinetic study about a single component in 

an herbal medicine is far from enough. The interaction in pharmacokinetics and 

pharmacodynamics of the multiple components in a herbal medicine is also of importance. 

Despite their broad therapeutic values, low bioavailability of flavonoids has always been 

a serious problem which has limited their clinical application. Three reasons were 

proposed to contribute to the low oral bioavailability including 1) extensive Phase II 

intestinal first-pass metabolism; 2) involvement of efflux transporters; 3) interplay 

between metabolic enzymes and membrane transporters during their absorption. Our 

previous studies on B found that B underwent extensive intestinal and hepatic first-pass 

metabolism of glucuronidation which resulted in the low concentration of parent drug 

entering into the blood stream. UGT isoenzymes were responsible for the glucuronidation. 
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Besides, membrane transporters such as MRPs mediated the apical and basolateral efflux 

of formed metabolites (Zhang et al., 2005, Zhang et al., 2007a, Zhang et al.，2007b). Kim 

et al. found that the plasma concentration of W and OA were very low after oral 

administration of a standardized extract of RS in rat, indicating that W and OA might 

share the same problem of low bioavailability (Kim et al., 2007). Due to the similarity in 

chemical structure, it is proposed that W and OA might share the similar absorptive and 

dispositive pathways as B. Nevertheless, there is no literature systematically investigating 

the biopharmaceutic and pharmacokinetic characteristics of W and OA. 

1.8 Objectives of the current study 

The overall objective of the current study is to investigate the biopharmaceutic and 

pharmacokinetic interactions among the major bioactive flavones in RS. In order to 

achieve this, three specific objective need to be fulfilled: 

(1) To verify the contents of the major bioactive components in the Proprietary 

Traditional Chinese Medicine products and the reference herb of RS; 

(2) To investigate the absorptive and disposition characteristics of pure compounds of W 

and OA; 

(3) To investigate the biopharmaceutic and pharmacokinetic interactions among B, W 

and OA. 

In order to achieve objective (1), a simple and reliable HPLC/UV method has been 

established and validated to simultaneously quantify the content of six bioactive flavones 

in the reference herb and PTCM products containing RS. 
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In order to achiever objective (2), the following aspects have been conducted. 

• An HPLCAJV method has been established and validated to quantify six bioactive 

flavones in plasma samples; 

• The intestinal absorption and disposition of W and OA have been conducted in 

Caco-2 cell monolayer model and rat in situ single-pass intestinal perfusion model; 

• The intestinal and hepatic metabolism of W and OA has been investigated by in 

vitro enzymatic kinetics study. 

In order to achieve objective (3)，the interactions among B, W and OA have been studied 

on in vitro, in situ and in vivo levels. 

1.9 Study scheme 

To better elucidate the flow of the investigations, the scheme of current study is 

summarized in Fig. 1.3. 
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To verify the content of major bioactive 
flavones in PTCM products of RS HPLC/UV assay 

1 Verified major 
flavones in RS 

To characterize 
the biopharmaceutic and pharmacokinetic 

properties of major flavones (such as W and 
OA) 

To investigate 
the biopharmaceutic and pharmacokinetic 

interactions among B, W and OA 

• 
• • 

» 
Intestinal absorption 

一 Caco-2 ccll monolayer model 

一 MDCK transfcctcd ccll model 

一 Rat in situ single-pass intestinal perfusion model 

Hepaixt and intestinal metabolism 

一 In vitro cnzymatic kinctic study 

In vitro 

一 Caco-2 cell monolayer model 

—Enzymatic kinctic study 

In situ 

一 Rat single-pass intestinal perfusion model 

I" vivo pharmacokinetic study in rats 

Proposed study scheme of the current project Figure 1.3 

Solid box demonstrate the objectives of this study; 

Dotted box demonstrates the methods used in the study 
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Chapter Two 

Content of major bioactive flavones in proprietary Traditional Chinese 

Medicine products and reference herb of Radix Scutellariae 

2.1 Introduction 

Scutellaria baicalemis Georgi is a medicinal plant widely distributed in Asia. Its dried root. 

Radix Scutellariae (RS, Huangqin in Chinese), is officially listed in the Chinese 

Pharmacopeia and recognized as bioactive ingredients in a number of proprietary traditional 

Chinese medicines. Flavonoids are the most abundant ingredients and six flavones, namely 

baicalein (B), baicalin (baicalein-7-glucuronide, BG)，wogonin (W), wogonoside (wogonin-

7-glucuronide, WG), oroxylin A (OA) and oroxylin A-7-glucuronide (OAG) were reported to 

be the major bioactive components in RS (Li et al., 1995). The chemical structures of the six 

major flavones are shown in Fig. 2,1. 

Due to their effectiveness and relatively low toxicity, herbal medicines have drawn more and 

more attention during the past decades. With the growing use of herbal products, its quality 

becomes especially important to guarantee the safety and efficacy of the utilization of herbal 

medicines. BG is identified as the marker compound for quality control of RS and its content 

is requested to be not less than 9% (w/w) in dried RS in Pharmacopeia of PRC 2005 (The 

Pharmacopoeia Commission of PRC, 2005). There are a number of studies concerning the 

content determination of the bioactive components in RS using various assay methods, in 

which chromatography methods are frequently employed. These detection methods include 
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high-performance liquid chromatography (Zhang et al.，1998，Lin et al., 1999, Bochofakova 

et al.，2003, Wu et al., 2005, Horvath et al., 2005), capillary electrophoresis (Yu et al., 2007)， 

microemulsion electro kinetic chromatography (Zhang et al., 2006) and micellar 

electrokinetic capillary electrophoresis (Li et al., 1995). Most studies just chose baicalin 

and/or baicalein as the marker compounds for quality control. However, there is evidence 

that the other components, including WG, OAG, W and OA, also exist in relatively high 

amount. It has been reported that a herb couple {Coptidis Rhizoma: Radix Scutellariae’ 1:1) 
> -

was extracted by 70% methanol and the contents of BG, WG, OAG, B, W and OA were 

determined to be 84.82±3.02, 78.69土0.69，40.57土0.65，18.28士0.06, 9.32±(>.19, 4.01 ±0.07 

mg/g {w/w) by micellar electrokinetic capillary electrophoresis (Li et al., 1995). In another 

study, RS was extracted by high-speed counter-current chromatography and the content of B, 

W and OA were 3.58%, 1.23% and 0.31% (w/w) using HPLC/UV analysis (Li et al.，2005). 
‘ t 

Unlike the synthetic drugs, herbal medicines have more complicated compositions. The 

effectiveness of herbal medicines may be attributed to the overall effect of all the 

components rather than a single component. Besides, the interactions among different 

components in different herbs are always a concern. Thus, the quality evaluation of herbal 

medicine should contain the information of as much bioactive components as possible. 

The present study aims to develop a simple HPLC/UV method for the simultaneous 

determination of six bioactive flavones (baicalein, baicalin, wogonin, wogonoside, oroxylin 

A and oroxylin A-7-O-glucuronide) in the reference herb and commercial PTCM of RS, 

which could provide a more suitable method and significantly improve the quality evaluation 

of the raw material arid commercial PTCM of RS. 
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Chapter Two 

2.2 Experimental 

2.2.1 Chemicals and reagents 

Baicalein (B) and baicalin (BG) with purity over 98% were purchased from Sigma-AIdrich 

Chem. Co. (Milwaukee, WI, USA). Wogonin (W) and wogonoside (WG) with purity over 

98% were purchased from AvaChem Scientific LLC (San Antonio, TX, USA). Oroxylin A 

(OA, purity over 98%) and Oroxylin A-7-O-glucuronide (OAG, purity over 95%) were 

supplied by Shanghai u-sea biotech co.’ Ltd (Shanghai China). 3，7-dihydroxyflavone with 

purity of 97% was purchased from Indofine Chemical Company (Hillsborough, NJ, USA). 

Reference herb of Radix Scutellariae was purchased from the National Institute for Control 

of Pharmaceutical and Biological Products (Beijing, China). HQ-Tab, C-HQ-Tab, YH-Cap, 

YH-DP, SHL-Cap, SHL-S-Cap were purchased from pharmacy stores in mainland China. 

Acetonitrile (Labscan Asia, Thailand) and methanol (TEDIA company, Inc., USA) were 

HPLC grade and used without further purification. All other reagents were of at least 

analytical grade. Distilled and deionized water was prepared from Millipore water 

purification system (Millipore, Milford, USA). 

2.2.2 Instrumentations 

The HPLC system consists of Waters 600 controller (pump), Waters 717 auto sampler and 

Waters 996 Photodiode Array UV detector. The separation of all the analytes was performed 

by using a Thermo BDS Hypersil column (250 x 4.6 mm; 5 îm particle size) connected to a 

guard column (Delta-Pak C18 Guard-Pak, Waters). Data were collected by Waters 

Millennium software (version 3). 
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2.2.3 Chromatographic conditions 

The mobile phase consisting of eluent A (20 mM sodium dihydrogen phosphate buffer, pH 

4.6) and B (acetonitrile) was run at 1 ml/min. The linear gradient elution program was set as 

follows: eluent A decrease from 90 to 70% in the first 10 min, decrease from 70 to 40% in 

the next 2 min, maintained at 40 % for 4 min, then eluent A increased from 40 to 90% from 

16 to 20 min and equilibrated for 5 min before the next injection. The injection volume was 

100 and the detection wavelength was set at 270 nm. 

2.2.4 Preparation of standard solutions and calibration curves 

The stock solution of B, BG, W, WG, OA and OAG (1 mg/ml) as well as the internal 

standard (2 mg/ml) were prepared by dissolving appropriate amount of each authentic 

compound in DMSO separately. The working solutions were prepared by mixing and 

diluting the stock solutions of each compound with methanol and phosphate buffer (20 mM, 

pH 2.5) comprising 1% ascorbic acid (50: 50，v/v) to yield concentrations of 0.02，0.05，0.1， 

0.2，0.5，1.0，2.0, 5.0，10.0 ^ig/ml, respectively and the internal standard was diluted to the 

final concentration of 100 |ig/ml. 

Working solutions for calibration curves were prepared by mixing 0.7 ml of various working 

standard solutions with 20 of internal standard solution. The calibration curves were 

plotted by the peak-area ratio of each analyte /internal standard versus the concentrations of 

each analyte. To avoid the bias to low concentrations caused by the high concentrations of 

the standard curve, the calibration curves of each analyte was separated into two ranges: 

0.02-0.5 and 0.5-10.0 ng/ml. 
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2.2.5 Sample preparation 

To prepare samples from solid dosage forms, 10 tablets (0.3 g/tablet), or dripping pills from 3 

packaged bags (2.5 g/package), or 10 hard gelatin capsules (0.3 g /capsule) were put into a 

mortar and grinded to powder. To prepare samples from soft capsule, its content was 

obtained followed by mixing well into uniform semisolid. About 10 mg of the prepared 

powder or semisolid samples was accurately weighed and then extracted by 10 ml methanol: 

water mixture (80:20 v/v, containing 1 mM HCl). After sonication in water bath for 30 min, 

the mixture was centrifijged at 10,000 g for 5 min. The supernatant was obtained followed by 

filtration with 0.45 syringe filter and dilution prior to injection into HPLC system for 

analysis. 

2.2.6 Method validation 

The linearity, intra-day and inter-day precision and accuracy were investigated for method 

validation. The intra-day precision was determined within one day by analyzing five 

replicates control samples at concentrations of 0.05, 0.2，1.0，5.0 }ig/ml. The inter-day 

precision was determined on five separate days for the control samples. The intra-day and 

inter-day precision were defined as the relative standard deviation (R.S.D.) and the accuracy 

was determined by calculating the relative error (R.E.). The limit of detection (LOD) was 

defined as the lowest concentration of the drug resulting in a signal-to-noise ratio of 3:1. The 

limit of quantification (LOQ) was defined as the lowest concentration of the drug resulting in 

a signal-to-noise ratio of 10:1 with precision below 20% and accuracy below 土20% (FDA, 

2001). 
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2.2.7 Extraction recovery 

Samples of the Radix Scutellariae reference herb and PTCM products (HQ-Tab, C-HQ-Tab, 

YH-Cap, YH-DP, SHL-Cap, SHL-S-Cap) were obtained and divided into two equal parts. 

One part was spiked with three different concentrations of standard solutions (low, medium 

and high) followed by thorough mixing and extraction as described in section 2.2.5, whereas 

the other part of the sample was directly extracted as described in section 2.2.5. The 

extraction recoveries of each compound were calculated as the percentage of the net amount 

of each compound obtained (determined amount in spiked samples - determined amount in 

un-spiked sample) after extraction versus actual amount added. 

2.2.8 Application 

The developed assay was applied to simultaneously determine the contents of baicalein, 

baicalin, wogonin, wogonoside, oroxylin A and oroxylin A-7-O-glucuronide in the reference 

herb and the commercial PTCM of RS in forms of tablet, capsule, dripping pill and soft 

capsule. All the samples were treated as described in section 2.2.5 followed by HPLC 

analysis. Since the contents of each analyte may vary in different products, the extracted 

solutions were appropriately diluted in order to fit the concentration range of the calibration 

curve. 

2.3 Results and discussions 

2.3.1 Chromatography 

A simple HPLC/UV method has been developed and validated for simultaneous 

determination of the content of six representative flavones in the RS. Due to the difference in 
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the polarity between the glycosides and aglycones, it was difficult to separate them using 

isocratic elution. Thus, a linear gradient elution program has been employed. 

Fig.2.2 exhibits the UV spectra of the six bioactive flavones. Fig.2.3 shows the representative 

HPLC chromatograms of the standard solution of six analytes at 1 fig/ml, reference herb of 

RS and the six PTCM products containing RS. Under the current chromatographic condition, 

the six components were satisfactorily separated. It was demonstrated that the co-existing 

ingredients in RS did not interfere in the determination of the six analytes and the internal 

standard. The peak of each analyte was identified by the comparison of the retention time and 

UV spectra with the authentic standards and confirmed by LC/MS/MS. 
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Chapter Four 

2.3.2 Method validation 

The results of linear range and regression equations for the calibration curves are shown in 

Table 2.1. The calibration curves were plotted by the peak-area ratio of each analyte to the 

internal standard versus the concentration of each analyte. To avoid the bias to the low 

concentrations of the standard curve by the high concentrations, the calibration curves were 

separated into two ranges, 0.02-0.5 and 0.5-10.0 (ig/ml. Within the linear range, the 

calibration curve had good linearity (Rh>0.99) for each analyte. For all the six bioactive 

flavones, LOD was O.Ol^g/ml and the LOQ was 0.02 p,g/ml. The intra-day and inter-day 

precision and accuracy of the assay method are also shown in Table 2.1. The R.S.D. of both 

the intra-day and inter-day precision for all the six compounds were below 10.14 %. The 

accuracy at four different concentrations was within the range of -7.83 to 4.06 %. 

2.3.3 Extraction efficiency 

The 2005 edition of Chinese pharmacopeia provides a method for the quality control of RS 

by determining the content of baicalin and 9% is the lowest content requirement in which 

70% ethanol was employed as extraction solvent (The Pharmacopoeia Commission of PRC, 

2005). For the current study, considering the higher solubility of the flavones in methanol 

and the convenience of operation, methanol was used as extraction solvent and sonication 

was employed to do the extraction. 

Four different extraction solvents including methanol, methanol: water (80:20), methanol: 

water (50:50), methanol: water (20:80) were tried to extract the bioactive flavones from the 

reference herb and C-HQ-Tab, the representative PTCM product of Radix Scutellariae. The 
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extraction solvent of methanol: water (80:20) produced the highest extraction efficiency for 

the reference herb of RS. It was found that the extraction solvent system have less impact on 

the extraction efficiency of the PTCM product than that in the reference herb, which may be 

due to that the commercial products are produced by diluting the prepared RS extract with 

other excepients and are generally in low content of each component. Subsequently, the 

solvent of methanol: water (80:20) containing 1 mM HCl was employed throughout the 

experiment in order to optimize the unionized portion of the studied weak acidic components 

for their extraction by methanol. Then the efficiency of extraction method was tested in 

different dosage forms of the commercial products, i.e. HQ-Tab, C-HQ-Tab, YH-Cap, YH-

DP, SHL-Cap, SHL-S-Cap and the reference herb of RS. The result of extraction recovery is 

listed in Tables 2.2a and 2.2b. The mean extraction recovery for the six bioactive flavones in 

five commercial products was within the range of 89.22-107.33 %. 
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Chapter Four 

2.3.4 Application 

Due to the co-existing multiple bioactive components in the traditional Chinese medicinal 

products, it is far from enough to just monitor one component for the quality control of its 

raw material and proprietary traditional Chinese medicine products. Therefore，current study 

developed a simple and accurate assay method for simultaneous determination of six major 

bioactive flavones in RS. Due to the easy access of HPLC in TCM industry, the developed 

provided a relatively simple and easy to conduct quality control method for RS. In addition, 

the constituents of mobile phase as well as sample preparation were easy to obtain and 

handle. 

The validated HPLC/UV method was applied to the simultaneous determination of baicalein， 

baicalin, wogonin, wogonoside, oroxylin A and oroxylin A-7-O-glucuronide in the reference 

herb of Radix Scutellariae as well as six commercial products containing RS, i.e. HQ-Tab, C-

HQ-Tab, YH-Cap, YH-DP, SHL-Cap, SHL-S-Cap. The results are shown in Table 3. 

The content of BG was reported to be the most abundant amount in the pharmacopeia and 

the literatures (The Pharmacopoeia Commission of PRC, 2005, Lin et al.，1999, Zhang et al.， 

1998, Wu et al., 2005). Its content under the extraction and determination method in the 

current study complied with the literature report and requirement of Chinese Pharmacopoeia， 

which should not be less than 9% (w/w). Furthermore, the content of each studied flavones 

showed marked variations among different dosage forms. The amount of glycosides (BG, 

WG, OAG) ranked the highest in the reference herb, and the YH-Cap contained the highest 

amount of aglycones (B, W, OA). W and WG could not be detected in the dripping pill. In 
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addition, the contents of the aglycones are the least among in all the products tested. This 

might result from the raw material that have been used or the procedure of extraction and 

pharmaceutical preparation of different dosage forms. It has been observed that the content of 

each flavone in the raw material of RS from different areas showed a great extent of variation 

(Zhou et al., 2006, Yang et al., 2002, Zhang et al.，2005) and the content of BG in plants 

from some areas were even below 9%. In the cases of YH-DP and SHL-S-Cap, the variances 

in solubility of different flavones in the formulation bases might cause the content variances 

in the final products. Particularly, HQ-Tab and C-HQ-Tab were extracted without removing 

the sugar coating and the content of the six flavones were calculated with the weight of the 

sugar coating, which might contribute to the relatively low amount of the flavones detected. 
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Chapter Four 

2.4 Conclusion 

In the present study, a simple and accurate HPLC/UV method has been established and 

validated to simultaneously determine six main bioactive flavones (baicalein, baicalin, 

wogonin, wogonoside, oroxylin A and oroxylin A-7-O-glucuronide) in the reference herb 

and commercial PTCM of RS. It produced good linearity, intra-day and H«ter-day 

precision and accuracy as well as high extraction efficiency. The assay method is helpful 

to improve the quality control of authentic material of RS and its proprietary traditional 

Chinese medicines. 
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Chapter Three 

Identification and quantification of baicalein, wogonin, oroxylin A and 

their major glucuronide conjugated metabolites in rat plasma after oral 

administration of Radix Scutellariea product 

3.1 Introduction 

Radix Scutellariea (RS) has been extensively applied in various commercial proprietary 

traditional Chinese medicine products such as Huang Qin tablet, Shuang-Huang-Lian 

capsule, Shuang-Huang-Lian Soft Capsule, Shuang-Huang-Lian Injection, Yin Huang 

Capsule, Yin Huang Dripping Pill etc.. In addition, RS functions as a major ingredient in 

various herbal decoctions including Xiexin decoction, Shuang-Huang-Lian and 

Huangqin-Tang. 

