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Abstract 

Pyrrolizidine alkaloids (PAs) are hepatotoxic and present in a wide variety of 

plant species. The consumption of PAs through the intake of either PA-conlaining 

natural products or PA-contaminated food stuffs leads to serious health problems in 

human. However, the severity of hepatotoxicity of different PAs varies significantly, 
o 

and thus makes it diff icult to set up the regulation for a universal threshold of. toxic 
p 

dose of individual PAs. In addition, the detailed mechanisms underlying PA-induced 

hepatotoxicity and the resultant hepatic sinusoid occlusion syndrome (HSOS) remain * 

largely unknown, which results in the lack of specific method? for its diagnosis. 

Therefore, the aims of the present study included two aspects: the first is to develop 

a convenient in vitro model for the rapid assessment of the hepatotoxicity of 

different PAs; the second is to identify potential biomarkers for the diagnosis of PA 

intoxication in rats. \ 

The results demonstrated that the developed in vitro model using M T T and BrdU 

assays under optimal incubation conditions was able to discriminate the cytotoxicity 

o f three types o f PAs. Among different PAs tested，clivorine, an otonecine-type PA 

representative, was significantly more toxic than rctrorsine, a rctronecine-type one, 

while platyphylline, a platyphylline-type one, was not toxic. Moreover, the 

cytotoxicity of alkaloid extract of Gynura segetum, a senecionine and 



seneciphylline-containing herb, was comparable to that of these two PAs tested 

individually, demonstrating that the developed model was also suitable for the 

assessment o f PA-containing herb-induced cytotoxicity. 

In the in vivo study, administration of retrorsine to rats produced hepatotoxicity in 

a dose-dependent manner: low dose induced a slight liver injury with an elevation of 

ALT, GSSG/GSH，MPO, and slight loss of SECs; medium dose caused a mild injury 

with enhanced elevation of ALT，MPO, RLW, GSH and GR，and pronounced 

damages in SECs and CVECs; whereas high dose resulted in severe damage 

evidenced by all aforementioned markers plus 1) significant increase in TB and 

LDH, 2) significant increase in GSH but no change in GSSG/GSH indicating the 

initiation of GSH depletion, 3) severe damages in SECs and CVECs, and 4) 

extensive sinusoid hemorrhage and lobular disarray. Using this developed rat model, 

a proteomic study was conducted to identify the modulations of hepatic proteins with 

a general trend of down-regulation at low dose and up-regulation at high dose，while 

remarkable variations were found at medium dose of retrorsine treatment. These 

proteins were found to belong to six clusters according to their functions, including 

proteins responsible for metabolism, related to cell organization, cell proliferation, 

and stress response, involved in thrombosis, as well as proteins related to several 

other functions. Among these modulated proteins, regulations of Cpsl and Atp5b 

were consistently observed at three dosage regimens, and were verified by 

immunostaining and Western blot analysis. 

In conclusion, for the first time, a convenient in vitro model for the assessment o f 

the severity of cytotoxicity of different type o f PAs has been developed. This method 

has a potential to be used for the quick screening the toxicity of PA-containing 

natural products. Furthermore, Cpsl and Atp5b were found to have a potential to be 

developed as specific biomarkers for the diagnosis o f PA intoxication in rats. 