With the fast development and extensive application of proprietary traditional Chinese 

medicine (PTCM) products, there comes an urgent requirement for their modernization, 

in which the investigation of their pharmacokinetic profiles is essential. There have been 

a few reports on the pharmacokinetic studies of the pure compounds of B, BG and W 

after different administration routes to rats. It was found that B could be readily absorbed 

with a fast and extensive first-pass metabolism, while BG was firstly hydrolyzed to B by 

LPH in GI tract followed by absorption (Lai et al., 2003, Akao et al., 2000，Xing et al” 

2005，Lu et al., 2007, Kim et al., 2007，Li et al., 2005, Zhang et al., 2004). In addition to 

the rats, there are only two reports on the pharmacokinetics of B and BG in humans (Lai 
� 
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et al.，2003，Che et al., 2001). For the study of W, it was found that W-7p-D-glucuronide 

was its major metabolites after oral administration to Wistar rat and the plasma 

concentration of W was quite low (Chen et al., 2002). The subchronic toxicity and 

plasma pharmacokinetic studies of W were also carried out in Beagle dogs (Peng et al., 

2009). There has been no report about the pharmacokinetic study of pure OA yet. 

The pharmacokinetic characteristics of the bioactive components in the herb extract and 

decoction or of RS, such as Huang-Lian-Jie-Du-Tang and Xiexin decoction were also 

investigated in rats (Lu et al., 2007，Kim et al., 2007, Zhang et al., 2006, Yan et al., 2007， 

Kim et al., 2006). Moreover, since it is usually more than one herb in the decoction, the 

effects of other co-existing ingredients on the pharmacokinetics of the major components 

of RS were also investigated in Xiexin decoction, Shuang-Huang-Lian and Huangqin-

Tang (Li et al., 2005，Di et al.，2006, Zuo et al.，2003). Because of the complexity of 

ingredients for the herbal medicines, it is extremely important to simultaneously monitor 

the bioactive components as much as possible using advanced analytical tools. So far, 

most of the assay methods in plasma concentrated on the determinations of B，W, BG and 

WG after the administration of the products containing RS. Till now, there were just two 

articles that have been found to report the in vivo pharmacokinetics profiles of OA, but 

none of them has quantified the plasma concentration of OAG (Kim et al., 2007, Zuo et 

al., 2003). Sharing the similar chemical structure ^ B and W, it is expected that OA 

might also undergo extensive Phase II metabolism. In addition, the content of OA also 

exist in relatively high amount in the reference herb and proprietary traditional Chinese 
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medicine products of RS (Li et al., 2009). As a result, it is necessary to develop an assay 

method to simultaneously determine all the six bioactive flavones in plasma. 

In the present study, a specific HPLC method has been developed for the simultaneous 

determination of three bioactive flavones as well as their major metabolites of glucuronic 

acid conjugates. Subsequently, this method has been successfully applied to determine 

the plasma concentration of the six flavones after oral administration of Shuang-Huang-

Lian Capsule (SHL-Cap，a commercial available capsule product of RS) to male 

Sprague-Dawley rats. 

、 

3.2 Materials and methods 

3.2.1 Materials and reagents 

Baicalein (B) and baicalin (BG) with purity over 98% were purchased from Sigma-

Aldrich Chem. Co. (Milwaukee, WI, USA). Wogonin (W) and wogonoside (WG) with 

purity over 98% were purchased from AvaChem Scientific LLC (San Antonio, TX, USA). 

Oroxylin A (OA, purity over 98%) and Oroxylin A-7-O-glucuronide (OAG, purity over 

95%) were supplied by Shanghai u-sea biotech co., Ltd (Shanghai China). The internal 

standard (IS), 3, 7-dihydroxyflavone with purity of 97%, was purchased from Indofine 

Chemical Company (Hillsborough, NJ, USA). Waters Oasis® hydrophilic-lipophilic-

balanced (HLB, Icc) copolymer extraction cartridges were purchased from Waters. 

Acetonitrile (Labscan Asia, Thailand) and methanol (TEDIA company, Inc., USA) were 

HPLC grade and used without further purification. All other reagents were of at least 
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analytical grade. Distilled and deionized water was prepared from Millipore water 

purification system (Millipore, Milford, USA). 

3.2.2 Instrumentation and chromatographic conditions 

3.2.2.1 HPLC/UV assay for the quantijication of bioactive flavones in RS 

The HPLC system consists of Waters 600 controller (pump), Waters 717 auto sampler 

and Waters 996 Photodiode Array UV detector. The separation of all the analytes was 

performed by using a Thermo BDS Hypersil column (250 mmx 4.6 mm; 5 p.m particle 

size) connected to a guard column (Delta-Pak CI8 Guard-Pak, Waters). Data were 

collected by Waters Millennium software (version 3). 

t 

The mobile phase consisting of eluent A (20 mM sodium dihydrogen phosphate buffer, 

pH 4.6) and B (acetonitrile) was run at 1 ml/min. The linear gradient elution program was 

set as follows: eluent A decrease from 90 to 70% in the first 10 min, decrease from 70 to 

40% ^ the next 2 min, maintained at 40 % for 4 min, then eluent A increased from 40 to 

90% from 16 to 20 min and equilibrated for 5 min before the next injection. The 

detection wavelength was set at 320 nm and the injection volume was 100 îl. 

3.2.2.2 LC'MS/MS assay for the metabolites identification of bioactive flavones in RS 

The LC-MS/MS system consisted of ABI 2000 Q-Trap triple quadrupole mass 
» ‘ 

spectrometer equipped with an electrospray ionization source (ESI), TWO Perkin-Elmer 
• I 

PE-200 series micro-pumps and auto-sampler (Perkin-Elmer, Norwalk, CT, USA). All 
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the analytes were separated using an Alltima Cig column (150 mmx4.6 mm, i.d.’ 5 |im 

particle size, Alltech) protected by a collared frit (4/4.6 mm i.d., 0.5 fim pore size, 

Thermo Scientific). 

The elution gradient for LC analysis consisted of two solvent compositions: acetonitrile 

(A) and 0.1% formic acid (B). The gradient began with 35% eluent A for Imin, changed 

linearly to 60% A in 6 min and remained for ftirther 3min before changing back to 10% A 

in 0.5 min and equilibrating for 2.5 min prior to next injection. Throughout the LC 

process the flow rate was set at Iml/min. The temperatures of auto-sampler and the 

analytical column were set at 4 °C and ambient, respectively. The sample injection 

volume was 20 Prior to the ESI source, 60% of the LC eluent was split off and only 

40% of the effluent was introduced. 

The mass spectrometer was set at positive ionization mode. Typical instrumental 

conditions were: ion spray voltage at 5000 V; nitrogen as nebulizer gas, auxiliary gas, 

curtain gas at 30, 70，30 and collision gas at 3 psi, respectively; auxiliary gas temperature 

at 3 5 0 � C and interface heater temper at 1 0 0 � C . Other instrumental parameters were 

analyte specific and were optimized prior to analysis. Data acquisition was conducted at 

multiple reaction monitoring (MRM), with m/z 271 —m/z 122.9 for B, m/z 285—m/z 270 

for Wand OA, m/z 447—m/z 270.9 for BG, m/z 461-m/z 285 for WG and OAG. 
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3.2.3 Preparation of standard solutions 

The stock solution of B, BG, W, WG, OA and OAG (1 mg/ml) were prepared by 

dissolving appropriate amount of each authentic compound in DMSO separately. The 

working solutions of calibration curve were prepared by mixing and diluting the stock 

solutions of each compound with methanol and phosphate buffer (25 mM, pH 2.5) 

comprising 1% ascorbic acid (50: 50, v/v) to yield concentrations of 0.2, 0.4，1.0, 2.0, 4.0， 

10.0，20.0, 40.0 ^ig/ml, respectively. Standard solution of IS was prepared by dissolving 

appropriate amount of 3，7-dihydroxyfIavone in methanol at a final concentration of 10 

^ig/ml. 

The samples of calibration curve in plasma were prepared by spiking 50 of the above 

working solutions into 100 of blank plasma to yield the concentration at 0.1，0.2, 0.4, 

1.0, 2.0, 4.0, 10.0，20.0 ^ig/ml for all the six flavones. Low, medium and high 

concentrations of quality control (QC) samples were chosen to be 0.8, 4.0 and 8.0 |ig/ml 

in plasma. ， 

3.2.4 Sample preparation 

The procedure of plasma sample preparation was similar to our previous study (Zhanp et 

al., 2004). Briefly, the Oasis® HLB cartridges were preconditioned with 1 ml of methanol, 

followed by 1 ml of 25 mM sodium dihydrogen phosphate buffer (pH 2.5). In 100 fil of 

plasma sample, 50 of 50% methanol in phosphate buffer (pH 2.5) comprising 1% 

ascorbic acid and 20 of internal standard (3，7-dihydroxyflavone, 10 ^ig/ml) were 

added. The mixture was diluted with 1 ml of 35% methanol in 25 mM sodium 
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dihydrogen phosphate buffer (pH2.5) containing 1 % ascorbic acid. After vortexing for 15 

sec and centrifuged at 16,000xg for 10 min, the surpematant was loaded onto the 

preconditioned HLB cartridge. The cartridge was flushed with 1 ml of 25 mM sodium 

dihydrogen phosphate buffer (pH2.5) followed by 1 ml of 35% methanol in 25 mM 

sodium dihydrogen phosphate buffer (pH2.5) containing 1% ascorbic acid. Ali the 

analytes were eluted by 1 ml methanol from the cartridge. The eluent was evaporated to 

dryness in a Centrivap concentrator, and the residue was reconstituted by 150 of 50% 

methanol in phosphate buffer (pH 2.5) comprising 1% ascorbic acid. After centrifliged at 

16,000xg for 10 min, an aliquot of 100 |il supernatant was injected into HPLC system for 

analysis. 
t 

* 

3,2S Validation of the developed assay method 

t 

3.2.5.1 Specificity 

\ The specificity of the method was evaluated by comparing the chromatogram of blank 
> 

plasma samples from 6 rats with that of blank plasma spiked with standard solution and 
( 

chromatogram of rat plasma samples after oral administration of SHL-cap suspension. 

3.2.5.2 Sensitivity 

The limit of detection (LOD) was defined as the lowest concentration of the drug 

resulting in a signal-to-noise ratio of 3:1. The limit of quantification (LOQ) was defined 

as the lowest concentration of the drug resulting in a signal-to-noise ratio of 10:1 with 

precision below 20% and accuracy below 土20% (FDA, 2001). 
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3.2.5.3 Calibration curve 

The calibration curves were plotted using a Mx weighted linear regression of the peak-

area ratio of each analyte to internal standard versus the plasma concentrations of each 

analyte. 

3.2.5.4 Precision and accuracy 

The intra-day precision was determined by analyzing five replicates of QC samples 

within one day. The inter-day precision was determined by analyzing the QC samples on 

five separate days. The intra-day and inter-day precision was defined as the relative 

standard deviation (R.S.D.) and accuracy was defined as relative error (R.E.). 

3.2.5.5 Recovery 

Recovery was calculated by comparing the peak areas of the extracted QC samples to that 

of the un-extracted standard solutions containing the equivalent amount of analytes. 

3.2.5.6 Stability 

Freeze-thaw stability was determined by exposing QC samples to three freeze-thaw 

cycles before sample preparation. Stability at room temperature and long-term stability 

were evaluated by keeping QC samples at room temperature for 2 h and -80°C for 10 

days before sample preparation. The stability of samples in auto-sampler was evaluated 

by analyzing extracted QC samples after being placed in the auto-sampler at room 

temperature for 24 h. 
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3.2.6 Assay application 

Male Sprague-Dawley rats (body weight, 230-250 g) were supplied by the laboratory 

Animal Services Center at the Chinese University of Hong Kong. The, experiment was 

conducted under the approval by Animal Ethics Committee of the Chinese University of 

Hong Kong. The rats were anesthetized with an intramuscular injection of a cocktail 

containing 60 mg/kg ketamine and 6 mg/kg xylazine. Right jugular vein was cannulated 

with a polyethylene tubing (0.5 mm ID, 1 mm, Portex Ltd., Hythe, Kent, England) for 

blood sampling. 

The content of SHL-Cap was taken out from the capsule and suspended in water to 

prepare a suspension of 0.4 g/ml. The suspension of SHL-Cap was prepared by mixing 

thoroughly and 2 ml of the prepared suspension was delivered by a 5 mi syringe to rats 

via gavage at dose of 3.2 g/kg. Blood samples were taken at 10，30, 60，120, 240, 360, 

480，720 and 1440 min, respectively. Plasma samples were collected after centrifugation 

at 16, 000xg for 3 min and stored at -80 °C until analysis. ， 

In order to confirm the new metabolite of W, SD rats were orally administrated with pure 

compound of W,,which was prepared in the mixture of PEG 400 and 20% Solutol ® 

HS15 (3:7, v/v). Plasma samples were collected via jugular vein catheter at 10 min after 

administration. 

3.3 Results and discussions 
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3.3.1 Method validation 

The representative chromatograms of blank plasma, calibration curve and plasma sample 

obtained after oral administration of SHL-cap were shown in Fig. 3.1. Under the 

established chromatographic condition, there was no endogenous interference in the 

plasma and all the six flavones as well as the internal standard could be well separated 

from each other. 
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Fig. 3.1 Representative HPLC/UV chromatograms of rat blank plasma (I); blank plasma 
spiked with BG, WG, OAG, B, W and OA at the concentration of 2.0 ^g/ml (II); 
rat plasma sample obtained at 480 min after oral administration of SHL-Cap (3.2 
g/kg) (in) 
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In the range of 0.1 -20 jig/ml, the calibration curve produced good linearity (r^>0.999) 

using a 1/x̂  weighted linear regression. The LOD was 0.05 |ig/ml and the LOQ was 0.1 

|ig/ml for all the six analytcs. The intra-day and inter-day precision and accuracy of the 

assay method are listed in Table 3.1. The R.S.D. of both intra-day and inter-day precision 

at low, medium and high cqncentrations for a)I the analytcs were below 10.01%. Besides, 
會 

the intra-day and inter-day accuracy calculated by R.E. were within the range of-10.83% 

to 丨 5.13%. 

The recoveries of six analytes at low, medium and high concentrations as well as internal 

standard were 72.04% to 82.98% for BG, 70.17% to 84.65% lor WG, 75.28% to 87.28% 

for OAG, 79.41% to 94.79% for B, 81.60% to 97.71% for W, 76.15% to 91.48% for OA. 

The results were also summarized in Table 3.1. The average recovery for internal 

standard was 75.28土9.33%. 

The results of stability tests under various conditions are listed in Table 3.2. Stability 

results indicated that ail the six flavones were stable for at least three freeze-thaw cycles 

and they were stable at -80 "C for 10 days at least. Besides, all the six flavones were 

stable in the prepared samples for 24h at room temperature and they were stable in 

plasma for at least 2h at room temperature. 
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‘ Chapter Three 

3.3.2 Application to in vivo pharmacokinetic study 

Although studies on the pharmacokinetic profiles of bioactive flavones in traditional RS 

decoctions have been reported, none of the studies provided the pharmacokinetic 

information of bioactive flavones in commercially available PTCM products of RS. The 

decoctions are the water extract of a single herb or various herbs, while the PTCM 

products might introduce the impact of other excipients. Due to the extensive application 

of commercial PTCM RS products, the current assay is proposed aiming to test the 

pharmacokinetics of its bioactive flavones in these commercial products. Contents of 

each studied bioactive flavones are essential for the proposed pharmacokinetics studies. 

Our previously developed assay has simultaneously quantified the six major bioactive 

components in the studied SHL-Cap and indicated the contents of six flavones to be 

522.24, 7.36, 38.08, 12.48’ 3.20 and 0.96 mg/kg for BG, WG, OAG, B, W and OA (Li et 

al” 2009). The same product was used in the current in vivo pharmacokinetic study. 

In all the plasma samples, just the glucuronic acid conjugates of B, W and OA rather than 

their aglycones could be detected. BG and WG were detectable for all the time points 

after the oral administration of SHL-Cap, whereas OAG could only be detected in plasma 

for a few time points around the of 360 min, possibly due to the low content of OAG 

plus OA in SHL-Cap. The plot of plasma drug concentration versus time for BG, WG 

was shown in Fig. 3.3. 
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‘ Chapter Three 

The reason for undetectable aglycones of B, W, and OA could be explained by their 

potential extensive first pass metabolisms. Our previous studies of B by in situ and in 

vitro models confirmed that during its intestinal absorption, B underwent a fast and 

extensive Phase II metabolism to form glucuronic acid and/or sulfate conjugates, in 

Which UGT (Urindine 5 ‘ -diphospho-gl ucuronosy Itransferase, UDP-

glucuronosyltransferase) and SULT (Sulfotransferase) might be involved (Zhang et al.， 

2007, Zhang et al., 2005). Besides, the study of B in rat showed that B could not be 

detectable after 20 min after i.v. administration (Zhang et al., 2004). Although the 

relatively high Papp value observed on Caco-2 monolayer model indicated a good 

absorption for B, the first-pass metabolism might be the main reason for its low 

bioavailability after oral administration. Due to the similarity of chemical structure 

among B, W and OA, it is expectable that W and OA will undergo extensive Phase II 

metabolism. 

Because of the first-pass metabolism at intestine and liver as well as the relatively low 

content of agly cones in the PTCM products of RS, their corresponding glucuronides are 

the predominant form in systematic circulation. The monitoring of glucuronides seems to 

be more important than that of aglycones, especially after oral administration route. 

Nevertheless, a number of assay method quantified the concentration of glucuronides 

using an indirect way which calculated the amount of aglycones before and after 

hydrolysis. It is not accurate enough and quite sample consuming. Consequently, the 

development of the assay method to analyze aglycones and glucuronides simultaneously 

seems to be more necessary. 
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‘ Chapter Three 

From the HPLC chromatograms of the plasma sample after oral administration of SHL-

Cap in rat, there was a new peak appearing just before the peak of WG. Its UV spectrum 

resembled that of WG. Subsequently, LC/MS/MS was employed to further identify this 

new compound. Under the mode of positive MRM, there were three peaks under the m/z 

from 461 to 285 indicating the loss of glucuronic acid group. Similarly, there were two 

peaks found in the plasma sample after oral administration of pure W to rat. The retention 

time of one peak was identical to that of standard solution of WG. However, there was 

only one peak appearing under the m/z from 461 to 285 after oral administration of pure 

OA to rat. Additionally, there was just one peak of OAG in the HPLC chromatogram 

after oral administration of pure OA to rat. The MRM chromatograms are shown in Fig. 

2.3. All the evidences above indicated the existence of the isoform of WG. Considering 

only one more hydroxyl group in W available for forming glucuronic acid conjugates 

except the one at 7-C, the isoform of BG might be the glucuronic acid conjugate of W at 

5-OH. In the study by Chen et at. (Chen et al.，2002), there was only one glucuronic acid 

conjugate at 7-OH found in the plasma samples after oral administration W to rat at 5 

mg/kg. Such discrepancy might be caused by different rat species between Wistar rat and 

SD rat. Chen et al. used Wistar rat and we employed male Sprague-Dawley rats in the 

experiment. However, as it mentioned in the article, the existence of wogonin-5p-D-

glucuronide in rat plasma sample could not be excluded at that stage. Since the formation 

of wogonin-7|3-D-glucuronide is predominant in rat plasma, their method may not be 

sensitive enough to identify the conjugate at 5-OH. 
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Fig. 3.3 Positive ion mode MRM chromatograms of standard solution of W 

and WG mixture at 1 ^g/ml (I); rat blank plasma (II); rat plasma 
sample after oral administration of SHL-Cap at 3.2 g/kg (III); pure W at 
5 m^kg (IV); pure OA at 5 mg/kg (V) (continued) 
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Fig. 3.3 Positive ion mode MRM chromatograms of standard solution of W 
and WG mixture at 1 ^g/ml (I); rat blank plasma (II); rat plasma 
sample after oral administration of SHL-Cap at 3.2 g/kg (III); pure W at 
5 mg/kg (TV); pure OA at 5 mg/kg (V) (continued) 

It was assumed that OA should have the same metabolic pathways as W because of their 

structural similarity. However, based on the results from pharmacokinetic study in vivo, 

W could be metabolized to two isoforms of WG, whereas OA could just form the 

glucuronic acid conjugate at 7-OH. Both compounds could form the similar H bond due 

to the proximity of the C-4 carbonyl group with C-5 hydroxyl group, respectively. 

However, the strength of H-bond of OA is different from that of W. The ortho methoxyl 

group in OA had stronger inductive effect on the hydroxyl group at C-5 than the para 
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‘ Chapter Three 

methoxyl group in W. As a result, the difference in structure made the electro^ density at 
� L 

C-5 in OA lower compared with that in W, which leads to a more significant H bond 
I 

effect in OA and prevents a second esterification occurring at C-5. ‘ 

3.4 Conclusion 
‘ � � � 

A simple and specific HPLC/UV method has been developed and validated for the 

simultaneous determination of B, W, OA, BG, WG and OAG in rat plasma following a 

solid phase extraction procedure. The assay method demonstrated good sensitivity, 

accuracy, precision, linearity, stability and recovery. Subsequently, this method was 

successfully applied to determine the concentration of the flavones in plasma after oral 

administration of SHL-Cap to male Sprague-Dawley rat. In addition to WG, a new 

metabolite of W has been found and confirmed using LC/MS/MS for the first time. 
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Chapter Four 

Chapter Four 

Mechanistic studies on the intestinal absorption and disposition of 

wogonin and oroxylin A 

4.1 Introduction 

Our previous study on B (Zhang et al., 2007a) found that although it exhibited favorable 

permeability, the extensive first-pass metabolism during its intestinal absorption limited 

its bioavailability. Glucuronidatioit^of B was the major route for its metabolism with 

various intestinal and hepatic UGT isozymes involved. UGT 1A9 mainly catalyzed the 

formation of BG in human liver. The intracellularly formed glucuronide could be 

effluxed to the apical side (lumen side) and basolateral side (mesenteric blood side) by 

membrane transporters, in which MRPs were mainly involved. As shown in Fig. 1.2, W 

and OA, the other two major bioactive components in Radix Scutellariae (RS), share the 

similar chemical structure as B. It was hypothesized that W and OA would also undergo 

the similar absorption and disposition pathways as B. Although there are some reports 

about the pharmacokinetic profile of W and OA after oral administration of the extract or 

proprietary traditional Chinese medicine products of RS, the mechanisms of their 

absorption and disposition at cellular or organ level have not been investigated. Since 

intestine is the first barrier that drug meets after oral administration, it is of great 

importance to elucidate their potential intestinal absorption and disposition mechanisms. 

As a result, two classical absorption models of Caco-2 cell monolayer model and rat in 
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situ single-pass intestinal perfusion model were employed for the purpose of intestinal 

absorption and disposition mechanism study. 

For the sake of high throughput screening of new compound entities, a number of in vitro 

and in situ models have been developed to study the pharmacokinetic characteristics, 

especially drug absorption in the early stage of drug development and enhance the 

probability of success in clinical trials. They are usually simple systems and the 

experiments are easy to operate. In addition, they are time and cost saving. Often, some 

mechanistic information could be derived (Venkataramanan et al., 2006). Till now, 

several in vitro models have been successfully established and utilized to investigate drug 

permeability such as Parallel Artificial Membrane Permeability Assay (PAMPA) system 

(Kansy et al., 1998, Hamalainen et al., 2004), Ussing chamber (Boisset et al., 2000), and 

intestinal cell models obtained from human colon cancer like Caco-2 cells, HT-29 cells 

and T84 (Barthe et al., 1999). 

Among these cell models, Caco-2 cell monolayer model is one of the most successfully 

and extensively employed models. Caco-2 cells originate from human colon 

adenocarcinoma cells (Artursson et al., 1997). It differentiates in culture and shows 

morphological and functional similarities to human small intestine epithelium such as the 

microvilli, apical brush border and tight junction (Peterson et al.，1992). Moreover, Caco-

2 cells also express membrane transporters such as Pgp, MRPs, BCRP and organic anion 

transporters et al. (Hunter et al., 1993，Hirohashi et al., 2000, Kobayashi et al” 2003, 

Darnell et al., 2010). There are also metabolic enzymes expressed in the system including 
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cytochrome P450, UDP-glucuronosyltransferase, sulfotransferase, glutathione S-

transferase, N-acetyltransferase and acyltransferase (Sun et al.，2002, Paine et al.，2000, 

Siissalo et al., 2008 and 2010). Caco-2 cell monolayer model is often used to predict 

intestinal drug absorption by different transport routes (Artursson et al., 2001) for the 

good correlation with the in vivo permeability (Gres et al” 1998). In addition to its 

application in drug screening, it has been extensively used in rapid evaluation of prodrugs 

for enhanced oral absorption, drug transport from delivery systems, cellular uptake 

studies, selection of absorption-promoting excipients, assessment of presystemic 

metabolism of drugs in the intestinal epithelium, drug-drug and drug-excipient interaction 

related to membrane transporters as well as cytotoxicological studies (Shah et al., 2006). 

However, there are still some limitations of Caco-2 cell monolayer model such as the 

long culturing time, low expression of cytochrome P450 3A4, lack of mucus layer, higher 

TEER than small intestine, variable expression of membrane transporters (Shah et al., 

2006). Although in vivo studies provide useful information of overall drug exposure, the 

results are always complicated with the comprehensive effects of several factors such as 

the simultaneous function of several organs. In order to better mimic the real situation 

that a drug undergoes in a specific organ, the in situ models are more relevant. In the 

present study, rat in situ single-pass intestinal perfusion model was further employed to 

study the characteristics of W and OA during their intestinal absorption and disposition. 

It possesses several advantages over the in vivo and in vitro models such as the easy 

control of experiment parameters, exclusion of impact of other organs and the maintain of 

intact intestinal blood supply (Cook et al., 2003). Rat in situ single-pass intestinal 
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perfusion model has been successfully applied in the study of drug intestinal absorption 

and metabolism (Hu et al., 2003，Liu et al.’ 2002, Wang et al., 1997’ Okudaira et al.’ 2000, 

Fagerholm et al” 1996, Liu et al., 2009). Therefore, Caco-2 cell monolayer model and rat 

in situ single-pass intestinal perfusion model were employed to carry out the mechanistic 

study of the absorption and disposition of W and OA at small intestine. 

4.2 Materials 

Baicalein (B) and baicalin (BG) with purity over 98% were purchased from Sigma-

Aldrich Chem. Co. (Milwaukee, WI, USA). Wogonin (W) and wogonoside (WG) with 

purity over 98% were purchased from AvaChem Scientific LLC (San Antonio, TX, USA). 

Oroxylin A (OA, purity over 98%) and Oroxylin A-7-O-glucuronide (OAG, purity over 

95%) were supplied by Shanghai u-sea biotech co.，Ltd (Shanghai China). 3, 7-

dihydroxyflavone (IS) as internal standard with purity of 97% was purchased from 

Indofine Chemical Company (Hillsborough, NJ, USA). Estrone 3- sulfate (ES), estradiol 
MpV 

glucuronide (EG), verapamil (Vera) and mitoxantrone dihydrochloride (MTX) were 

purchased from Sigma-Aldrich Chem. Co. (Milwaukee, WI, USA). Phenol red, calcium 

chloride and sodium dihydrogen phosphate were purchased from BDH chemical Ltd 

(Poole, England). Potassium chloride, PEG 400 and ascorbic acid were supplied by Wing 

Hing Chemical Co. (Hong Kong). Potassium dihydrogen phosphate was purchased from 

Merck (Darmstadt, Germany). Acetonitrile (Labscan Asia, Thailand) and methanol 

(TEDIA company, Inc., UAS) were HPLC grade and used without further purification. 

All other reagents were of at least analytical grade. Distilled and deionized water used 

throughout the experiment. 
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For cell culture, Dulbecco's modified Eagle's medium, fetal bovine serum, 0.25% 

trypsin-EDTA, penicillin-streptomycin and non-essential amino acids were purchased 

from Gibco BRL (Carlsbad, CA, USA) and Life Technologies (Grand Island, NY, USA). 

Phosphate buffered saline tablets were purchased from Sigma Chemical Co. (St. Louis, 

MO, USA). 

4.3 Methods 

4.3.1 Caco-2 and MDCK cell monolayer models 

4.3.1.1 Cell culture 

Caco-2 cells were purchased from American Type Culture Collection (ATCC). MDCK 

cell lines used in the experiment were a kind gift from Prof. P. Borst (The Netherlands 

Cancer Institute). Four types of MDCK cell lines were employed including the wild type 

of MDCK (MDCK/WT), MDCK cell line transfected with human MDRl gene 

(MDCK/MDRl) as well as MDCK cell line transfected with human MRP2 and MRP3 

genes (MDCK/MRP2 and 1V1DCK/MRP3). 

F.or cell culture, Caco-2 and MDCK cells were cultured in Dulbecco's modified Eagle's 

medium at 37 °C, supplemented with 10% fetal bovine serum, 1% non-essential amino 

acids, in an atmosphere of 5% CO2 and 90% relative humidity. Caco-2 cells were 

subcultured at 70-80% confluence by trypsinization with 0.25% trypsin-EDTA and plated 

onto 6-well plates Trans well® inserts (24 mm I.D., 0.4 mM pore size, 4.71 cm^, 
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polycarbonate filter, Coming Costar Co., NY) coated with a collagen layer at a density of 

3^10^ cells/ well and cultured for 21 days prior to transport studies. For MDCK cells, the 

seeding density was 2x 10^ cell/well and cells were cultured for 3 days before transport 

study. TEER (transepithelial electrical resistance) was used to monitor the integrity of the 

Caco-2 and MDCK cell monolayer. Caco-2 monolayers with TEER above 600 ohms cm^ 

and MDCK monolayers with TEER above 150 ohms cm^ were employed in the transport 

study. Caco-2 cells grown in Transwell®at passage 38-41 were used for the experiment. 

4.3.1.2 Preparation of transport buffer 

The transport study was carried out in phosphate buffer saline supplemented with 0.45 

mM calcium chloride and 0.4 mM potassium chloride with pH value adjusted to 6.0 

(PBS+). 

4.3,L3 Stabilities ofW, OA, WG and OAG in transport buffer 

Solutions of W, OA, WG and OAG at concentration of 1 fig/ml in transport buffer (PBS+， 

pH 6.0) were incubated in 37 °C water bath for 3 h. Samples were taken at 0, 30，60，90’ 

120, 150, 180 min to determine the percentage of compound remaining. 

4.3.1.4 Cytotoxicities ofW，OA，WG and OAG to Caco-I and MDCK cells 

MTT assay was employed to test the cytotoxicity of the four compounds to Caco-2 cells 

and MDCK cells. Briefly, cells were seeded onto the 96-well plate in DMEM culture 

medium at the density of 5x10'' cells/well for Caco-2 cells and I.5xlO'' cells/well for 

MDCK cells. Then the plate was incubated at 37 °C for 24 h. Subsequently, the culture 
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medium was replaced by 150 of PBS+ (pH 6.0) containing different flavones at a series 

of concentrations. For Caco-2 cells, 0.35, 0.88’ 1.76, 2.82, 3.52, 5.28，8.80’ 17.61 |iM of 

W or OA and 2.17，10.87，21.74，43.48，86.96, 130.43, 173.91，217.39 îM of WG or 

OAG were employed. For MDCK cells, 0.37, 1.85, 3.70，18.52, 37.04 ^M of BG as well 

as 0.35, 1.76’ 3.52, 17.61, 35.21 ^M of WG and OAG were employed. The blank PBS+ 

(pH 6.0) was employed as a negative control. The plate with studied compounds was 

incubated for 4 h at 3 7 � C . Then 20 …of MTT [3-(4, 5-dimethylthiazoIe-2-yl)-2, 5-

diphenyl tetrazolium bromide, 5 mg/ml] solution in PBS+ was added to each well and the 

96-well plate was incubated at 3 7 � C for another 2 h. The solution in each well was 

removed and 200 |il of DMSO was used to dissolve the cell remains. Finally, the 

absorbance of the solution in each well was measured at 595 nm by a Kinetic microplate 

reader (Molecular Devices). 

4,3.1.5 Bidirectional transport studies of Wand OA on Caco-2 cell monolayer model 

Caco-2 cell monolayer grown for 21 days were rinsed twice and equilibrated with 

transport buffer at 37°C for 15 min before experiment. The transport study was 

conducted in a bidirectional way. W, WG, OA, OAG at different concentrations in PBS+ 

were loaded into the apical side (AP, 1.5 ml of transport buffer) or basolateral side (BL, 

2.6 ml transport buffer), namely the donor chamber. Aliquots of 0.5 ml samples were 

taken from the other side, namely the receiver chamber, at different time intervals (30，60， 

90’ 120 min). Same volume of blank PBS+was added to the receiver chamber after each 

sampling. All the samples were stabilized with 0.2 ml mixture of methanol: 20% ascorbic 

acid solution (1:1’ v/v) and stored at - 8 0 � C until analysis. 
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To determine the cell uptake of W and OA, the Caco-2 monolayer was cut off from the 

filter of Transwell® after the transport experiment and rinsed twice by ice-cold saline. 

After spiking with 20 |il internal standard (100 ng/ml), the monolayer was lysed with 3 

ml methanol followed by 30 min sonication. Afterwards, the liquid mixture was 

centrifuged at 10,000 rpm for 10 min and the supernatant was evaporated under the flow 

of nitrogen in room temperature. The residue was reconstituted with 100 \x\ of 35 % 

methanol in 25 mM sodium dihydrogen phosphate buffer (pH 2.5) containing 1% 

ascorbic acid. An aliquot of 50 \i\ was injected into HPLC for analysis. 

For the purpose of investigating the potential membrane transporters which might be 

involved during the transport of W, OA, WG and OAG, various transporter inhibitors or 

substrates at appropriate concentrations were preloaded onto both the apical and 

basolateral sides for 30 min. The transport inhibition studies were conducted in the 

presence of selected inhibitors following the general bidirectional transport procedure 

described above. 

In order to verify the role of the paracellular pathway in the absorption of WG and OAG, 

the Caco-2 cell monolayer was pre-incubated with PBS+containing 2.5 mM EGTA for 45 

min followed by the apical to basolateral transport of WG and OAG in the presence of 

2.5 mM EGTA. 

4,3.1.6 Basolateral to apical transport study of WG and OAG on transfected MDCK 

cell model 
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To identify potential membrane transporters, the basolateral to apical transport study was 

carried out in phosphate buffer saline supplemented with 0.45 mM calcium chloride and 

0.4 mM potassium chloride with pH value adjusted to 6.0 (PBS+). Cell monolayer of 

MDCK/WT, MDCK/MDRl, MDCK/MRP2 and MDCK/MRP3 grown for 3 � 4 days were 

rinsed twice and equilibrated with transport buffer at 37°C for 15 min before experiment. 

WG and OAG at the concentrations of 2.17 fiM in PBS+were loaded into the basolateral 

side (BL, 2.6 ml transport buffer), namely the donor chamber. Aliquots of 0.5 ml samples 

were taken from the other side, namely the receiver chamber, at different time intervals 

(30’ 60，90，120 min). Same volume of blank PBS+was added to the receiver chamber 

after each sampling. All the samples were stabilized with 0.2 ml mixture of methanol: 

20% ascorbic acid solution (1:1，v. v) and stored at -80 °C until analysis. 

4.3.2 Rat in situ single-pass intestinal perfusion model 

4.3.2.1 Preparation of perfusate buffer 

The perfusion buffer was isotonic (288 mOsm/1) and composed of 2.7 mM KCl, 1.3 mM 

KH2PO4, 8.1 mM Na2HP04, 0.9 mM CaCb, 0.4 mM MgCb, and 7% PEG 400 (v. v) with 

pH 5.0 at 37 °C. In addition, 10 ^g/ml of phenol red was added to the perfusate as a non-

absorbable marker. The flow rate of perfusate applied to the intestinal lumen of the rat 

was set at 0.3 ml/min. 

4.3.2.2 Stabilities of W and OA in the perfusate buffer 
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Both W and OA were dissolved in perfusion buffer at a concentration of 1 |ig/ml, 

respectively. The prepared solution was incubated in shaking water bath at 37 °C for 2 h. 

Samples were taken every 30 min and the concentrations of W and OA were determined 

by HPLC/UV to calculate the percentage of W or OA remained. 

4.3.2.3 Animals and surgical procedures 

Male Sprague-Dawley rats, weighing 230 to 250 g，were fasted overnight with free 

access to water. The rats were anesthetized with an intramuscular injection of a mixture 

containing 60 mg/kg ketamine and 6 mg/kg xylazine. During the surgical process, the 

body temperature was maintained at 37 °C by heating lamp. Fresh heparinized blood was 

collected from donor rats by cardiac puncture. Right jugular vein for infusion of donor 

blood was cannulated with a polyethylene tubing (0.5 mm ID, 1 mm OD, Portex Ltd., 

Hythe, Kent, England). The infusion rate of donor blood via right jugular vein was 

controlled by a syringe pump at 0.3 ml/min (Cole parmer 74900 series, New hope, PA, 

USA). A midline incision was made and the small intestine was then exposed. A 7 to 11 

cm long segment of jejunum was cannulated with silicon tubing (2.4 mm ID, 4.0 mm OD) 

connected to a peristaltic pump (Minipuls® 3，Gilson, France). The cannulated segment 

was then flushed with warm saline to remove intestinal content. The mesenteric vein 

blood was collected from the specific segment of intestine through a polyethylene tubing 

(0.5 mm ID, 1 mm OD, Portex Ltd., Hythe, Kent, England). Both the mesenteric blood 

and perfusate were collected into the pre-weighted microtubes every 5 min and lasted for 

40 min. 
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4.3.2,4 In situ intestinal perfusion of W and OA 

Our previous study of B and the other investigation on other flavonoids indicated that the 

glycosides of flavonoids could not be absorbed at intestine. They were hydrolyzed to 

their corresponding aglycone forms prior to absorption. As a result, the intestinal 

absorption and disposition mechanism was studied only for W and OA, rather than WG 

and OAG, on rat in situ perfusion model. The perfusate buffer loaded with 50 fiM of W 

or OA was perflisated through the cannulated intestine segment. Perfusate and blood 

samples were collected from the outlet of the intestine and the mesenteric vein 

respectively. All samples were kept on ice until the end of the experiment. The blood 

samples were centrifugation at 16,000 g for 3 min and the plasma were transferred to 

another tube. All the perfusate and plasma samples were kept at -80 ° C until analysis. 

4.3.5 Sample preparation 

For the collected samples from perfusate, 500 |il of each perfusate sample was mixed 

with 200 fil of methanol and 100 of 20 % ascorbic acid. Then, 100 of above 

perfusate mixture was added with 20 |il internal standard (3，7-dihydroxyflavone, 100 

^ig/ml) and 50 |il of the resultant solution was injected into HPLC system for analysis. 

For the plasma samples collected from mesenteric blood, the plasma sample preparation 

followed the procedure described in section 3.2.4 of Chapter Three. Briefly, the Oasis® 

HLB cartridges were preconditioned with 1 ml of methanol, followed by 1 ml of 25 mM 

sodium dihydrogen phosphate buffer (pH 2.5). In 100 {il of plasma sample, 50 |il of 50% 

methanol in phosphate buffer (pH 2.5) comprising 1% ascorbic acid and 20 |il of internal 
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Standard (3, 7-dihydroxyflavone, 10 ^ig/ml) were added. The mixture was diluted with I 

ml of 35% methanol in 25 mM sodium dihydrogen phosphate buffer (pH 2.5) containing 

1% ascorbic acid. After vortexing for 15 sec and centrifuged at 16,000 xg for 10 min, the 

surpematant was loaded onto the preconditioned HLB cartridge. The cartridge was 

flushed with 1 ml of 25 mM sodium dihydrogen phosphate buffer (pH 2.5) followed by 1 

ml of 35% methanol in 25 mM sodium dihydrogen phosphate buffer (pH 2.5) containing 

1% ascorbic acid. All the analytes were eluted by 1 ml methanol from the cartridge. The 

eluent was evaporated to dryness in a Centrivap concentrator, and the residue was 

reconstituted by 150 |il of 50% methanol in phosphate buffer (pH 2.5) comprising 1% 

ascorbic acid. After centrifugation at 16,000xg for 10 min, an aliquot of 100 p.1 

supernatant was injected into HPLC system for analysis. 