論文摘要 

啦咯裏西淀生物驗(PAS )作爲一種天然库物，廣泛分佈於植物界’被ffl 

作草药和保健茶，或通过污染农作物’引起肝毒性损咨而影响公众健康。由于 

PA种类繁多，毒性强弱不一，0前仍缺乏快速简便的方法统一评价PA的毒性。 

此外，PA引起毒性的机制也不甚清晰，目前仍无特定的手段判定PA中毒及所 

导致的特异性临床症状-肝血赛阻塞症（HSOS)。因此，木硏究R在建立•-•种 

、 

简便的体外模型来评价不同PA对肝细胞的毒性，幷鉴定出与其毒性机制相关的 

体内生物标志物来判定PA中毒。 

结果表明：MTT及BrdU在优化培养条件的HepG2细胞模型中联合应用，可区 
• ， 

分出不M类型PA的毒性’其屮d ivor in ( otonecine型.）毒性强于retrorsine 

(retronecine^LI)，而platyphylline (platyphylline型)未显示毒 1 生。ll七夕f，菊三 

七总生物碱提取物的毒性与其所含的两种PA ： senecionine及seneciphylline毒性 

相当，表明该模型也适合评价含PA天然产物的毒性。体内硏究表明，retrorsine 

所致的大鼠肝毒性呈剂量依赖性。低剂量仪引起ALT、GSSG/GSH及MPO升高， 

肝窦内皮细胞（SECs)轻度受损丟失。中剂量时以上损伤程度加重，并累及巾 

央静脉内皮细胞.(CVECs)。高剂量则导致S著性的血ALT、TB及LDH增加’ 

‘，： 、‘ .外 
SECs及CVECs严重丟失，及广泛性的肝窦出血和肝小叶结构破坏。在该模型上 
逬行的蛋白质组学硏究表明：低剂量retrorsine即导致数十种蛋白表迖下调，这 

些蛋^！与体内物质及能董代谢，细胞构成与增殖，氧化损伤及凝血等功能相关。 

中高剂量也累及以上几类蛋白，但其中一些蛋白表达出现上调’在高剂量时全 

部表现为上调。其中Cpsl、Atp5b及Hspa9在三个剂量中连续出现表达变化。验 

证硏究发现：Cpsl及Atp5b在低、高剂量屮的变化趋势毎蛋白质组学结果一致。 

综上所述，我们首次建立/一个快速简¥的细胞模型来检测不同型PA肝 

细胞毒性的差异，并能区分出有毒和无毒的PA。该方法有可能用于快速蹄选含 

ill 



PA的天然产物的毒性。另外’ Cpsl及Atp5b参与不问剂暈retrorsine所致的肝毒 

性进展，具潜力进一步开发为生物标志物’用于检测PA引起的特异性肝损害 

iv 
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Chapter 1 Introduction 

1.1 Pyrrolizidine Alkaloids 

Pyrrolizidine alkaloids (PAs) are heterocyclic compounds that form a large group 

of plant-secondary chemicals occurring in an estimated 3% of the world flowering 

plants (Smith and Culvenor, 1981). They arc made of two parts: a basic amino 

alcohol，referred to as a necine base, and one or more acids (necic acid) that esterify 
* 

the alcohol groups of the necines (Mattocks et al., 1986). Based on the necine bases 

as shown in Fig.l.1, PAs are generally divided into three types, namely otonecine-， 

retronecine- and platyphylline-type (Fu et al., 2004). Fig.l.2 shows the names and 

structures of the representatives of three type PAs as well as a retrorsine A^-oxide. 

Usually, hepatotoxic PAs have a saturated necine base with a C1-C2 double bound as 

indicated in Fig. 1.1 and are belonging to either retronecine- or otonecine-type 

(Mattocks, 1986; IPCS, 1988). More than 660 PAs and their A^-oxides have been 

identified in over 6000 plants, and about half of them exhibit hepatotoxic activity 

(Roeder，2000; Stegelmeier et al., 1999). 

9 
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Retronecine Otonecine P l3 ty 门 6cine 

Fig.l.1. Common necine bases of PAs. 
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Fig. 1.2. Representative retronecine- (A), otoiieciiie- (B) and platyphylline (C) type 

PAs as well as relrorsine A^-oxide (D). 

1.1.1 Metabolism 

In general, there are three principal metabolic pathways for the metabolism of 

retronecine-type PAs as summarized in Fig. 1.3 (Fu et al” 2004: Yang et al.，2001b). 

The first pathway is hydrolysis of the ester functional groups to form corresponding 

necine bases and necic acids. The second pathway is A^-oxidation of the necine bases 
k 

to form corresponding PA TV-oxides. The third metabolic pathway is oxidation via 

two steps, hydroxylation of the necine base at the C3 or Cg position to form the 

corresponding 3- or 8-hydroxynecine derivatives followed by spontaneous 

dehydration to produce the corresponding dehydropyrrolizidine derivatives-pyrrolic 

esters (Lin et al., 2002; Yang et a l , 2001b). Both the first and second pathways are 

believed to be detoxification mechanisms. The third pathway leads to the formation 
_ 

rav.-
_ 



of toxic metabolites and appears to be the major activation mechanism (Fu ct al, 

2004). 

Otonecine-type PAs have a necine base structurally different from 

relronecine-type (Fig. 1.1 and 1.2). As such, there are only two general principal 

metabolic pathways, hydrolysis and oxidation, for this type of PAs as summarized in 

Fig. 1.4 (Lin et al., 2000a; Lin et al., 2003; Lin et al., 2002; Lin et al., 2000b; Lin el 

al.，2007). The formation of the corresponding pyrrolic esters is through oxidative 

A^-demethylation of the necine base followed by ring closure and dehydration. The 

C? position of the otonccinc-type PAs possesses an R absolute configuration. 

Consequently, the resulting pyrrol ic esters have a necine base identical to that of 

retronecine-type PAs. 

The main metabolic route of PA A^-oxides metabolism is to be reduced to 

corresponding PAs, which are be further metabolized as already described (Chu et al., 

1993; Yan et al.，2008). This reduction has been shown to mainly occur in the gut 

which may be brought about by intestinal bacteria or gut enzymes and also, to some 

extent, occurs in the liver (Powis et al., 1979a, b). 
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1.1.2 Toxicity 

The metabolic formation of pyrroles of PA is catalyzed by hcpatic cytochrome 

P450 monooxygenase (CYP), mainly CYP3A and CYP2B isofonns in humans 

(Omiecinski et al., 1999; Yang et al.，2001a). These metabolites, pyrroles, are highly 

reactive and can react readily with water and other endogenous constituents, such as 

glutathione (GSH), to form the detoxified products. As shown in Fig. 1.5，pyrroles 

may bind with one or two molecules of GSH to form 7-glutathionyl-6. 

7-dihydro-1 -hydroxymelhyl-5H-pyrrolizine (7-GSH-DHP) or 7, 9-diglutathionyl-6, 

7-dihydro-1 -hydroxymelhyl-SH-pyrrolizine (7, 9-diGSH-DHP), respectively (Fu et 

al., 2004; Lin et al., 2000a; Yan and Huxtable, 1995a, b). On the other hand, the 

pyrroles can also rapidly react with proteins and nucleic acids of the tissues, leading 

to DNA cross-linking, DNA-protein cross-linking, and DNA adduct formation (Yang 

et al.，2001b). Thus the reactions of pyrroles with components of the liver cell， 

thereby, affecting their structure and function are the main causes of liver cell 

necrosis ( Fu et al., 2004; Guo et al., 2002; Yang et al., 2001b). 

Sufficiently large dose of toxic PAs can cause rapid death between a few minutes 

and a few hours after intake. This type of toxicity, referred to as peraciite, is not 

related to cytotoxic action. It is associated with pharmacological actions of the 

compounds and death may be preceded by convulsions or coma (Mattocks, 1986). 

Acute cytotoxicity may resultjn/deaths between-2 day and about a week after the 

ingestion of PAs and mainly refer to liver cells (Mattocks, 1986). Animals surviving 

a sublethal dose of cytotoxic PA often shov^ delayed (chronic) toxic effects in the 
、 \ 

liver and sometimes the lungs and elsewhere; such effects may also result from 

multiple (cKronic) intake of smaller amounts of PAs, such as when PAs contaminate 
t t • 

the diet. The mechanism of PA toxicity are believed to relate to DNA binding, DNA 
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cross-linking, DNA-protein cross-linking caused by the reactive pyrroles (Yang et 

al., 2001b; Kim el al.’ 1999). 