4.3.3 Chromatographic and instrumental conditions 

To quantify the concentration of W and OA as well as their corresponding glucuronides 

after the study by Caco-2 cell monolayer model and rat in situ single-pass intestinal 

perfusion model, a HPLC/UV method has been established in Chapter Three. 

Furthermore, a LC-MS/MS method was employed to identify the corresponding 

metabolites of W and OA during the studies. 

4.3.3J HPLC/UV analysis for the quantification ofW, OA, WG and OAG 

The instrumental and chromatographic conditions were described in the section 3.2.2.1 in 

Chapter Three. 
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The detection wavelength was set at 270 nm for the analysis of cell model samples and 

perfusate samples. Due to the interference from plasma sample, the detection wavelength 

was set at 320 nm for the analysis of plasma samples. 

Due to the commercial unavailability of the standard compounds of WS and OAS, the 

concentrations of WS and OAS after the transport study in Caco-2 cell monolayer model 

was quantified indirectly based on the assumptions that WS/OAS has the same UV 

absorbance group as W/OA and one molar of W/OA produce one molar of WS/OAS. As 

a result, the calibration curve was firstly plotted with the molar concentrations of W/OA 

versus the peak area ratios of W/OA to IS. The molar concentration of WS/OAS was 

calculated based on their observed peak are ratios from the above calibration curve of 

W/OA. 

4,3.3.2 LC-MS/MS analysis for identification of metabolites of W and OA 

The LC-MS/MS system consisted of and ABI 2000 Q-Trap triple quadrupole mass 

spectrometer equipped with an electrospray ionization source (ESI), TWO Perkin-Elmer 

PE-200 series micro-pumps and auto-sampler (Perkin-Elmer, Norwalk, CT, USA). A 

thermo BDS Hypersil column (250 mmx 4.6 mm; 5 jim particle size) was eluted with a 

gradient program at a flow rate of 1 ml/min. 

The elution gradient for LC analysis consisted of two solvent compositions: acetonitrile 

(A) and 0.04% formic acid (B). The gradient began with 20% eluent A. Then it was 

changed linearly to 40% A in 5 min and remained for further 11 min before changing 
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back to 20% A in 2 min. Prior to the ESI source, 80% of the LC eluent was split off and 

only 20% of the effluent was introduced. 

The mass spectrometer was set at negative ionization mode. Other mass spectrometer 

parameters were: orifice voltage, -71V; ring voltage, -80V; nebulization gas, 45psi; 

auxiliary gas, 80 psi; nebulizer temperature, 400 Other instrument parameters were: 

collision energy, 27 eV; cell entrance potential, 22 eV; cell exit potential, 16 eV. 

4.3.3.3 Analysis of phenol red 

Phenol red was used to monitor the integrity of intestinal epithelium and to adjust the 

concentration of analytes in perfusate. The concentrations of the analytes in the perfusate 

were corrected for the water flux as ConCcorrccicd̂ ConCmeasured x (Phenol red)in/(Plienol 

red)out before other calculations were performed. For the analysis of phenol red, 10 fil of 

sodium hydroxide (IM) was added into 200 fil of the perfusate samples after the study by 

rat in situ single-pass intestinal perfusion model to adjust the pH value. Then the 

concentrations of phenol red were determined using a 96-well plate reader at 59? nm 

(Bio-rad, Hercules, CA, USA). 

4.3.4 Data analyses 

4.3.4.1 CacO'2 cell monolayer model and MDCK cell lines 
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The permeability coefficients (Papp) of W, OA, WG and OAG on Caco-2 and MDCK cell 

model were calculated as described previously using the following equations (Artursson, 

and Karlsson, 1991). 

Papp= [(dC/dtxV)]/(AxC) 

dC/dt: change of the drug concentration in the receiver chambers over time 

V: volume of the solution in the receiver chambers (In the current setting, it was 2.6 cm^ 

for apical to basolateral transport; 1.5 cm^ for basolateral to apical transport) 

A: membrane surface area (4.71 cm^ for 6 well cell culture plate) 

C: loading concentration in the donor chambers 

Besides, the percentage of metabolism of W and OA during their intestinal absorption on 

Caco-2 cell monolayer model \Vas calculated according to the following equation, in 

which "AP" represented cumulative amount in apical side, "BL" represented cumulative 

amount in basolateral side and "uptake" represented cell uptake. 

^metabolite, - ^ 
% of metabolism = ( 浙 胁 — 

^parent drug�仆临一 + llmetabolites�扑+… 

All the values were presented as mean 士 SD. Statistically significant difference between 

two groups or more than two groups was evaluated by Student's t-test and one-way 

ANOVA respectively. A p< 0.05 was considered significant for all tests. 
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4.3.4.2 Rat in situ single-pass intestinal perfusion model 

Permeability coefficients of parent drugs were calculated based on the appearance of the 

compounds in the mesenteric blood ( P b i o o d ) and the disappearance of the compound in the 

perfusate ( P i u m e n ) according to the following equations. 

P b i o o d = 収 I d t (Amidon et al.’ 1980, Johnson et al.，2003) 

Where dX/dt is the rate of drug appearance in mesenteric blood, A is the area of the 

perfusated intestine segment and Co is the initial drug concentration in the perfusate 

buffer. 

Piumcn = - — I n ^ ^ (Cummins et al., 2003) 
^ C", 

Where A is the area of the perfused intestine segment, Q is the perfusion flow rate, Cm is 

the drug concentration in the inlet of the perfusate entering the intestinal segment, Cout is 

the drug concentration in the exiting perfusate at the steady state. 

Cummins's extraction ratio (ER) was employed to evaluate the extent of intestinal 

metabolism of W and OA (Cummins et al., 2003). Cummins's ER was the ratio of the 

total amount of metabolites found during the perfusion process divided by a sum of the 

total amount of metabolites formed and the parent compound present in the mesenteric 

blood. 

E R = Ijnetabolite�—丨感�d) 
^parent drug恤。+ I>metabolites�perf_e+bto<un 
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4.4 Results 

J 

4.4.1 Caco-2 cell and MDCK cell monolayer models 

4.4.IJ Stabilities ofW’OA’ WG and OAG in transport buffer 

The results of stability test were shown in Fig. 4.1. After incubation, the percentages of 

compound remaining of W, OA, WG and OAG were around 100%, indicating that the 

four compounds would be stable at 37 °C in the transport buffer for at least 3 h. 
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Fig. 4.1 Stabilities of W, OA, WG and OAG in transport buffer 
(PBS+，pH 6.0) under 37 for 3 h (n=3) 
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4.4.1.2 Cytotoxicities of W, OA, WG and OAG to Caco-2 cell and MDCK cells 

As shown in Fig. 4.2 and Fig. 4.3, the relative absorbance of the studied flavones to the 

negative control showed no decrease. The results indicated that the four flavones had no 

cytotoxicity to Caco-2 cells and MDCK cells at the tested concentrations range. 

Fig. 4.2 Cytotoxicities of W, OA, WG and OAG to Caco-2 cells by MTT assay 
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Fig. 4.3 Cytotoxicities of WG and OAG to MDCK cells by MTT assay 
WT: wild type of MDCK cell 
MDRl: MDCK cell transfected with human MDRl gene 
MRP2: MDCK cell transfected with human MRP2 gene 
MRP3: MDCK cell transfected with human MRP3 gene 
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4.4.1,3 Identification of metabolites of Wand OA in Caco-2 cell model 

During the bidirectional transport studies of W and OA, there were two metabolites 

identified for both flavones at both sides of the Caco-2 cell monolayer model (Fig. 4.4a 

and Fig. 4.4b). 

The UV spectra of both metabolites resembled those of W and OA, respectively. In the 

HPLC/UV chromatograms of the transport study samples of W and OA, there were two 

more peaks appearing in addition to the peaks of the parent compounds. The retention 

times of their first elutes were identical to those of WG and OAG, respectively. Moreover, 

the LC-MS/MS analysis at negative ion mode demonstrated that the molecular ion of the 

first elutes were at the m/z of 459 and the major fragment of this molecular ion were at 

m/z of 283 indicating the loss of glucuronic acid moiety (176 amu). For the second elutes, 

their molecular ion appeared at m/z of 363 and their major fragment ion were at in/z of 

283, indicating the loss of sulfate acid moiety (80 amu) (Fig. 4.5a and Fig. 4.5b). 

Consequently, W and OA were suggested to be metabolized as the conjugates of 

glucuronic acid and sulfate during their bidirectional transport in Caco-2 cell monolayer 

model. 
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4,4.1.4 Transport and metabolism of Wand OA on Caco-2 cell model 

Due to the similarity in chemical structure, the transport and metabolism of W and OA 

showed similar profiles in Caco-2 cell monolayer model. The amount of W or OA at 

receiver side increased linearly over the 2 h transport study. The apparent permeability 

from absorptive transport of W and OA were 12.64±0.55><10'^ cm/sec at 18.94 |iM and 

5.73土0.19x10*^ cm/sec at 17.36 |iM, respectively, which demonstrated an efficient 

permeability of both W and OA (Artursson and Karlsson, 1991; Yee, 1997). Besides, the 

Papp values of W and OA at low and high concentrations demonstrated no dose 

dependence, indicating that there might not be any active transport involved. 

During their bidirectional transport, extensive Phase II metabolism has been observed for 

both W and OA. The formation of their glucuronic acid and sulfate conjugates of W and 

OA were also monitored. It was found that the amount of these metabolites increased 

linearly versus time at both apical side and basolateral side in the bidirectional transport 

study. The percentage of metabolism (Section 4.3.4.1) showed a tendency of decrease 

with the increase of loading concentration, indicating a saturation profile of metabolism 

(Table 4.1a and Table 4.1b). Over the 2 h transport study, the amount of W and OA as 

well as their metabolites increased linearly versus time (Fig. 4.6 a-d). At the same loading 

concentration, the extent of sulfation was greater than the extent of glucuronidation for 

both W and OA. Comparison of the total amount of glucuronides and sulfates at different 

loading concentrations showed a different saturation behavior for glucuronidation and 

sulfation. Sulfation was saturated at 3.79 îM for W and at 3.47 |iM for OA, whereas 

glucuronidation showed a linear increase over the studied loading concentration range 

99 



Chapter Four 

(Fig. 4.7a and Fig. 4.7b). Without considering the amount trapped intracellularly, the 

amount of WG or OAG transported to apical and basolateral side had significant 

difference (/7<0.05). It was observed that the formed WG or OAG was preferentially 

extruded to the basolateral side whereas the formed WS or OAS was easier to reach the 

apical side regardless of the side of loading (Fig. 4.8 a-d). 

Table 4.1a Bidirectional transport permeability and metabolism of W in Caco-2 cell 
monolayer model 

Loading Concentration 
o f W ( ^ M ) 

At( 3B Bt . 0 A Loading Concentration 
o f W ( ^ M ) P?pp 

(X 10-6 cm/s) 
o/oof 

metabolism 
P 

(X 10'^ cm/s) 
% o f 

metabolism 
3.79 N.D. 95.92±2.16 N.D. 53.02土 0.34 

7.58 10.50 土 2.91 53.09士 5.13 7.29±1.25 43.80土 1.31 

18.94 12.64 土 0.55 32.11 士 0.98 8.96 土 1.36 28.45±1.35 
A to B: apical to basolateral transport 
B to A: basolateral to apical transport 

Table 4.1b Bidirectional transport permeability and metabolism of OA in Caco-2 cell 
monolayer model 

Loading Concentration 
of OA ( _ 

1 4 7 
6.94 
17.36 

A t o B B to A 
P , % of % of 

X10 cm/s) metabolism (x 10 cm/s) metabolism 
N . D . 99.79±0.02 N . D . 79.02士 1.09 

2.91 土0.44 90.31士0.20 4.43土0.90 67.68土 1.14 

5.73±0.19 55.62±1.91 5.62 士0.55 36.77士 1.55 

A to B: apical to basolateral transport 
B to A: basolateral to apical transport 
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50 100 150 
Time (min) 

150 
Time (min) 

50 100 ；, 
Time (min) 

Fig. 4.6a Cumulative amount of W，WG and WS at the receiver side as a function of 
time in the bidirectional transport of W (7.58 jiM) in Caco-2 cell monolayer 
model 
W: wogonin，WG: wogonoside, WS: sulfate of wogonin 
A to B: apical to basolateral transport, B to A: basolateral to apical transport 
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Fig. 4.6b Cumulative amount of W, WG and WS at the receiver side as a function of 
time in the bidirectional transport of W (18.94 辑M) in Caco-2 cell monolayer 
model 
W: wogonin, WG: wogonoside, WS: sulfate of wogonin 
A to B: apical to basolateral transport, B to A: basolateral to apical transport 
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Fig. 4.6c Cumulative amount of OA, OAG and OAS at the receiver side as a function of 
time in the bidirectional transport of OA (6.94 p.M) in Caco-2 cell monolayer 
model 
OA: oroxylin A, OAG: oroxylin A-7-glucuronide, OAS: sulfate of oroxylin A 
A to B: apical to basolateral transport, B to A: basolateral to apical transport 
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50 

• A to B 

150 
Time (min) 

50 

• Ato B 

150 
Time (min) 

Fig. 4.6d Cumulative amount of OA, OAG and OAS at the receiver side as a function of 
time in the bidirectional transport of OA (17.36 抖M) in Caco-2 cell monolayer 
modd ^ 
OA: oroxyiin A, OAG: oroxylin A«-7-gIucuronide, OAS: sulfate oforoxylin A 
A to B: apical to basolateral transport, B to A: basolateral to apical transport 
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Fig. 4.7a Total amount (basolateral side + apical side +intracellular amount) of. 

(upper) and basolateral to apical transport of W (lower) on Caco-2 cell 
monolayer model 
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3.47 6.94 17.36 
Loading conc. of OA (pM) 

Fig. 4.7b Total amount (basolateral side + apical side +intracellular amount) of 
OA and its metabolites formed during apical to basolateral transport 
(upper) and basolateral to apical transport of OA (lower) on Caco-2 cell 
monolayer model 
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3.79 7.58 18.97 
Loading conc. of W (pM) 

Fig. Efflux transport of WG during bidirectional transport of W at 
various concentrations: apical to basolateral transport (upper) and 
basolateral to apical transport (lower) in Caco-2 cell monolayer mode里 
*: p<0.05, **: p<0.01, ***: p<0.001 
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3.79 7.58 18.97 
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Fig. 4.8b Efflux transport of WS during bidirectional transport of W at 
various concentrations: apical to basolateral transport (upper) and 
basolateral to apical transport (lower) in Caco-2 cell monolayer model 
***: /7<0.001 
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Fig. 4.8c Efflux transport of OAG during bidirectional transport of OA at 
various concentrations: apicM to basolateral transport (upper) and 
basolateral to apical transport (lower) in Caco-2 cell monolayer model 
***: p<0.001 
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Fig. 4.8d Efflux transport of OAS during bidirectional transport of OA at 
various concentrations: apical to basolateral transport (upper) and 
basolateral to apical transport (lower) in Caco-2 cell monolayer model 
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Fig. 4.9 P„pp values of WG (upper) and OAG (lower) in their basolateral to apical 
transport at various loading concentrations in Caco-2 cell monolayer model 
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4.4.1.5 Dose-dependent transport of WG and OA G 

The transport profile of WG and OAG showed difference between the apical to 

basolateral transport and basolateral to apical transport. Both glycosides could not be 

detected at the receiver side in the apical to basolateral transport study at the 

concentration of 43.48 îM or below. On the contrary, their Papp value in the basolateral to 

apical transport study decreased with the increase of loading concentration. The transport 

kinetics complied with a saturable profile with WG saturated at 33.98 îM and OAG 

saturated at 43.48 \iM (Fig. 4.9). 
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Chapter Four 

4.4,1.6 Transport inhibition study during the absorptive transport of W and OA in 

Caco-2 cell model 

Our previous transport studies of WG and OAG in section 4.4.1.4 have proved that they 

could not pass through the membrane in the apical to basolateral direction. However, 

both glucuronic acid and sulfate conjugates could be detected in both apical and 

basolateral samples after the bidirectional transport study of their parent flavones. This 

suggested that they might be the substrate of the efflux membrane transporters. This part 

of experiment was conducted to identify the potential transporters that might be involved 

in the efflux of their metabolites during the absorptive transport of W and OA at the 

loading concentration of 17.60 ^iM. The results showed that the basolateral transport of 

WG was significantly inhibited by verapamil (Vera), estrone 3-sulfate (ES), estradiol 

glucuronide (EG), mitoxantrone (MTX) and MK571 (MK); ES, EG, MTX and MK were 

found capable of inhibiting the apical transport of WG, indicating the involvement of P-

gp, MRPs and BCRP in the apical and basolateral transport of BG. Among the tested 

inhibitors, ES and MK showed significant inhibition effect on the basolateral transport of 

WS; the apical transport of WS was strongly inhibited by Vera, MTX and MK, 

suggesting the role of P-gp, MRPs and BCRP in the apical and basolateral transport of 

WS. 

Due to the detection interference from the possible impurities in EG standard compound， 

the inhibition effect of EG was not conducted on OA. It was found that the basolateral 

transport of OAG was inhibited only by MK, while the apical transport of OAG could be 

significantly inhibited by Vera, MTX, ES and MK, indicating the involvement of P-gp, 
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MRPs and BCRP in the apical and basolateral transport of OAG. The basolateral and 

apical transport of OAS were only inhibited by MK, while the basolateral transport of 

OAS could be significantly inhibited by ES and MK, indicating the involvement of MRPs 

in the apical and the basolateral transport of OAS. Based on the inhibition extent of the 

tested inhibitor/substrate as shown in Fig. 4, 

MRPs might be the most potent membrane 

OAG, WS and OAS. 

10a and Fig. 4.10b, it was 

transporter involved in the 

concluded that 

efflux of WG， 
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• Basolateral side 
• Apical side 

本 � * • * * 

Control Verapamil ES EG MTK MK571 

• Basolateral side 
• Apical side 

j q 
* * 

* * 
X 

Control Verapamil GS EG ivnx l\/K571 

Fig. 4.10a Effects of transporter inhibitors on the efflux of WG (upper) and WS (lower) 
formed during absorptive transport of W in Caco-2 cell monolayer model 
W: wogonin, WG: wogonoside, WS: sulfate ofwogonin 
***: p<0.001, **: /?<0.01, *: p<0.05 compared with control 
ES: estrone 3-sulfate, EG: estradiol glucuronide, MTX: 
dihydrochloride 
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• Apical side 

Control Verapanril ES IVK571 

Control Verapamil mx ES MK571 

Fig. 4.10b Effects of transporter inhibitors on the efflux of OAG (upper) and OAS 
(lower) formed during absorptive transport of OA in Caco-2 cell monolayer 
model 
OA: oroxylin A, OAG: oroxylin A-7-O-gIucnronide, OAS: sulfate of oroxylin A 
***: p<0.001, **: /?<0.01, p<0.05 compared with control 
ES: estrone 3-suIfate, EG: estradiol glucuronide, MTX: 
dihydrochloride 
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Chapter Four 

4,4.L7 Inhibition of basolateral to apical transport of WG and OAG in Caco-2 cell 

monolayer model 

The basolateral to apical transport of WG and OAG were also carried out in the presence 

of the above mentioned membrane transporters inhibitor/substrate in section 4.4.1.6. The 

results were consistent with those observed in the inhibition study during the absorptive 

transport of W and OA in section 4.4.1.6. ES (50 ^M) and MK571 (25 ^iM) could 

significantly inhibit the basolateral to apical transport of WG and OAG (Tab 4.2) at the 

concentration of 2.17 |iM, indicating the role of MRPs in the apical efflux of WG and 

OAG. Furthermore, EG (50 [iM) reduced the secretive transport of WG indicating the 

involvement of MRPs in the apical efflux of WG. Vera (50 ^M) showed no effect on 

reducing the basolateral to apical transport of both WG and OAG indicating possible no 

involvement of P-gp in the apical efflux of WG and OAG. 
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Chapter Four 

4,4,1,8 Further identification of potential membrane transporters for BG, WG and 

OAG using transfected MDCK cell lines 

The transport study of WG and OAG in basolateral to apical direction was carried out on 

various MDCK cell lines including the wild type and transfected with human MDRl, 

MRP2 and MRP3 gene. For the transport of BG on MDCK cell lines has not been 

conducted before, the basolateral to apical transport of BG on MDCK cell lines was also 
r 

carried out. The cumulative amount of flavones at apical side and the excretive Papp 

values were calculated and shown in Fig. 4.11. Comparing with their results on 

MDCK/WT, the cumulative amount at apical side of BG, WG and OAG and their P̂ pp 

value were significantly increased in MDCK/MRP2 cell model. However, the cumulative 

amount at apical side of three glucuronides and their Papp in MDCK/MDRl and 

MDCK/MRP3 showed no significant different from that in MDCK/WT, indicating no 

significant involvement of MDRl and MRP3 in the efllux transport of BG, WG and 

OAG. The above results suggested that MRP2 might be the most potent membrane 

transporter responsible for the efflux of BG, WG and OAG. 
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• BG 
• WG 
BOAG 

w r 

WT 

Fig. 4.11 Cumulative amount at apical side (upper) and apparent permeability 
Coefficient (lower) of BG, WG and OAG after their basolateral 
to apical transports in MDCK cell model 

p<OMl 

4.4,1.9 Role of the paracellular pathway in the absorption transport of WG and OAG 

After the pre-incubation with EGTA to open the intracellular tight junction, the Papp of 

WG and OAG were significantly increased to 1.08士0.07x1 O � a n d 1.17±0.003xlO'^ 
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cm/sec from zero as shown in section 4.4.1.5 with the same loading concentration of 

43.48 ^iM. 