There is a good correlation between the degree of hepatotoxicity and the quantity 

of pyrrole derivatives from PA dctccled in the liver (Mattocks AR. 1968). Rats 

receiving an oral administration of monocrotaline, a retronecine-type PA, develop 

progressive injury in the sinusoidal wall (loss of sinusoidal cclls and sinusoidal 

hemorrhage) as well as the terminal hepatic vein endothelium (DeLeve et al., 1999). 

A week after treatment, following severe coagulative necrosis at zone 3 and 

inflammation with monocytes and macrophages, there is progressive fibrosis of the 

terminal hepatic veins and of the parenchyma (DeLeve et al.，1999). Increased portal 

pressure is the main consequence of the structural changes, resulting in increased 

resistance to portal blood flow in the sinusoids and terminal hepatic venules (DeLeve 

el al., 1999). Decreased production of the vasodilator 16 keto-Prostaglandin Fla by 

endothelial and Kupffer liver cells may contribute to the development of portal 

hypertension by increasing the resistance to portal blood flow (DeLeve et al., 1999). 
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Fig. 1.5. Detoxification and toxicity mechanism of pyrrolic ester of two toxic types of 

PAs after phase I metabolism (Fu et al, 2004). 

1.1.3 PAs and Human Health 

Hepatic sinusoid occlusion syndrome (HSOS) caused by the consumption of 

plants containing PAs has been recognized independently as an endemic disease in 

certain parts of the world (Mattocks, 1986; IPCS, 1988). The outbreaks of HSOS 

have affected significant segments of populations or large numbers of people in 

geographically confined areas in Afghanistan, India, and Uzbekistan (Mattocks, 

1986; IPCS, 1989). These outbreaks are caused by contamination of the staple food 

crops with the seeds of plants containing PAs, growing among the crops; such plants 
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are likely to thrive following periods of drought (Roeder, 2000; Stegelmeier el al., 

1999). 

1.1.3.1 Source of Hepatotoxic PAs 

Plants constitute the only natural source of PAs that cause toxic reactions in man 

and animals. The most important genera of PA-containing toxic plants are Crotalaria, 

Senecio, Heliotropium, Trichodesma, Amsinckia, Echium, and Symphytum 

(Mattocks, 1986; IPCS，1989). The recorded cases of human toxicity have mainly 

been caused by at least 12 different PAs, mostly derived from Heliotropium, Senecio, 

and Crotalaria genera (Culvenor et al., 1980). There is a possibility that, upon further 

examination, hepatotoxic PAs may be found, as minor constituents, in strains or 

parts of these plants not yet investigated or under specific conditions of growth. 

Therefore, the species that have been investigated should be fewer when compared 

with the total number of species in each genera. 

1.1.3.2 Pathway of Exposure 

Plants containing PAs are found in most parts of the world and they are readily 

eaten by some animal species. The two main sources of PA poisoning reported in 

human beings are the consumption of cereal grain contaminated by weeds containing 

PAs and the use of PA-containing herbs for either medicinal or dietary purpose. A 

third form of exposure，with the potential to affect large populations is the possible 

low-level contamination of some foodstuffs, such as honey and milk (Coulombe, 

2003). 

1.1.3.2.1 Contamination of Staple Food Crops 

Epidemics of PA poisoning have typically occurred when large numbers of people 

eat foods made from seeds contaminated by either the seeds or dusts of 
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PA-containing plants (IPCS, 1988). To reduce risk posed by PAs, reduction of 

exposure should be the best strategy. While the routinely used grain cleaning 

methods in industrial countries may reduce PA contamination to below the level 

causing acute poisoning by removing the foreign seeds, they do not remove the dust 

component. Thus there are concerns that poisoning could in some instance result 

from chronic exposure to low levels of PAs in products such as cereal grains even in 

the industrialized world (Edgar et al.，2011). However, this exposure is generally not 

recognized by the public. In addition, it is likely that drought, famine and political 

instability wil l also conspire to produce another large-scale outbreak of human 

poisonings. 