4.4.2 Rat in situ single-pass intestinal perfusion model 

4.4,2.1 Stabilities of Wand OA in perfusate buffer 

The result of stability tests of W and OA was shown in Fig. 4.12. From the results, W and 

OA were stable in perfusate buffer at 37 °C for at least 2 h. 

Fig. 4.12 Stability of W (upper) and OA (lower) in the perfusate buffer at 37�C for 120 
min in the rat in situ single-pass intestinal perfusion model 
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Chapter Four 

4.4.2.2 Intestinal absorption and disposition of W and OA in rat in situ single-pass 

intestinal perfusion model 

During the intestinal absorption of W and OA, extensive Phase II metabolism was 

observed once again. There were glucuronides appearing in both the perfusate samples 

and mesenteric blood samples of both W and OA. The representative HPLC/UV 

chromatograms of perfusate samples and the plasma samples are shown in Fig. 4.13 and 

Fig. 4.14, respectively. 
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Fig. 4.13 

PR: phenol red, W: wogonin, WG: wogonoside, 
OA: oroxylin A, OAG: oroxylin A-7-O-glucuronide, IS: internal standard 
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Fig. 4.14 Representative HPLC/UV chromatograms of blank plasma (I) and plasma 
samples 
OA(ni) 
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Both W and OA showed favorable permeability across the epithelium of small intestine. 

The permeability coefficient ( P i u m e n ) of W and OA determined based on the 

disappearance of parent drug in the intestine lumen were calculated to be 2.27士 1.26x10—4 

cm/sec and 3.50士 1.46x10-4 cm/sec, respectively (Table 4.3). Their permeability 

coefficients were comparable to the value of antipyrine which is often used as a reference 

probe of passive absorption (Piumen = 1.6土0.4 x 10.4 cm/sec, Fagerholm et al.’ 1996). 

Table 4.3 Permeability coefficients of W and OA calculated as Piumen 
in rat in situ single-pass intestinal perfusion model (n=6) 

Compound Plumcn ( X 1 0 " ‘ cm/sec) Pbiood ( X 1 0 ^ ‘cm/sec) 

W 2 . 2 7 士 1 . 2 6 4 . 4 8 士 1 . 8 6 

OA 3 . 5 0 ± 1 . 4 6 3 . 0 0 士 1 . 5 1 

In the mesenteric blood samples, the amount of glucuronic acid conjugates of W and OA 

were much higher than their corresponding parent drugs. The permeability coefficient 

( P b i o o d ) based on the appearance of parent drug in mesenteric blood were calculated to be 

(4.48士 1.86)x 10*^cm/sec and (3.00±1.51)xl0"^cm/sec for W and OA, respectively (Table 

4.3). 

The cumulative amount of parent drug and formed glucuronides in mesenteric blood as 

well as the metabolites in perfusate were summarized in Table 4.4. It was noticed that the 

amount of formed glucuronides was much higher than that of parent drugs for both W 

and OA. Besides, the Cummins's extraction ratios were calculated to be 0.91±0.03 and 

0.95士0.02 for W and OA, respectively. Both results indicated that W and OA underwent 

extensive Phase II metabolism during their absorption across intestinal epithelium. The 
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cumulative amount of glucuronides effluxed to mesenteric blood and perfusate was 

calculated and compared in Fig. 4.15. It was noticed that the amount of WG was higher 

in mesenteric blood than that in perfusate, whereas the amount of OAG in blood and 

perfusate was comparable. 

Table 4.4 Metabolism of W and OA during their in situ single-pass intestinal perfusion 
in rat (n=6) 

Cumulative amount (nmol) 
Flavones Glucuronide in Glucuronide in Parent flavone in irn 

blood perfusate blood cJmx 

W 47.87土 14.33 25.07士 10.21 6.80 士2.33 0.91 土 0.03 

OA 41.11 士7.39 40.61 士 7.79 4.29 士 1.99 0.95 士 0.02 

ER: extraction ratio 
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4.5 Discussion 

4.5.1 Findings from cell monolayer models 

During the absorptive and excretive transports of W and OA, good apparent permeability 

has been observed for both flavones, which means that W and OA could be readily 

absorbed in the small intestine. Our previous transport study on B also exhibited a 

favorable permeability of B, but the Pgpp value of B was relatively lower than that of W 

and OA, suggesting a lower permeability of B than that of W and OA. However, an 

extensive first-pass metabolism occurred simultaneously with the good permeation of 

three flavones. At low loading concentrations, extent of metabolism was even over 90% 

for W and OA. To compare the absorption and metabolism of W and OA, it was found 

that at similar loading concentrations, the Pgpp value of W was higher than that of OA, 

whereas the metabolism rate of OA was greater than that of W. So it was suggested that 

the higher metabolism of OA might result in its lower permeation in cell monolayers. 

As the Phase II metabolites of W and OA, their glucuronic acid and sulfate conjugates 

have increased molecular weight and polarity. Due to the poor lipophilicity, it was hard 

for Phase II metabolites to pass across the intestinal epithelium via passive diffusion. 

Afterwards, this presumption has been proved by the fact that there was no absorption of 

WG and OAG during their apical to basolateral transport study. Nevertheless, the 

absorptive Papp of WG and OAG were significantly enhanced in the presence of calcium 

chelator of EGTA by opening the tight junction. With all the information taken together, 

it was suggested that WG and OAG were absorbed via paracellular pathway. Similar 
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results were obtained for BG, during its apical to basolateral transport study with/without 

EGTA. 

In the basolateral samples and the apical samples after bidirectional transport study of W 

and OA, both glucuronides and sulfate conjugates have been identified, respectively. 

Since the metabolism of W and OA occurred intracellularly and the formed conjugated 

metabolites inside the intestinal epithelium were too polar to across the intestinal 

epithelium, the appearance of glucuronic acid and sulfate conjugates at both sides might 

be due to the function of membrane transporters. There have been a number of literatures 

reporting the interaction between flavonoids and membrane transporters. Among these 

membrane transporters, ATP binding cassette (ABC) transport proteins have attracted 

special attention. P-glycoprotein (Pgp), multidrug resistance associated proteins (MRPs) 

and breast cancer resistance protein (BCRP) have been particularly investigated because 

of their important role in the development of multidrug resistance and drug-drug or drug-

herb interactions. In addition to tumor tissues, these membrane transporters also are 

highly expressed level in normal tissues. Pgp has been detected at the apical membranes 

of epithelial cells in the excretory organs, such as intestine, liver and kidney and the 

luminal side of endothelial cells in the blood brain barrier (Morris, et al., 2006). 

Additionally, MRP2 and BCRP are located at the apical membrane, whereas MRPl, 

MRP3 and MRPS are localized at the basolateral membrane (Brand, et al., 2006). Based 

on the cumulative amount of metabolites at the apical side and basolateral side, it was 

found that glucuronides of W and OA preferentially went to the basolateral side, whereas 

the amount of their sulfate conjugates were much higher at the apical side, regardless of 
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the side of loading. As a result, it was suggested that the glucuronides might have higher 

affinity to the basolateral transporters and the apical transporters might mediate the efflux 

of sulfates. Furthermore, the absorptive transport studies of W and OA were conducted in 

the presence of transporter inhibitors or substrates including Vera (Bansal, et al.，2009, 

Wang et al., 2006), MK (Bousquet et al., 2008, Videmann, 2007), EG and ES (Leslie et 

ah, 2005, Tiwari et al., 2009, Campbell et al., 2004, Hagenbuch, 2007), MTX (Mahringer, 

et al., 2009, Rosenberg et al., 2010). The findings strongly suggested that MRPs and 

BCRP might be involved in the efflux of metabolites of W and OA. 

In addition to the ABC transporters, there are other transporters at the intestinal 

membrane such as organic anion transporting polypeptides (OATPs). The subfamily of 

OATP2B1 is located at the endothelial cells of blood brain barrier, intestine, hepatocytes 

et al and is responsible of transporting its substrate into the cells. Since there was no 

absorptive transport of WG and OAG but these two glucuronides could pass through 

Caco-2 cell monolayer from basolatera to apical side, we speculated that OATPs might 

be involved in the secretory transport of WG and OAG. Consequently, this assumption 

was confirmed by the inhibition study in the basolateral to apical transport of WG and 

OAG, in which the Pgpp of WG and OAG were significantly decreased as a function of ES 

and MK571. Conclusively, on the basis of the inhibition studies，it was suggested that 

OATPs might be involved in the influx of WG and OAG, while their efflux might be 

mediated by MRPs and BCRP. Bases on the results, MRPs inhibitor seemed to show a 

stronger effect than other inhibitors. Nevertheless, this might be due to that WG and 

OAG had higher affinity to MRPs or MRPs had higher expression level than BCRP and 
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OATP in Caco-2 cells that we employed in the experiment. Our previous studies on B 

found that the intracellularly formed BG might be the substrate of MRPs and OATPs 

(Zhang et al., 2007a). 

Furthermore, using membrane transporter inhibitors or substrate to investigate the drug-

transporter interaction may not be reliable enough, especially in a complicated system 

like Caco-2 cell monolayer model. In fact, there is no so-called specific transporter 

inhibitor. Some studies pointed out that some efflux transporter inhibitors also inhibit 

influx transporters such as cyclosporine A (Hirano et al., 2006). It is necessary to 

combine the information originated from the transport study using membrane transporter 

inhibitors with the results from genetically modified cell lines (Wang et al., 2008). As a 

result, MDCK cell lines transfected with human transporter genes were utilized to 

provide further information for the identification of potential membrane transporters. 

MDCK, Madin-Darby canine kidney, epithelial cell line is derived from the kidney of a 

normal male cocker apaniel. It shows good correlation with Caco-2 cell line in the 

evaluation of drug permeability and it has been used extensively to predict absorption of 

drugs or new compound entities across membrane epithelium (Ranaldi, et al., 1992 and 

1996, Irvine et al., 1999, Taub et al.，2002). Morphologically and physiologically, it 

exhibits apical microvilli, junctional complexes, lateral membrane enfolding as well as 

tight junction (Herzlinger et al., 1982). MDCK cell line posses some superiorities over 

Caco-2 cell lines such as the short maturation time and the high expression of single 

membrane transporter proteins. As a result, transfected MDCK cell line with membrane 

transporters such as MDRl, MRPs, BCRP, CMOAT etc. are extensively employed to 
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identify the potential substrate or inhibitor of membrane transporters (Luo, et al., 2002, 

Barthomeufet al., 2005, Giri et al., 2009, Souza et al., 2009，Wortelboer et al., 2008). In 

the present study, after the basolateral to apical transport study of BG, WG and OAG, 

their permeabilities were significantly increased in MDCK/MRP2 cell model but had no 

significant changes in MDCK/MDRl and MDCK/MRP3 cell models, indicating the 

important role of MRP2 in the efflux of BG，WG and OAG rather than MDRl and MRP3. 

Nevertheless, our previous bidirectional transport studies of B (Zhang et al., 2007a), W 

and OA(section 4.4.1.6) found that the intracellularly formed BG, WG and OAG showed 

preferential biding to the basolateral transporters such as MRPl, MPR3 and MRP5 than 

the apical transporters such as Pgp, MRP2 and BCRP. It seemed that the results from 

transport studies in Caco-2 cell model may not be consistent with the results from MDCK 

cell model. However, we could not rule out the possibility that the roles of MRPl and 

MRP5 were much more significant than MRP3, which has not been conducted in the 

current study in MDCK cell model. In addition, there was also possibility that the 

different expression level of MRP3 in the Caco-2 cells and MDCK cells caused such 

discrepancy in results. In order to identify the affinities of the studied compound to 

specific MRPs, experiments such as the ATPase assay using membranes from Sf9 cells 

overexpressing the specific transporter could provide further information. 

4.5.2 Findings from rat in situ single-pass intestinal perfusion models 

Based on the results of transport studies of W and OA in Caco-2 cell model, W and OA 

underwent extensive metabolism during their intestinal absorption. In the current rat 

intestinal perfusion study, we expected that the metabolism of W and OA would also be 
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extensive. Since our purpose was to investigate the absorption of W and OA, we would 

like to monitor both the parent flavones of W and OA as well as their metabolites in the 

mesenteric blood of the rat in situ intestinal perfusion model. Thus, a relatively high 

loading concentration was necessary to ensure the detection of both W/OA and their 

metabolites. However, the poor aqueous solubilities of W and OA (about 0.3 fig/ml based 

on our preliminary study) would limit the use of high concentrations of W/OA. The 

concentration of 50 |iM was eventually chosen to ensure the aqueous solubilities of W 

and OA in perfusate buffer as well as the detection of both the parent compound and 

metabolites of W and OA. 

Effective permeabilities were observed for W and OA on rat in situ single-pass perfusion 

model. The permeability coefficients ( P i u m e n ) of W and OA were comparable to the well-

absorbed marker, antipyrine. Besides, the Piumen of W and OA were higher than that of B 

which was obtained in our previous study. However, the Piumen was calculated based on 

the disappearance of parent drug from the perfusate buffer. The disappearance of parent 

drugs from the perfusate might be caused by the absorption or metabolism. Then the 

permeability coefficient ( P b i o o d ) was calculated based on the appearance of parent into the 

mesenteric blood, which should reflect the real absorption of the drug in vivo. The 

calculated Pbiood values for W and OA were much lower than their corresponding Piumen, 

indicating that good permeability might not guarantee a high exposure of parent flavones 

in the mesenteric blood. 
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In the in situ rat perfusion model, the parent flavones of W and OA were metabolized in 

the intestinal epithelium and the formed Phase II metabolites were then effluxed into the 

mesenteric blood or back to the perfusate by some membrane transporters. The 

cumulative amount of glucuronides at both sides were calculated and compared for both 

W and OA. Similar results were observed in our previous study on B using the same 

model. It was found that the amount of glucuronides in mesenteric blood was much 

higher than that in perfusate. Such difference in the amount from two sides was more 

significant for BG, WG than OAG. This finding demonstrated that the intracellularly 

formed glucuronides were preferentially effluxed to the mesenteric blood, which 

complied with the results from Caco-2 cell monolayer model. 

4.5.3 Comparison between the findings from Caco-2 cell monolayer model and rat 

in situ single-pass intestinal perfusion model 

The intestinal absorption and disposition of W and OA were investigated using both 

Caco-2 cell monolayer model and rat in situ single-pass intestinal perfusion model. The 

proposed mechanistic explanation of intestinal absorption and disposition of W and OA 

was summarized in Fig. 4.16. W and OA exhibited favorable permeability on both 

models. Nevertheless, the Papp values from in situ model were much higher than those 

obtained from cell model, which was similar to our findings on B. This could be 

explained by the higher TEER of Caco-2 cell model and larger surface area of the 

intestine epithelium (Shah et al.’ 2006). Extensive metabolism of W and OA were 

observed on both models. The percentage of metabolism was higher than 90% in Caco-2 

cell model and the extraction ratio was above 0.9 in rat in situ perfusion model for both 
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W and OA. Nevertheless, there were two pathways of metabolism on Caco-2 cell model 

which were glucuronidation and sulfation. Only corresponding glucuronides of W and 

OA were found on rat in situ single-pass intestinal perfusion model. This finding 

indicated that there might be species difference for the metabolism of both W and OA. 

4.6 Conclusion 

Caco-2 cell monolayer model and rat in situ single-pass intestinal perfusion model were 

employed to investigate the intestinal absorption and disposition of W and OA. Based on 

the results from the two models, W and OA were readily absorbed with moderate 

permeability. However, similar to B, extensive Phase II metabolism was observed during 

their intestinal absorption and MRPs might be involved in the efflux of their 

intracellularly formed glucuronides and sulfates. Besides, there were species difference in 

the metabolisms of W and OA. 
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Chapter Five 

Intestinal and hepatic metabolism of W and OA 

5.1 Introduction 

Based on previous findings from Caco-2 cell monolayer model and rat in situ single-pass 

intestinal perfusion model, similar to B, W and OA underwent extensive Phase II 

metabolism with glucuronic acid and sulfate conjugates identified as major metabolites 

for both of them. Although intestine is the first barrier that drugs meet after oral 

administration, liver is still the predominant site for drug metabolism after absorption. 

Thus, both the intestinal and hepatic metabolisms are essential to predict the in vivo drug 

disposition. 

The investigation of liver drug metabolism plays an important role in pre-clinical drug 

development, in which many in vitro and in situ approaches have been developed, such as 

the organ based liver perfusion model (Miller et al.，1973，Zaman et al.，1996), precision-

cut liver slice (Guo et al., 2007), primary culture of hepatocytes (Maurel, 1996, GlaPer et 

al., 2002). Sub-cellular fractions including microsome, S9 fractions and cytosol are 

extensively used to study drug metabolism. Since it is a high-throughput method and the 

reaction conditions are easy to handle, in vitro incubation of sub-cellular fractions with 

studied compound is often used in preclinical studies in the pharmaceutical industry to 

investigate the Phase I and Phase II metabolism. 
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Our previous in vitro enzymatic studies on B found that it demonstrated extensive first-

pass glucuronidation in both liver and intestine and UGT 1A9 mainly catalyzed the 

formation of BG in human liver (Zhang et al., 2007b). In comparison, hepatic sulfation of 

B was less extensive. Nevertheless, the intestinal and hepatic metabolism of W and OA 

has not been systematically investigated, although the pharmacokinetic studies about W 

and OA found that both flavones also underwent extensive glucuronidation after oral 

administration of the RS extract to rat (Kim et al., 2006, Zuo et al., 2003, Li et al.，2005). 

Based on the results from Caco-2 cell monolayer model, it has been found that extensive 

Phase II metabolism occurred during the intestinal absorption of both W and OA. There 

were two metabolites that have been confirmed for W and OA, respectively. As a result, 

glucuronidation and sulfation were suggested to be two major metabolic pathways for 

both W and OA in human intestine. However, the data generated from rat in situ single-

pass perfusion indicated that both W and OA could only be transformed into their 

corresponding glucuronides rather than sulfates in rat small intestine. Such difference in 

the types of metabolites suggested that species difference might occur between human 

and rat in the metabolic pathways for W and OA. Caco-2 cell originated from human 

epithelial colorectal adenocarcinoma cells. Although its morphology and function 

resemble human small intestine such as the expression of tight junction, microvilli, 

enzymes and membrane transporters, the study on this model alone cannot predict the in 

vivo metabolism of the flavones. Considering the species difference between human and 

rat and the limitations of Caco-2 cell monolayer model, the in vitro enzymatic kinetic 

studies using various organ sub-cellular fractions from human and rat should be 
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employed aiming to provide a thorough investigation on the metabolism of W and OA as 

well as the competition among B, W and OA in different species and organs. 

In the current study, intestinal and liver microsomes, S9 fractions as well as cytosol 

originating from rat or human were employed to study the glucuronidation and sulfation 

of W and OA in liver and intestine. In addition, recombinant human UDP-

glucuronosyltransferase isoforms were used to further characterize the glucuronidation of 

W and OA. Moreover, species difference and organ preference for the metabolism of the 

studied flavones were investigated. 

5.2 Material and reagents 

Baicalein (B) and baicalin (BG) with purity over 98% were purchased from Sigma-

Aldrich Chem. Co. (Milwaukee, WI, USA). Wogonin (W) and wogonoside (WG) with 

purity over 98% were purchased from AvaChem Scientific LLC (San Antonio, TX, USA). 

Oroxylin A (OA, purity over 98%) and Oroxylin A-7-O-glucuronide (OAG, purity over 

95%) were supplied by Shanghai u-sea biotech co” Ltd (Shanghai China). 3，7-

dihydroxyflavone with purity of 97% was purchased from Indofine Chemical Company 

(Hillsborough, NJ, USA). 

Uridine 5 '-diphosphoglucuronic acid (UDPGA), adenosine 3'-phosphate 5，-

phosphosulfate (PAPS) and alamethicin were obtained from Sigma-Aldrich Chem. Co. 

(Milwaukee, WI, USA). Pooled human liver and intestine microsomes, pooled human 

liver S9, pooled human liver cytosol; pooled male rat liver microsomes, pooled male rat 
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liver cytosol, pooled male rat liver and intestinal S9 (Sprague-Dawley); recombinant 

human UGTlAl, UGT1A3, UGT1A7, UGT1A8, UGT1A9, UGTIAIO, UGT2B4, 

UGT2B15 were purchased from BD Biosciences (Wobum, MA, USA). 

Acetonitrile (Labscan Asia, Thailand) and methanol (TEDIA company, Inc., USA) were 

HPLC grade and used without further purification. All other reagents were of at least 

analytical grade. Distilled and deionized water was prepared from Millipore water 

purification system (Millipore, Milford，USA). 

5.3 Methods 

5.3.1 BCPLC/UV method for quantification of conjugated metabolites of W and OA 

The HPLC system consists of Waters 600 controller (pump), Waters 717 auto sampler 

and Waters 996 Photodiode Array UV detector. The separation of all the analytes was 

performed by using a Thermo BDS Hypersil column (250 mmx 4.6 mm; 5 x̂m particle 

size) connected to a guard column (Delta-Pak CI8 Guard-Pak, Waters). Data were 

collected by Waters Millennium software (version 3). 

The mobile phase consisting of eluent A (20 mM sodium dihydrogen phosphate buffer, 

pH 4.6) and eluent B (acetonitrile) was run at 1 ml/min. The linear gradient elution 

program was set as follows: eluent A decreased from 90 to 70% in the first 10 min, 

decreased from 70 to 40% in the next 2 min, maintained at 40 % for 4 min, then eluent A 
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increased from 40 to 90% from 16 to 20 min and equilibrated for 5 min before the next 

injection. The detection wavelength was set at 270 nm. 

Due to the commercial unavailability of the standard compounds of WS and OAS, the 

concentrations of WS and OAS after the transport study in Caco-2 cell monolayer model 

was quantified indirectly based on the assumptions that WS/OAS has the same UV 

absorbance group as W/OA and one molar of W/OA produce one molar of WS/OAS. As 

a result, the calibration curve was firstly plotted with the molar concentrations of W/OA 

versus the peak area ratios of W/OA to IS. The molar concentration of WS/OAS was 

calculated based on their observed peak are ratios from the above calibration curve of 

W/OA. 

5.3.2 HPLC/UV assay method validation 

In order to measure metabolites formation, a HPLC/UV method to quantify BG, WG and 

OAG has been established. Since all the collected samples were centriftiged without 

ftirther treatment, the HPLC/UV method for BG, WG and OAG was further validated 

using rat liver microsome with the final protein concentration at 0.2 mg/ml. The linearity, 

intra-day and inter-day precision and accuracy were employed for method validation. The 

intra-day precision was determined within one day by analyzing three replicates of 

quality control samples at concentrations of 0.5, 1.0, 10.0 jig/ml. The inter-day precision 

was determined on three separate days for the quality control samples. The intra-day and 

inter-day precision were defined as the relative standard deviation (R.S.D.) and the 

accuracy was determined by calculating the relative error (R.E.). The limit of detection 

(LOD) was defined as the lowest concentration of the drug resulting in a signal-to-noise 
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ratio of 3:1. The limit of quantification (LOQ) was defined as the lowest concentration of 

the drug resulting in a signal-to-noise ratio of 10:1 with precision below 20% and 

accuracy below ±20%. Extraction recovery was calculated by comparing the peak areas 

of the quality control samples to that of the standard solutions containing the equivalent 

amount of analytes. 

5.3.3 GIucu ronidation activity assay 

The glucuronidation reaction followed our previously described procedure (Zhang et al.， 

2006). Briefly, a series of concentration of W or OA (0.35-35 ^iM) were pre-incubated 

with different sub-cellular fractions or UGT isozymes in 50 mM Tris-HCl buffer (pH 7.4) 

containing 8 mM of MgCl2 and 25 ^g/ml of alamethicin for 5 min at 37 °C. The reaction 

was initiated by the addition of 2 mM UDPGA. The optimized concentrations of sub-

cellular fractions and the UGT isozymes as well as the incubation time were listed in 

Table 5.1. The protein concentrations and incubation times were optimized to ensure 

linearity for metabolite formation. All the experiments were performed in triplicate. 
Table 5.1 Summary of optimized protein concentration and reaction time for the 

enzymatic kinetic study of glucuronidation using various sub-cellular 
fractions and UGT isozymes 

Sub-cellular fraction/ isozymes Protein concentration (mg/ml) Reaction time (min) 
HLM 0.2 10 
HIM 0.1 10 
RLM 0.2 10 
HLS9 0.8 10 
RLS9 0.8 10 
RIS9 0.8 10 

UGTlAl 0.2 10 
UGT1A3 0.2 10 
UGT1A7 0.5 10 
UGT1A8 0.2 5 
UGT1A9 0.2 10 
UGT lAlO 0.2 10 
UGT2B4 0.2/0.8 10/30 
UGT2B15 0.2 10 

HLM: human liver microsome; RLM: rat liver microsome; HIM: human intestine 
microsome; RLS9: rat liver S9 fraction; HLS9: human liver S9 fraction; RIS9: rat 
intestine S9 fraction 
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5.3.4 Sulfation activity assay 

Similar to the condition of glucuronidation, different concentrations of W or OA (0.35-35 

^M) was pre-incubated with pooled human, rat liver cytosol and rat intestinal S9 fraction 

at a final protein concentration of 0.8 mg/ml at 37 °C min in 50 mM Tris-HCl buffer (pH 

� . 4 ) containing 5 mM MgCb, 8 mM dithiothreitol and 0.0625 % bovine serum albumin. 

The reaction was initiated by addition of 200 îM of PAPS and lasted for 10 min. 

5.3.5 Sample preparation 

All the enzymatic reactions were terminated by the addition of 40 of ice cold 

acetonitrile / acetic acid (9:1, v/v) containing 40 ^.g/ml internal standard (3, 7-

dihydroxyflavone). The mixture was centrifuged at 16，000 g for 10 min and the 

supernatant was directly injected into HPLC/UV system for analysis. 

5.3.6 Data analysis 

Reaction rate of glucuronidation and sulfation in various sub-cellular fractions and UGT 

isozymes was expressed as amount of metabolites formed per min per mg protein 

(nmol/min/mg). All the reported values were presented as mean 土 SE. The enzyme 

kinetic parameters of glucuronidation were obtained by fitting data to the Michaelis-

Menten equation or substrate inhibition profile using the software of Prism (GraphPad 

Software, Inc.). Eadie-Hofstee plot was also employed to determine whether the obtained 

enzymatic kinetic profile is fitted to Michaelis-Menten or substrate inhibition profile as 

shown in the following equations: 
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Michaelis-Menten equation: V=Vmax x C/ (Km+C); 

Substrate inhibition profile: (l+KJC+C/K,) 

Where Vmax is the maximal velocity; Km is the substrate concentration at half maximal 

velocity; Kj is the inhibition constant, V is the metabolic formation rate, C is the substrate 

concentration. 

5.4 Results and discussions 

5.4.1 HPLC/UV method assay validation 

The representative HPLC/UV chromatograms of blank rat liver microsome and blank rat 

liver microsome spiked with standard solution of BG, WG, and OAG are shown in Fig. 

5.1. Under the established chromatographic condition, there was no endogenous 

interference to the peaks of BG, WG and OAG and a good separation from each other has 

been demonstrated for all the tested analytes. Representative chromatograms of samples 

from different sub-cellular fractions and UGT isozymes for W and OA are shown in Fig. 

5.2a and Fig. 5.2b. 
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Mnutes 

Fig. 5.1 Representative HPLC/UV chromatograms of rat liver 
(upper); rat liver microsome spiked with standard solution of 
BG, WG and OAG at 0.2 ^g/ml (lower) 
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Fig. 5.2a Representative HPLC/UV chromatograms of samples from in 
vitro glucuronidation kinetic study in various sub-cellular 
fractions and UGT isozymes of W (upper) and OA (lower) 
HLM: human liver microsome; RLM: rat liver microsome 
HIM: human intestine microsome; RLS9: rat liver S9 fraction 
HLS9: human liver S9 fraction; RIS9: rat intestine S9 fraction 
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Fig. 5.2b Representative HPLC/UV chromatograms of samples from in 
vitro sulfation kinetic study of W and OA in human/rat liver 
cytosols 
HLC: human liver cytosol; RLC: rat liver cytosol 

In the range of 0.1-20 ^g/ml, the calibration curve produced good linearity (r^>0.99). The 

LOD was 0.05 \ig/m\ and the LOQ was 0.1 ^g/ml for BG, WG and OAG. The intra-day 
T 

and inter-day precision and accuracy of the assay method were listed in Table 5.2. The 

R.S.D. of both intra-day and inter-day precision at low, medium and high concentrations 

were below 13.39% for all the analytes. Besides, the intra-day and inter-day accuracy 

calculated by R.E. were within the range of -13.35% to 8.73%. 

As shown in Table 5.3, the extraction recoveries of BG, WG and OAG at low, medium 

and high concentrations were above 89.42%. 
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Chapter Four 

5.4.2 Kinetic profiles of glucuronidation of W and OA in various sub-cellular 

fractions 

The enzymatic kinetic profiles of glucuronidation of W and OA by human liver 

microsome, rat liver microsome, human intestinal microsome, human liver S9, rat liver 

S9 and rat intestine S9 were obtained and compared (Fig. 5.3). The formation of WG and 

OAG at various concentrations followed the Michaelis-Menten equation with favorable 

goodness of fit (R >0.9) and the enzymatic kinetic parameters including Km, Vmax and 

Clint (Vmax/Km) WCFC listed in Table 5.4. Comparing the kinetic parameters between W 

and OA, it was found that W showed higher Vmax and OA showed lower Km and higher 

intrinsic clearance in the six studied sub-cellular fractions. As to the extent of 

glucuronidation, W and OA demonstrated similar rank order of biotransformation 

efficiency in the studied sub-cellular fractions, which was RLM>HLM>HIM> 

HLS9~RLS9~RIS9. 

Six sub-cellular fractions were used to study the glucuronidation of both W and OA. 

There was only one glucuronic acid conjugate found for OA in all the tested systems. 

However, in addition to WG (Wogonin-7-O-glucuronide), there was the other peak in 

trace amount, found in the incubation mixture of rat liver microsome. Since the reaction 

system only allowed the glucuronidation to take place, it was presumed that this new 

glucuronidated metabolite of W might be the glucuronic acid conjugate at the other 

available OH site (5-OH) of W, which needs further confirmation. 



Chapter Four 

W and OA shared a similar rank order of glucuronidation formation in various sub-

cellular fractions with the highest formation rate for RLM. The curves of formation rate 

versus substrate concentration in RLS9 and HLS9 almost overlapped with each other for 

both W and OA. Based on in vitro intrinsic clearance in the sub-cellular fraction from the 

same species, it was found that the intrinsic clearance for transformation from aglycones 

(W and OA) to glucuronic acid conjugates (WG and OAG) in human were comparable to 

those in rat. Such findings indicated that there was no species difference in hepatic 

glucuronidation for W and OA. To find if there was organ preference existing for the 

glucuronidation of W and OA, the enzymatic kinetic parameters in the sub-cellular 

fractions from the same species but different organ were compared. It was found that the 

formation of glucuronides was faster in intestine in human, whereas liver clearance was 

higher in rat. Nevertheless, both flavones showed high affinity to intestinal microsome or 

S9 fraction in both species with lower Km value, indicating that the intestinal 

glucuronidation of W and OA could be activated at relatively low concentration. 
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• HIM 
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• RIS9 

0 10 20 30 40 
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Fig. 5.3 Metabolic formation of WG (upper) and OAG (lower) in various 
sub-cellular fractions (n=3) 
HLM: human liver microsome; RLM: rat liver microsome 
HIM: human intestine microsome; R1S9: rat intestine S9 fraction 
HLS9: human intestine S9 fraction; RLS9: rat liver S9 fraction 
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Chapter Four 

5I4.3 Enzymatic kinetic profiles of glucuronidation of W and OA in human UGT 

isozymes 

Since the content of specific UGT isozyme in the sub-cellular fraction was unknown, it 

would be difficult to interpret the enzymatic kinetics data. Therefore, further in vitro 

enzyme kinetic study using human recombinant UGT isozymes were contkieted to find 

out which UGT isozyme was predominantly responsible for the glucuronidation of W and 

OA. Eight UGT isozyems were selected to investigate the glucuronidation of W and OA 

in human, in which six of them were from 1A subfamily and two were from 2B 

subfamily. Majority of the UGT isozymes have high expression in liver. They included 

UGT l A l , UGT 1A3，UGT 1A4，UGT 1A6, UGT 1A9，UGT 2B4, UGT 2B7, UGT 

2B10, UGT 2B11, UGT 2B15, UGT 2B17 and UGT 2B28 (Kiang et al.，2005). UGT 

2B4 and UGT 2B15 have extremely high expression level in liver (Ohno et al., 2009). In 

the extrahepatic organs, UGT 1A8 and UGT lAIO are expressed in the gastrointestinal 

tract (Cheng et al., 1998, Strassburg et al., 1997). UGT 1A7 is only expressed in the 

esophagus, stomach and lung (Strassburg et al., 1997) and UGT 2B1 is mainly in nasal 

epithelium (Jeditschky et al., 1999). 

Eight human UGTs were selected to investigate the glucuronidation of W and OA in the 

present study. Not surprisingly, UGT lAl, UGT IA3, UGT 1A7, UGT 1A8, UGT 1A9, 

UGT lAlO and UGT 2B15 could catalyze the glucuronidation of W and OA with the 

Clint ranging from 244 to 1269 nmol/min/mg for W and from 194 to 2274 nmol/min/mg 

for OA. This result indicated that W and OA could undergo extensive intestinal and 

hepatic Phase 11 metabolism in human. The metabolic formation versus substrate 
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concentrations are shown in Fig. 5.4a and Fig. 5.4b (UGTs lAl and 1 A3). The kinetic 

parameters are listed in Table 5.5 and Table 5.6 (UGTs lAl and 1 A3). Except for UGT 

2B4, the other UGT isozymes showed glucuronidation activity toward W and OA. In 

addition, the enzymatic kinetic profiles of UGTs lAl and 1 A3 could not be explained by 

Michaelis-Menten equation, while the profiles of W and OA by other UGT isozymes 

complied with the typical curves described by Michaelis-Menten equation with favorable 
) 

goodness of fit (R > 0.9). For W, UGT 1A9 displayed the greatest capacity to W with the 

highest Vmax and UGT 2B15 had the highest affinity to W with the lowest Km value. For 

OA, UGT 1A8, 1A9 and lAlO displayed similar capacity to it with similar Vmax. OA 

showed the highest affinity to UGT 1A9 with the lowest Km value. Among all the tested 

UGTs, UGT 1A9 showed the most efficient glucuronidation with the highest Cljni for 

both W and OA. By comparing intrinsic clearance between W and OA obtained from the 

same UGT isozyme, it was found that UGT 1A subfamily showed a faster 

glucuronidation for OA, whereas UGT 2B subfamily exhibited a faster metabolism for W. 

However, because there was only one isozyme for UGT 2B subfamily tested in the 

current study, this tendency needs further information to justify. Different from other 

UGTs, the formation rate curves versus substrate concentration in UGTs lAl and 1A3 

displayed a substrate inhibition kinetic profile for both W and OA. The formation rate of 

WG and OAG enhanced with the increase of substrate concentrations at the low 

concentration range till the maximal formation rate of glucuronides was reached at about 

7 îM for both W and OA. Further increase of substrate concentration at high 

concentration range resulted in the decrease of metabolites formation rate for both W and 

OA. Although different protein concentrations and reaction times were tested for UGT 
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2B4, there was no glucuronidation occurred for neither W nor OA under any tested 

condition. 

Although the glucuronidation kinetic profile in all the sub-cellular fractions and majority 

of UGT isozymes complied with Michaelis-Menten equation, the glucuronidation in 

UGT lAl and UGT 1 A3 as well as the sulfation in human and rat liver cytosol, W and 

OA showed a different kinetic profile. As a result, Eadie-Hofstee plot was generated to 

determine the kinetic profiles in above mentioned sub-cellular fractions and UGTs. It was 

found that their Eadie-Hofstee plots showed characteristics of atypical kinetics similar to 

substrate inhibition (Fig. 5.6). In addition to Eadie-Hofstee plots, the data were also fitted 

by different models including substrate inhibition, Michaelis-Menten equation and Hill 

equation using the software of Prism. Based on the Akaike's information criterion values, 

F-test and correlation coefficient obtained from the fitting, the substrate inhibition model 

was found to be a suitable model to interpret the kinetic profiles of W and OA in above 

mentioned sub-cellular fractions and UGTs. Interestingly, B, W and OA had similar 

kinetic profile in UGT 1A1, but their enzymatic kinetic profile in UGT 1A3 were quite 

different. In UGT 1A3, the enzyme kinetic profile of B was fitted to a typical Michaelis-

Menten equation, whereas the profiles of W and OA complied with a substrate inhibition 

profile. It was reported that the number of hydroxyl groups showed significant impact on 

the affinity of flavonoids to UGT 1 A3 (Chen et al，2008). In addition, the methoxy group 

might also contribute to the affinity of the substrate to UGT 1 A3 (Xie et al, 2001). As a 

result, the existence of methoxy group and the difference in chemical structures might 

cause the different kinetic profiles between B and W, OA in UGT 1 A3. 
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In a typical Michaelis-Menten kinetic model, there is an initial bi-molecular reaction 

between the enzyme (E) and substrate (S) to form the Enzyme-Substrate complex (ES) 

before the formation of the product. In the case of substrate inhibition, there are two 

binding sites in the enzyme for the substrate. The first molecule of substrate can bind to 

the enzyme and initiate subsequent reaction to form ES. The second molecule of substrate 

can further bind to the ES to form an inactive ternary complex (SES). Since the formation 

of the ES complex must precede the formation of the SES, substrate inhibition usually 

occurred at high substrate concentrations with lower measured velocity than expected 

(Copeland, 2000). 
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Chapter Four 

5.4.4 Kinetic profiles of sulfation of W and OA in human and rat liver cytosols 

W and OA could be transformed into the sulfate conjugates in human and rat liver 

cytosols in the presence of PAPS. However, the extent of sulfation was much lower than 

their glucuronidation. The UV spectrum of formed sulfate conjugates resembled those of 

corresponding aglycones and their structures were further confirmed by LC-MS/MS. The 

major fragment ions were observed at m/z of 283 from the quasi-molecular ions at m/z of 

363, indicating the loss of sulfate group. For W and OA, their kinetic profiles of sulfation 

complied with substrate inhibition in both human and rat liver cytosol. The curves of 

metabolite formation rate versus substrate concentration are shown in Fig. 5.5 and the 

kinetic parameters were listed in Table 5.6. 