1.1.3.2.2 Herbal Medicines 

Plants have been traditionally used for medicinal purposes all over the world and 

have been the mainstay of the indigenous systems of medicine, especially in China, 

Greece, and India, since ancient times (Roeder, 1995, 2000; Roeder and Wiedenfeld, 

2009). Recognition of this mode of human PA intoxication followed investigations 

into herbal teas and their connection with liver disease in Jamaica and other parts of 

the West Indies in the 1950s (Mattocks, 1986). The use of herbal teas made from 

PA-containing plants in treating minor illness is also recognized as a cause of liver 

disease in parts of Africa and other tropical and subtropical countries (IPCS, 1989). 

PA poisoning is more common in developing countries，while industrial countries, 

including the USA, UK, Germany, Switzerland and Austria, have also reported PA 

intoxications resulting from consumption of herbal medicines (Molyneux et al., 

2011). Some of the suspected or known teas that contain PAs have been used as 

herbal medicines as well as home remedies and may be freely available in herbal 

shops in many countries. 
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1.1.3.2.3 Contaminated Honey 

Honey derived from the flowers of PA-containing plants, has been shown to 

greatly exceed the levels of PAs deemed tolerable by some health authorities (Beales 

et al., 2004; Crews et al., 1997; Edgar et al., 2002; Kempf et al.，2010). Honey made 

from the flower of several PA-containing plants belonging to the genera Senecio, 

Echium and Heliotropium contains PAs (Beales et al.’ 2004). Both E. plantaginenm 

and E. vulgare yield popular, mild-tasting, widely traded honeys. For example, the 

highest concentration of PAs reported in honey is originating from Senecio jacobaea 

in 3900 mg/kg (Culvenor, 1983). Echium plantaginenm honey is said to contain up 

to 2300 mg/kg (Beales, Betteridge, 2004) and E. vulgare honey contain 500 - 2800 

mg/kg of PAs (Betteridge et al., 2005). These levels of PAs in honey compare very 

unfavorably with the maximum tolerable level of 1 mg of PAs per kg of food 

allowed by law in the Netherlands (Boppre et al., 2008; Molyneux et al., 2011). They 

may also exceed the maximum of 1 ^ig of PAs allowed per daily dose of herbal 

medicines in Germany (Edgar et al.，2002). Although significant volumes of 

commercial honey from Echium species are produced in several countries, there is 

no monitoring of retail honeys for PA-containing plants. 

1.1.3.2.4 Contaminated Pollen 

It has been suggested that the PAs found in honey may come primarily from 

pollen, a natural contaminant of honey introduced by bees and also by apiarists 

during harvesting of the honey. For example, pollen from Echium Vulgare was 

shown to contain between 8000 and 14000 mg of PAs/kg (Boppre et al., 2008). 

However, pollen are believed to have many health benefits and are being widely sold 

as a health food supplement, thus pollen may contribute to an unrecognized dietary 

exposure to PAs (Boppre et al., 2008). 
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1.1.3.2.5 Milk Containing PAs 

Milk has been proved to be a source of PAs exposure experimentally in animals 

(Mattocks, 1986; Molyneux and James, 1990). No human cases of PA poisoning via 

milk have been reported but Huxtable (1989) refers to several instances where HSOS 

occurred in sucking babies where there was no history of direct herbal administration 

to the infants. 

1.1.3.2.6 Eggs Containing PAs 

There have been a number of reports of poultry being poisoned by PA (Hill et al., 

1997). In one incident involving commercial chickens, wheat containing seeds of 

Heliotropium europaeum was shown to be the principle cause and alkaloids 

characteristic of this plant were found in eggs laid by the chickens (Stegelmeier et al.， 

1999). The levels of PAs in the eggs ranged up to 9.7 mg per egg, considerably in 

excess of the maximum tolerable level specified for human exposure in Dutch and 

German regulations (Edgar et al., 2002). 