Due to the commercial unavailability of the standard compounds of WS and OAS, the 

concentrations of WS and OAS after the transport study in Caco-2 cell monolayer model 

was quantified indirectly based on the assumptions that WS/OAS has the same UV 

absorbance group as W/OA and one molar of W/OA produce one molar of WS/OAS. As 

a result, the calibration curve was firstly plotted with the molar concentrations of W/OA 

versus the peak area ratios of W/OA to IS. The molar concentration of WS/OAS was 

calculated based on their observed peak are ratios from the above calibration curve of 

W/OA. W and OA could be transformed into sulfate conjugates by the sulfotransferase 

(SULT) in HLC and RLC, whereas there was no reaction in R1S9. This finding is 

consistent with our previous studies by rat in situ single-pass intestinal perfusion model 

that W and OA underwent only glucuronidation rather than sulfation in rat intestine in 

Chapter Four. As the human intestinal cytosol and S9 fraction are not commercially 
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available, the intestinal sulfation of W and OA could not be investigated in enzymatic 

incubation study at this stage. The enzymatic kinetic study of W and OA in HLC and 

RLC also showed a substrate inhibition profile with a low intrinsic clearance value. 

Comparing with the glucuronidation of W and OA in human and rat liver microsomes, 

their sulfation in corresponding cytosol fractions demonstrated low Vmax and Km values, 

indicating that W and OA had higher affinity but lower capacity to SULTs than UGTs. 

This was consistent with our previous findings in Caco-2 monolayer model in Chapter 

Four that sulfation was easier to be saturated. As a result, it was suggested that both 

glucuronidation and sulfation contributed to the Phase II metabolism of W and OA at low 

concentration (lower than 10 ^M), while glucuronidation was the major metabolic 

pathway for W and OA at a higher concentration range. . 
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Fig. 5.5 Metabolic formation of WS (upper) and OAS (lower) in human 
and rat liver cytosols (n=3) 
HLC: human liver cytosol; RLC: rat liver cytosol 
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5.5 Conclusions . 

The findings in hepatic and intestinal metabolisms of W and OA were summari/cd in Fig. 

5.7. Similar to our previous findings on B. both W and OA would undergo extensive 

hepatic and intestinal glucuronidation in human and lal. Based on the studies by various 

recombinant human UG T isozymes, it was found that the hepatic glucuronidation of W 

and OA was mainly catalyzed by UG T IA‘)，whereas UGT I 八8 and UC] 1 IA10 were 

responsible tor their intestinal glucuronidation. The cxlenl of sulfation for both W and 

OA was low in human and ral liver cytosol unci could not be found in R1S9 fraction. The 

hepatic glucuronidation and sulfation ol* W unci OA showed no spccies ditTcrencc. OA 

demonstrated the highest glucuronidalion rate among B, W and OA. 

UCTs 1A8 and lAlO UCT IA9 

Glucuronidation 

Sulfation: 

No species difference 

Species difference 

Fig. 5.7 Proposed mechanisms for the hepatic and intestinal metabolisms of W 
and OA 
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Chapter Six 

Biopharmaceutics and pharmacokinetics interactions among major 

bioactive components in Radix Scutellariae 

-in vitro, in situ and in vivo evidences 

6.1 Introduction 

For most herbal medicines, they are consumed by oral administration in the form of 

decoction or proprietary traditional Chinese medicine (PTCM) products. Thus，it is of 

great importance and relevance to investigate their pharmacokinetic characteristics after 

oral administration to guarantee their safety. Besides, since the components in the herb 

decoction and PTCM products are complicated, there might be interactions between the 

ingredients in the same herb or ingredients from different herbs or even between the 

herbal ingredients with the excipients used in PTCM. As a result,'in order to clearly 

identify the roles of each ingredient in the overall pharmacokinetics of a herbal medicine, 

the essential step is to investigate the pharmacokinetic characteristics of each single 

major bioaqtive components of the studied herbal medicine. 

Based on our previous study on B (Zhang et al.，2007a) and our findings on W and OA in 

Chapter Four and Five, it was demonstrated that these flavones could be readily absorbed, 

however, would undergo similar absorption and disposition pathways. Previous studies 

from us and others on flavonoids indicated that the glycosides of flavonoids could not be 

absorbed at intestine and they were hydrolyzed to their corresponding aglycone forms by 
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intestinal lactose-phlorizin hydrolase in GI tract for absorption. As a result, the 

biopharmaceutic and pharmacokinetic int,eractions were studied only for the aglycones of 

B, W and OA, rather than their corresponding glucuronides. 

Although there are a number of pharmacokinetic studies on B in rat, the in vivo 

pharmacokinetics information about W and OA is rather limited. There is only one report 

on the plasma concentration versus time profiles for W and WG in Wistar rat after oral 

administration of pure compound of W (Chen et al.，2002) and one on the 

pharmacokinetic parameters of W in beagle dogs after intravenous infusion of W (Peng et 

al.，2009). After oral administration of a purified extract of Scutellaria baicalensis Georgi 

at low, middle and high dose，the parent compound of OA could not be detected in 

plasma but its glucuronic acid conjugate could be detected in plasma, urine and 

gastrointestinal tract (Kim et al., 2007). In addition, most pharmacokinetic study about 

the bioactive components in RS are investigated in the form of traditional Chinese 

formulations in which other herbs are also included like Shuang-Huang-Lian (Di et al., 

2006, Xiexin Decoction (Yan et al., 2007, Li et al., 2005)，Huangqin-Tang (Zuo et al., 

2002 and 2003)，Huang-Lian-Jie-Du-Tang (Deng et al.，2006 and 2008, Lu et al.’ 2007). 

In the present study, the biopharmaceutic and pharmacokinetic interactions among the 

major bioactive flavones in RS were further investigated by these in vitro and in situ 

models mentioned in Chapter Four and Five. Considering the complexity of herbal 

preparations, the present study also aimed to investigate the pharmacokinetics 

characteristics of pure compounds of B, W and OA followed by the pharmacokinetic 
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interactions among these flavones af ter oral administration of these compounds mixtures 

at similar dose to pure compounds . 

6.2 M a t e r i a l a n d r eagen t s 

Baicalein (B) and baicalin (BG) with purity over 9 8 % were purchased from Sigma-

Aldrich Chem. Co. (Milwaukee, Wl, USA). Wogonin (W) and wogonos ide (WG) with 

purity over 9 8 % were purchased f rom AvaChem Scientific LLC (San Antonio, TX, USA). 

Oroxylin A (OA, purity over 98%) and Oroxylin A-7-O-glucuronide ( O A G , purity over 

95%) were supplied by Shanghai u-sea biotech co.，Ltd (Shanghai China). 3，7-

dihydroxyflavone with purity of 97% was purchased from Indofine Chemical Company 

(Hillsborough, NJ, USA). 

Phenol red，calcium chloride and sodium dihydrogen phosphate were purchased from 

B D H chemical Ltd (Poole, England). Potassium chloride, PEG 400 and ascorbic acid 

were supplied by Wing Hing Chemical Co. (Hong Kong). Potassium dihydrogen 

phosphate was purchased from Merck (Darmstadt , Germany). 

Uridine 5,-diphosphoglucuronic acid ( U D P G A ) and alamethicin were obtained from 

Sigma-Aldrich Chem. Co. (Milwaukee, Wl, USA). Pooled human liver microsomes, 

pooled human intestinal microsomes, pooled male rat liver microsomes, pooled male rat 

intestinal S9 (Sprague-Dawley), recombinant human UGT1A8 and U G T 1 A 9 were 

purchased f rom B D Biosciences (Wobum, MA, USA). 
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Waters Oasis® hydrophilic-lipophilic-balanced (HLB, Icc) copolymer extraction 

cartridges were purchased from Waters. Acetonitrile (Labscan Asia, Thailand) and 

methanol (TEDIA company. Inc.，USA) were HPLC grade and used without further 

purification. All other reagents were of at least analytical grade. Distilled and deionized 

water was prepared from Millipore water purification system (Millipore, Milford, USA). 

6.3 Methods 

6.3.1 In s t rumen ta t i on and c h r o m a t o g r a p h i c condit ions 

6.3.1.1 HPLC/UVfor quantification of six bioactive flavones in RS 

The instrumental and chromatographic conditions were described in section 3.2.2.1 of 

Chapter Three. The UV detection wavelength was set at 320 nm for the assay of plasma 

sample and set at 270 nm for the assay of sample obtained from transport study on Caco-

2 cell monolayer model, in vitro enzymatic kinetic study and rat in situ single-pass 

intestinal perfusion model. 

Due to the commercial unavailability of the standard compounds of WS and OAS, the 

concentrations of WS and OAS after the transport study in Caco-2 cell monolayer model 

was quantified indirectly based on the assumptions that WS/OAS has the same UV 

absorbance group as W/OA and one molar of W/OA produce one molar of WS/OAS. As 

a result, the calibration curve was firstly plotted with the molar concentrations of W/OA 

versus the peak area ratios of W/OA to IS. The molar concentration of WS/OAS was 
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calculated based on their observed peak are ratios from the above calibration curve of 

W/OA. 

6.3.1.2 LC-MS/MS for ideniiflcation of in vivo major metabolites of bioactive Jlavones 

from RS 

The LC-MS/MS system, chromatographic condition and mass spectrometer were 

described in section 3.2.2.2 of Chapter Three. 

6.3.2 Caco-2 cell monolayer model 

Cell culture procedure was described in section 4.3.1.1 of Chapter Four. Compound 

mixture of B, W and OA at the ratio of 1:1:1 (B: W: OA, 14.81 ^ M : 14.08 ^iM: 14.08 

HM) in transport buffer were added into the apical side. The transport study of the 

compound mixture followed the procedure described in section 4.3.1.5 of Chapter Four. 

6.3.3 R a t in situ s ingle-pass intest inal pe r fus ion model 

Perfusate buffer was prepared as described in section 4.3.2.1 of Chapter Four. Animal 

surgical procedures were the same as section 4.3.2.3 of Chapter Four. Compound mixture 

of B, W and OA at the ratio of 1:1:1 (50 jiM each) in perfusate buffer was used in the 

experiment. 

6.3.4 In vitro enzymat ic kinetic s tudy 

In order to investigate the metabolism competition among B, W and OA for 

glucuronidation, the mixture of three flavones at a serial of concentrations with the same 
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mixing ratio of 1:1:1 were tested for the enzyme reactions in human liver or intestinal 

microsome; rat liver microsome; rat intestinal S9; UGT 1A8; UGT 1A9. The in vitro 

glucuronidation activity assay and the sample preparation were the same as described in 

section 5.3.2 and section 5.3.4 of Chapter Five. 

6.3.5 Pha rmacok ine t i c s charac te r i za t ion and interact ions of m a j o r bioactive 

f lavones in R S a f t e r o ra l admin i s t r a t ion 

6.3.5.1 Animals and drug administration 

Male Sprague-Dawlcy rats (body weight, 230-250 g) were supplied by the laboratory 

Animal Services Center at the Chinese University of Hong Kong. The experiment was 

conducted under the approval by Animal Ethics Committee of the Chinese University of 

Hong Kong. The rats were anesthetized with an intramuscular injection of a cocktail 

containing 60 mg/kg ketamine and 6 mg/kg xylazine. Right jugular vein was cannulated 

with a polyethylene tubing (0.5 rom ID, 1 mm, Portex Ltd., Hythe, Kent, England) for 

blood sampling. After surgery, the rats were allowed to recover over night under fasting 

condition with free access to wateri 

Pure compound of B, W and OA as well as their mixture were prepared in the solvent 

mixture of PEG 400 and 20% Solutol® HS15 (3:7, v/v) at the concentration of 1.25 mg/ml 

for each flavone both single compound group and compound mixture group (6 rats for 

each group). Rats were randomly divided into four groups. Three groups were orally 

administrated with single compound of B, W and OA at 5 mg/kg, respectively and' the 
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forth group was administrated with these compound mixtures (B+W+OA, 5 mg/kg each). 

Blood samples were taken at 3, 5, 10，30’ 60’ 120’ 240 and 480 min after dosing. Plasma 

samples were obtained after centrifugation of the blood samples at 16, OOOxg for 3 min 
« 

and stored at -80 °C until analysis. 

6.3.5.2 Sample preparation 

All the plasma samples were treated as described in section 3.2.4 of Chapter Three. 

6.3.5.3 Data analyses 

The plasma concentration versus time profile was analyzed by the software of Win 

T^onlin (Pharsight Corporation, Mountain View, CA, USA, Version 2.1). Non-

compartmental model was chosen to calculate the pharmacokinetic parameters including 

the area under the plasma concentration-time curve from zero to 480 min (AUCo-^t) and 
t 

elimination half-life (ti/2Xz). The peak plasma concentration (Cmax) and the time reaching 
i 

Cmax (Tniax) were obtained directly from the experimental data. 

All data are expressed as the mean 士 SD (standard deviation). Student ' s /-test was 

employed to compare the biopharmaceutic and pharmacokinetic parameters between the 

single compound group and compound mixture group. A / K 0 . 0 5 was considered to be 

statistically significant. 

6.4 Resul ts a n d discussions 
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6.4.1 In tes t ina l a b s o r p t i o n in te rac t ions a m o n g B， W a n d O A in Caco-2 cell 

mono laye r model 

To evaluate the capacity of each flavone in the compound mixture, the ratio of 1:1:1 was 

employed. After co-administration of three aglycones together to the apical side at the 

ratio of 1: 1: 1 (B: W: OA，14.81 | iM: 14.08 ^iM: 14.08 ^iM), the cumulative amount of 

parent drugs at receiver side and the total amount of glucuronides metabolites (apical side 

+ basolateral side + intracellular amount) were compared with that obtained from the 

group in which the flavones were loaded alone to the apical side at the same 

concentration (Fig. 6.1). It was found that the cumulative amount of the all parent drugs 

transported to receiver side increased, whereas the formation of their metabolites 

decreased comparing with that from the single compound group. Besides, the apparent 

permeability was calculated for each compound in both treatment groups. It was found 

that the Papp values of B and W were significantly increased in the compound mixture 

group. Although the Papp value of OA also showed a trend of increase, its difference 

between the single compound group and compound mixture group was not statistically 

significant (Table 6.1 )• 

Besides, in order to mimic the compound mixture ratio in RS, the molar ratio of each 

flavone in RS was estimated based on our previous study on the quantification of major 

bioactive flavones in the reference herb of RS in Chapter Two. It was calculated based on 

the molar content ratio of (B+BG): (W+WG): ( O A + O A G ) and an appropriate ratio of 

5:1:1 was obtained. Compound mixture of B, W and OA at 5:1:1 was thus tried in Caco-2 

cell model. It was found that the cumulative amount of W and O A at basolateral side was 
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enhanced in compound mixture group, whereas the cumulative amount of B in 

basolateral side remained the same. The P^pp value of W increased from 3.36士0.45x 10—6 

cm/sec in single compound group to 15.1 l±1.50x 10"^ cm/sec in compound mixture group 

and the Pgpp value of OA increased from 2.32土0.31 x 10"^ cm/sec in single compound 

group to 9.99士0.54x1 o 6 cm/sec in compound mixture group. Such findings in type of 

compound with enhanced Papp differed from what has been observed from compound 

mixture at the ratio of 1:1:1 shown in Table 6.1. Due to the large amount of B in 

compound mixture at ratio of 5:1:1，the influence of W and OA on the intestinal 

absorption and metabolism of B might not be significant as that shown in compound 

mixture of 1:1:1. The further trial of compound mixture at 5:1:1 was not pursued due to 

limited solubility of such preparation at the large doses needed for in situ and in vivo 

models. 
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Table 6.1 Comparison of apical to basoiateral permeability of B，W and OA between 

single compound group and compound mixture group in Caco-2 cell 
monolayer model 

Mixture rat io 

P„pp (X 10 '' cm/sec) 

Mixture rat io B W OA Mixture rat io 

Single Mixture Single Mixture Single Mixture 

1:1:1 5.40±0.85 10.66土 0.98 11.68 士 1.51 14.94 士 0.21 
拳 

10.28 士 2.48 12.11 土 1.03 

pcO.Ol，：/7<0.05 

6.4.2 In tes t ina l a b s o r p t i o n in t e rac t ion a m o n g B, W a n d O A in r a t in situ s ingle-

pass in tes t ina l p e r f u s i o n m o d e l 
¥ 

The interaction among three bioactive f lavones during their intestinal absorption and 

disposition was also investigated on the rat in situ single-pass intestinal perfusion model . 

The compound mixture of B, W and OA was perfused at the ratio of 1: 1: 1 (50 ^iM, 

each). The representative HPLC/UV chromatograms of perfusate samples and mesenteric 

plasma samples were shown in Fig. 6.2 and Fig. 6.3, respectively. For all the studied 

flavones, the cumulat ive amount of their glucuronides in perfusate and mesenteric blood 

as well as the absorbed parent f lavones into the mesenteric blood increased linearly with 

the perfusion t ime (Fig. 6.4a to c). 
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Representative HPLC/UV chromatograms of perfusate samples 
obtained af ter (upper) and before (lower) perfusing 50 辑M of 

compound mixture of B，W and OA (1:1:1，w/w/w) into rat small 

intestine 

B: baicalein, BG: baicalin, W: wogonin, WG: wogonoside, 

OA: oroxylin A, OAG: oroxylin A-7-O-glucuronide, IS: internal 
s tandard 
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Fig. 6.4a Cumulative amount of corresponding glucuronides appearing in the 
perfusate over time after perfusing 50 fiM of B (upper), W (middle), 
OA (lower) into rat small intestine 
B: baicalein, W: wogonin, OA: oroxylin A 
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(middle), OA (lower) into ra t small intestine 

B: baicalein，W: wogonin，OA: oroxylin A 
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Chapter Six 

Permeability coefficients of parent drugs were calculated based on both the appearance of 

the compounds in the mesenteric blood ( P b i o o d ) and the disappearance of the compound in 

the perfusate ( P i u m e n ) . The permeability coefficient ( P b i o o d ) of B, W and OA were 

28.79土8.15x10-6 cm/sec, 23.61±6.66x 10"^ cm/sec and 1 8 . 8 0土 5 . 9 4 x 1 c m / s e c in the 

compound mixture group (Table 6.2). Nevertheless, after perfusing three f lavones 

together, the Piumen of B, W and OA did not change significantly in the compound 

mixture group. This might be due to the high background concentration of these 

compounds in perfusate, which may not al low sensitive detection of the relative minor 

changes in concentrations. On the contrary, comparing with the single compound group, 

the Pbiood values were all significantly increased in the compound mixture group by 20-

fold, 5-fold and 6-fold for B, W and OA，respectively (Table 6.2). 

Table 6.3 summarized the cumulative amount of parent drug and glucuronides, 

Cummins ' s extraction ratio of B, W and OA in the compound mixture group were 
% 

calculated and compared with those in single compound group. A significant increase in 

the absorbed parent drugs in mesenteric blood was observed after three flavones were 

administered together. The corresponding glucuronides of B, W and OA were detected in 

both mesenteric blood and perfusate samples. The cumulative amounts of glucuronides at 

both sides were plotted in Fig. 6.5. Compared with the single compound group, the 

cumulative amount of glucuronides of B, W and OA in perfusate were significantly 

decreased in the compound mixture group, whereas the. cumulative amount of these 

glucuronides in mesenteric blood showed no significant difference between the two 

groups. Since the cumulative amount of glucuronides in mesenteric blood was much 

. 1 7 9 -
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higher than that in the, perfusate, the decreased formation of glucuronides in mesenteric 
_ . 

f • 
blood after perfusing three f lavones together might not be sensitive enough to be detected 

f • 

due to the high concentration background of glucuronides in perfusate. Besides, the 
i ‘ 

Cummins ,s extraction ratio (ER9 was compared between the single compound group and 

compound mixture group to estimate the effect on metabolisms. It was found thai the ER 

of all the three f lavones was significantly decreased after perfusing them together. It was 
‘ » 

suggested that the increase in the amount of parent flavones in mesenteric blood might be 

due to the metabolic competit ion between three flavones during their intestinal absorption. 

Table 6.2 Comparison of permeability coefficients of B, W and OA in perfusate buffer 
and mesenteric blood between single compound group and compound 
mixture group (n=6) 

Flavones 
Plumen 1 0 ‘ cm/sec) Pbiood (X 10-6 cm/sec) 

F lavones 
Single M i x t u r e Single M i x t u r e 

B 1 . 5 2 士 0 . 5 6 3 . 0 7 士 2 . 1 6 1 . 4 4 士 0 . 5 7 2 8 . 7 9士 8 . 1 5 … 

W 2 . 2 7 士 1 . 2 6 2 . 2 4 ± 1 . 3 9 4 . 4 8 ± 1 . 8 6 2 3 . 6 1 士6 . 6 6 … 

O A 3.50 土 1.46 2.72±1.02 3.00 士 1.51 18.80士5.94 … 

，p< 0.001 (significant difference between single compound group and compound mixture 
group) 
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6.4.3 Compet i t ion in g lucuronida t ion of B，W and OA in sub-cel lular f rac t ions anil 

U G T s 

The metabolic competition of liver and intestine glucuronidation among B, W and OA 

were investigated. Human and rat liver microsomes as well as UGT \A9 were chosen to 

study the competition in liver; the intestinal competition were investigated in human 

intestinal microsome, rat intestinal S9 fraction as well as UGT 1A8. The representative 

chromatograms of samples from different sub-cellular fractions and UGT isozymes for 

the compound mixture of B, W and OA are shown in 1-ig. 6.6. 
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Chapter Six 

The generated enzymatic kinetic parameters were listed in Table 6.4a to c. After three 

flavones were loaded together, the concentrations of formed glucuronides were decreased. 

Furthermore, the V 隨 and Km for B, W and OA had dramatically decreased in compound 

mixture group comparing with those in single compound group. In the compound mixture 

group, OA still showed the highest intrinsic clearance among the three studied flavones. 

The results indicated that three flavones competed with each other to form their 

corresponding glucuronides. The reduced metabolism might increase the amount of 

parent drugs remaining, which might prolong their circulation in vivo and increase their 

bioavailability. Such assumption needs further in vivo study to verify if the co-

administration of B, W and OA will increase their systemic exposure. 
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Chapter Six 

6.4.4 P h a r m a c o k i n e t i c s of m a j o r b ioac t ive c o m p o n e n t s in R S a n d t h e i r 

p h a r m a c o k i n e t i c i n t e rac t ions a f t e r o r a l a d m i n i s t r a t i o n 

6.4,4.1 Identification of metabolites of each flavone after oral administration of single 

compound and compound mixture of By Wand OA to rats 

After the oral administration of single compounds to SD rats, only the glucuronides of B, 

W and OA rather than their corresponding aglycones were found in the plasma. The 

representative H P L C / U V chromatograms of the plasma samples are shown in Fig. 6.7. 

Interestingly, in addition to WG, there was a new peak appearing at the HPLC/UV 

chromatogram after oral administration of W. Similar L C - M S / M S identification was 

conducted as described in section 3.2.2.2 of Chapter Three was carried. Considering the 

chemical structure of WG, the new metabolite was proposed to be the glucuronic acid 

conjugate at 5 -OH of W. With respect to B and OA, there was only one metabolite 

detected in rat plasma samples. 

Compared to metabol ism studies on W and OA, the metabolism of B to BG was well 

investigated in urine, bile and systemic circulation. Several studies reported the 

metabolites of BG in human, but the identified metabolites were quite different f rom each 

report. Muto et al. found that baicalein 7-O-gliJcuronide and baicalein 6-O-suIfate were 

predominant metaboli tes after the administration of “S l io - sa iko to” in human (Muto et al., 

1998). After oral administration of Radix Scutellariae commercial powder to human, the 

glucuronides and sulfate of baicalein and wogonin were identified in urine samples (Lai 

et al., 2003). Nevertheless, after oral administration of BG to human, three metabolites 
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Chapter Six 

were identified in the urine samples. They were baicalin, isoform of baicalin with 

glucuronic acid conjugated at 6-OH and oroxylin A-7-O-glucuronide without sulfate 

conjugate of B identified (Che et al.，2001). For the pharmacokinetic studies in rats, 

baicalin was found to be the predominant form in system circulation after intravenous or 

oral administration of baicalein (Wakui et al., 1992). Five metabolites were identified in 

rat bile samples after oral administration of baicalin (Abe et al., 1990). Nevertheless, 

most of the studies treated the plasma samples by hydrolysis with p-

glucuronidase/sulfatase and the amount of conjugates was quantified by the difference 

between hydrolyzed sample and unhydrolyzed sample (Xing et al., 2005, Lai et al., 2002). 

As a result, such hydrolysis treatment method could not differentiate glucuronide from 

sulfates. Besides, the number of glucuronic acid or sulfate conjugated to the parent 

compound cannot be clarified by this method either. 

6.4.4.2 Pharmacokinetic profiles and interactions ofbioactive flavones in RS after oral 

administration 

Theoretically, the administration dose on animal model should be calculated based on the 

human equivalent dose. However, in clinical application, there is no pure form of B, W 

and OA employed and RS is often used in the form of herbal extract. The components of 

such extract are complicated and the content of each component may vary a lot among 

different products. As a result, it is difficult to calculate an animal dose based on the 

traditional human equivalent dose. Since the main focus of the current study is to 

investigate the pharmacokinetic profiles and the interaction among B, W and OA, we 

expected to be able to monitor both the parent flavones and their metabolite in rat plasma. 
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Based on the solubility capabilities of the three tested compounds, the highest 

concentration that could be produced is 1.25 mg/ml each in solvent mixture of PEG 400 

and 20% Solutol ® HS 15 when B, W and OA were mixed. Considering the maximum 

concentration (1.25 mg/ml) and the maximum volume of solution allowed for rat oral 

delivery (1 ml), the dose of 5 mg/kg each was chosen for the mixture of B, W and OA. 

Besides, the choice of the dose was also supported by the study from Chen et al’. in 

which W was orally administrated to Wistar rat at a dose of 5 mg/kg (Chen et al., 2002). 

The plasma concentrations of three glucuronides after oral administration of B, W and 

OA as well as their compound mixture were plotted versus time, respectively (Fig. 6.8). 

After oral administration, there was no parent drug of B, W and OA detected in the 

plasma samples for the single compound group. All the pharmacokinetic parameters were 

calculated based on the plasma concentrations of corresponding glucuronides versus time 

profiles (Table 6.5). BG, WG and OAG exhibited a short T^ax (average 5 min), indicating 

that the parent drug waS quickly absorbed followed by a fast Phase II metabolism 

occurring. This finding complied with our results on Caco-2 cell monolayer model and 

the rat in situ single-pass intestinal perfusion model in Chapter Four. However, in the 

latter two models, the parent drugs could still be detectable in the receiver chamber or in 

the mesenteric blood, whereas the parent compound was barely found in plasma in vivo. 

That was because the loading concentration of drugs was rather higher in the in vitro and 

in situ models in the first place. Moreover, parent drugs did not undergo hepatic 

metabolism on these two models. Since the in vitro enzymatic kinetic study demonstrated 

that hepatic metabolism also contributes a lot to the disposition of the parent flavones, it 
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should not be surprised that no parent compound was detectable in the rat plasma samples 

in vivo. Nevertheless, in the study by Chen et al., wogonin was detectable in 24h after 

oral administration of W to Wistar rats at a dose of 5 mg/kg (Chen et al.，2002). Such 

difference in findings may be caused by two reasons. On one hand, our plasma assay 

method might not be sensitive enough to quantify the parent flavones, but we could not 

exclude the, possibility that there might be some difference between SD rat and Wistar rat 

on the pharmacokinetic of these flavones. 

191 



— • — s i n g l e 

“ mixture 

T ime (min) 

• s ingle 

—•—mix tu re ! 

'haplcr S i x 

— s i n g l e 

• mixture 

T ime (min> 

Plasma concent ra t ion versus t ime profi les of BG, W G a n d O A G 
a f t e r ora l admin i s t r a t ion of single c o m p o u n d as well as the 
c o m p o u n d mix tu re of B，W a n d OA to ra ts (n=6) 

192 

T ime (min) 

W G 

Fig. 6.8 

1
 8

 f
i
-

 4
-

o
 c
i

 c
i

 d
 

(
l
E
/
e
r
l
)

 e
E
S
B
I
d

 u
!

 oc
o
o
 

Oi 

f
 

i 
I 

hr 

{
I
U
J
/
6
r
1
》
e
E
s
e
l
d
 u
|

 oc
o
o

 
一
 

o
e
/
6
3
 B
E
S
e
l
d

 u
!

 oc
o
o

 o
m
 



C
h
 叩

 te
r S

ix
 

T
ab

le
 6

.5
 

]^
ha

rm
ac

ok
in

et
ic

 p
ar

am
et

er
s 

of
 c

or
re

sp
on

di
ng

 g
lu

cu
ro

ni
de

s 
af

te
r 

or
al

 a
dm

in
is

tr
at

io
n 

of
 s

in
gl

e 
co

m
po

un
d 

of
 B

, W
 a

nd
 O

A
 a

nd
 t

he
ir

 c
om

po
un

d 
m

ix
tu

re
 t

o 
ra

ts
 (

n=
6)

 

P
ar

am
et

er
s 

B
G

 
W

G
 

O
A

G
 

P
ar

am
et

er
s 

Si
ng

le
 

M
ix

tu
re

 
Si

ng
le

 
M

ix
tu

re
 

Si
ng

le
 

M
ix

tu
re

 

T
m

a
x 

(m
in

) 

C
m

a
x 

O
lg

/m
l)

 

A
U

C
o^

t 
(^

g*
 m

il
l/

m
l)

 

ti/
2
X
z(

m
iii

) 

5
.0

0
土

0
.0

0
 

8±
2.

74
' 

1.
10

±0
.4

9 
0

.7
7
士

 0
.2

4
 

5
4

.9
8
 士

9
.9

3
 

4
1

.7
5
 士

 1
1

.2
6

 

1
5

5
.2

5
土

4
3

.9
9

 
1

6
1

.3
7
士

 3
1

.8
1

 

1
2

d
b

l0
.3

7
 

9士
 2

.2
4

 

0
.5

7
 士

0
.1

4
 

0
.4

4
士

 0
.1

6
 

68
.3

2±
18

.3
3 

6
0

.4
4
士

 1
3

.1
0

 

1
0

2
.3

1
 士

3
5

.9
3

 
1

9
4

.5
0
土

 1
1

1
.2

1
 

4
.3

3
 士

 1
.1

5
 

6.
25

±2
.5

0 

0.
24

 土
0

.0
8

 
0
.5

8
土

 0
.2

8
 

9
.4

7
 土

0
.9

3
 

25
.5

5±
9.

22
' 

38
.7

5 士
 1

2
-7

4
 

4
7

.3
8
士

 3
5

.5
9

 

:p
<

0
.0

5
 

(s
ig

n
if

ic
a
n

t 
d

if
fe

re
n

c
e 

b
e
tw

e
e
n

 s
in

g
le

 c
o

m
p

o
u

n
d

 g
ro

u
p

 a
n

d
 c

o
m

p
o

u
n

d
 m

ix
tu

re
 g

ro
up

) 

19
3 



Chapter Six 

To compare the pharmacokinetic characteristics among BG, WG and OAG in their single 

compound group, after administrated at the same dose of 5 mg/kg of their corresponding 

flavones, OAG exhibited a much lower AUG than that of BG and WG. Since the 

permeability of OA was comparable to that of B and W as demonstrated in absorption 

models both in vitro and in situ, such lower AUCQ—tof O A G might be caused by the fast 

elimination and distribution of OAG rather than the poor absorption of OA. 

The pharmacokinetic parameters were compared between single compound group and 

compound mixture group for each flavone. The proposed mechanism of pharmacokinetic 

interactions among B，W and OA were summarized in Fig. 6.9. T^ax of BG was longer in 

mixture group. AUCo-»t of OAG was significantly enhanced in mixture group than the 

single compound group. Such findings in rats were different from what were observed in 

vitro and in situ. Since the results on Caco-2 cell monolayer model and rat in situ single-

pass perfusion model suggested that the co-administration of three flavones can increase 

their intestinal absorption. Further results by in vitro enzymatic kinetic study indicated 

that such increase might resulte from the competition among three flavones for the Phase 

II metabolism. As a result, it was expected that the AUCs of parent compounds would be 

increased after co-administration of three flavones together in rat. However, due to much 

more extensive metabolism in vivo, only the pharmacokinetic profiles of metabolites 

rather than the parent flavones could be obtained in vivo. As shown in Fig. 6.7, although 

the parent flavones of B, W and OA were still detectable after oral administration of the 

compound mixture in the plasma samples at Tmax, their pharmacokinetic profiles could 

not be obtained due to insufficient data points. However, comparing with what was 
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observed from single compound administration, such detectable parent f lavones could 

serve as evidence for the enhanced absorption of B, W and OA after their co-

administration. The in vivo results of the detected metabolites demonstrated that only the 

difference in the AUC of OAG was observed rather than BG and WG. The possible 

explanations for the in vivo f indings could be explained from three aspects: 1): As shown 

from the results in the Caco-2 cell monolayer model and rat in situ single-pass intestinal 

perfusion model , the increased absorption of B, W and OA might be due to their 

metabolism competitions. As a result, strong formation of OAG in vivo might resiilte 

from the metabolism competition among three f lavones during their intestinal absorption 

and hepatic disposition. 2): As discussed in Chapter Five of in vitro enzymatic kinetic 

study, the Clint of OA was much higher than B and W，indicating that the formation of 

OAG was much more extensive than BG and WG. 3): B and OA are very similar in 

chemical structure with only difference in 6-C. The hydroxyl group at 6-C of B is 

methylated in OA. Although our above findings on single compound proposed that the 

glucuronidation is the major metabolic pathway after oral administration of each single 

compound, we could not exclude the other metabolic pathways in vivo. As shown in 

previous study, 97% of quercetin was excreted in urine as 3 ' -O-methylquercet in after 

intraperitoneal administration (Zhu et al., 1994). Our previous study on B in rat liver 

cytosol in the presence of S-adenosyl-L-methionine (data not shown here) confirmed the 

possible methylation of B to O A in vitro. When three f lavones are administrated together, 

their competition on metabolism could firstly result in the increased amount of parent 

f lavones retained. However, the chance of B to undergo other metabolic pathways such 

195 



Chapter Six 

as mcthylation could be enhanced, which may further contribute to the increased amount 

o f O A G , the methylated BG at 6 -OH. 

6.5 Conclus ion 

Af\er oral administration, the parent flavones of B, W and OA underwent extensive first 

pass metabolism to form their corresponding glucuronic acid conjugates at intestine and 

liver. Due to the increased polarity and hydrophilicity, these Phase II conjugates 

metabolites were quickly eliminated with relatively short t i版.Co-adminis t ra l ion of B, 

W and OA together resulted in significant increase of absorbed parent drugs in Caco-2 

cell monolayer model and rat in situ single-pass intestinal perfusion model due to the 

competition in their glucuronidation metabolism. However, after oral administration of 

three flavones together in rat, only the metaboli tes were found in plasma. In comparison 

to that obtained from single compound administration, only the A U C of O A G increased. 
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Chapter Seven 

Chapter Seven 

Overall conclusion 

In order to investigate the biopharmaceutic and pharmacokinetic interactions among the 

major bioactive flavones in RS, the current project firstly quantified the content of major 

bioactive flavones in the reference herb and proprietary Traditional Chinese medicinal 

products of Radix Scutellariae. Subsequently, the potential mechanism of the intestinal 

absorption, intestinal and hepatic metabolism and disposition as well as the 

biopharmaceutic and pharmacokinetic interactions of three major bioactive flavones were 

investigated using a series of in vitro, in situ and in vivo models. 

In practice, baicalin was usually employed as a compound marker for the quality control 

of the crude raw material of Radix Scutellariae. However, our content analysis by 

HPLC/UV found that in addition to baicalin (BG), wogonoside (WG) and oroxylin A-7-

O-glucuronide (OAG) as well as the corresponding aglycones including baicalein (B), 

wogonin (W) and oroxylin A (OA) also exist in relatively high amount in Radix 

Scutellariae. Considering their pharmacological activities as well as sufficient amount 

existed in raw herb of Radix Scutellariae, it was suggested that all the six bioactive 

flavones should be involved for the quality control of raw herbs and preparatory 

traditional Chinese medicinal products of Radix Scutellariae. 
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Investigations on W and OA, the two less commonly studied flavones, revealed that they 

did share similar biopharmaceutics characteristics as that of B. Although favorable 

permeability of W and OA were observed in both Caco-2 cell monolayer model and rat in 

situ single-pass intestinal perfusion model, they also underwent extensive intestinal first-

pass metabolism. For both W and OA, their extent of metabolism was even higher than 

90% on Caco-2 model at low loading concentration. The Cummins , s extraction ratio of B, 

W and OA were all above 0.9 when 50 ^ M of them were perfused through a segment of 

small intestine. Therefore, it was suggested that the low bioavailability of the flavones 

including B, W and OA might be caused by their extensive first-pass metabolism. Similar 

to B, the formed glucuronides of W and OA could be detected at both the apical side 

(lumen side) and basolateral side (mesenteric blood side). Such ef f lux transport of 

intracellularly formed glucuronides was also found to be mediated by multidrug-

resistance associated proteins. 

Further in vitro enzymatic kinetic studies of W and OA demonstrated that they underwent 

both extensive hepatic and intestinal glucuronidation in rat and human. It was found that 

their hepatic glucuronidation was mainly catalyzed by U G T 1A9, whereas U G T 1A8 and 

U G T l A l O were responsible for their intestinal glucuronidation. Compared to 

glucuronidation, the extent of sulfation of W and OA was low in human and rat liver 

cytosol with no sulfate conjugates detected in rat intestinal S9 fraction. In addition，the 

hepatic glucuronidation and sulfation of W and OA showed no species difference. 

Among the three tested f lavones in RS, OA demonstrated the highest glucuronidation rate. 
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The pharmacokinetic profiles of B, W and OA were investigated in male Sprague-

Dawley rats. Similar to B, after oral administration, the parent f lavones of W and OA 

were found to undergo more extensive first pass metabolism than what we observed in 

vitro and in situ with no parent flavones detectable in blood samples. The 

pharmacokinetic parameters were calculated based on the profile of plasma concentration 

of their corresponding glucuronide versus time. Due to the increased polarity and 

hydrophilicity, the phase II metabolites were quickly eliminated with relatively short Uniz. 

In addition to the characterization of individual flavones, the biopharmaceutic and 

pharmacokinetic interaction among B, W and OA was finally investigated at in vitro, in 

situ and in vivo levels. After co-administration of B, W and OA, the formed glucuronides 

decreased whereas the absorbed parent flavones increased in Caco-2 cell monolayer 

model and rat in situ single-pass intestinal perfusion model. Besides, the in vitro 

enzymatic kinetic study demonstrated that the B, W and OA competed with each other to 

form corresponding glucuronides. Due to extensive metabolic competition in vivo, co-

administration of three flavones only led to increased AUC of OAG. 

In summary, three major bioactive flavones in Radix Scutellariae were found to be well 

absorbed but subjected to extensive intestinal and hepatic metabolism to form glucuronic 

acid and/or sulfate conjugates, which could be further eff luxed by MRPs. Co-

administration of three flavones together would result in metabolic competition and lead 

to enhancement of parent flavones absorbed. 
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In addition to generating scientific evidence, the present study successfully established 

the first assay method to quantify the major bioactive flavones in Radix Scutellariae, 

which provided better quality control of the proprietary traditional Chinese medicine 

products containing Radix Scutellariae. Furthermore the mechanistic study on the 

intestinal absorption and disposition, hepatic metabolism and the pharmacokinetics 

characteristics of W and OA filled up the blanks in the research of W and OA. The 

interactions study among the bioactive flavones in Radix Scutellariae will provide useful 
% 

guidance in the clinical application of herbal extract. 

Nevertheless, there is further work need to be done. For example, the inhibitors used in 

the identification of potential membrane transporters of WG and OAG in Chapter Four 

are not specific enough. Although MDCK cell lines transfected with human gene of 

specific transporters were further employed, there were only three human transporters 

transfected cell lines available in our lab. In the future, more sensitive and specific 

approaches will be used such as the membrane APTase assay or vesicular transport 

studies utilizing membranes from Sf9 cells overexpressing specific transporters. Besides, 

the drug efficacy and toxicity depend on its concentration. Thus, the change in 

pharmacokinetics will ultimately influence the pharmacodynamic effectss. Further 

experiments will be conducted to investigate whether the pharmacokinetic interactions 

will result in the changes in their pharmacodynamic effects. 
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