1.1.3.2.7 Meats as a Possible Source of PAs 

Many millions of meat-producing livestock are exposed to plants containing PAs 

and PAs poisoning is considered to be the most common poisoning disease of 

livestock worldwide (Prakash et al., 1999). It is however not yet been established 

whether hazardous residues of PAs remain in meat entering the human food chain. 

1.1.3.3 Levels of Intake 

Reliable estimates of levels of intake of PAs are extremely difficult to make 

because sampling of the contaminated grain may not be strictly representative since 

the extent of the contamination may vary in different sites and households (Mattocks, 

1986; IPCS, 1989). The estimated lengths of exposure, and hence the amount of total 
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intake, are also approximate. In an outbreak in India, the estimated daily intake by 

the population was 0.66 mg/kg body weight. In a larger outbreak in Afghanistan, the 

estimated daily intake was 0.033 mg/kg body weight. These intakes, sustained for 

periods of approximate 2 and 6 months, respectively, resulted in typical acute HSOS 

(Mattocks, 1986; IPCS, 1989). A lowest intake rate has been associated with the use 

or misuse of medicinal herbs, which led to an estimated daily intake of 0.015 mg/kg 

body weight after a 4- to 6-month period (Stegelmeier et al., 1999). The dose 

estimates indicate that the effects of PAs in human beings are cumulative at very low 

intake rates. These lower rates of intake may lead to chronic forms of intoxication. 

However, the available information on dose-response relationships is very limited, 

thus at present, there is no evidence on which the degree of risk in these 

circumstances can be evaluated. But more importantly, it is definite that even low 

rates of intake of PAs over a period of time may present a health risk and that 

exposure should be minimized wherever possible (Stegelmeier, 2011; Stegelmeier et 

al.，1999). 

1.1.3.4 Toxic Effect on Human 

There are relatively few reports of human intoxication by PAs comparing to its 

extensive distribution, although some of the incidents described involve large 

numbers of people. It is possible that the recorded cases may represent the tip of an 

'iceberg' of people affected by PAs because medical practitioners are unfamiliar 

with such poisoning，and thus some occasional PA-poisoning cases may be 

attributed to other causes. 

Acute dosing with large amounts of PAs produces primarily liver disease in 

humans, but gastroenteritis may also be seen. Patients may present with vomiting 

and severe abdominal pain. Hepatomegaly, splenomegaly, right upper quadrant 
、 
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abdominal pain, ascites formation and jaundice are seen inconsistently. Toxicity may 

also result from both subacute and chronic exposures. Plant PAs are among the first 

identified toxins which cause sporadic or epidemic intoxication for HSOS (Chen and 

Huo, 2010). 

1.1.3.5 Diagnosis of PA-Induced Hepatotoxicity 

Diagnosis of PA-poisoning is often difficult because the symptoms seldom appear 

until the condition is in its advanced stages, while PAs are usually excreted within 24 

h after intake (Mendel el al.，1988; Winter et al.，1993). Thus it is seldom that a 

physician can see a patient who has, within the last hour or two, ingested a known 

quantity of PAs (Winter et a l , 1994). Diagnosis is only made by the symptoms, 

pathological changes in the liver structure and histology, and analysis of available 

herbal material. A clear distinction between the acute and chronic effects of exposure 

is impossible since the history of onset of disease with intake of the toxic substance 

is not generally available. Therefore, precise dose or temporal relationships between 

PA exposure and the degree of toxicity is difficult to establish (Winter et al., 1993). 

1.1.3.6 Precaution of PA-Induced Hepatotoxicity 

At present, prevention of PA poisoning can be achieved only by reducing or 

eliminating ingestion of PAs through the following procedures (Mattocks, 1986) 

1.1.3.6.1 Control of PA-Containing Plants 

The control of plant populations for this purpose has been carried out only in 

Uzbekistan, USSR, following the epidemics of human disease due to contamination 

of grain by seeds of Heliotropium lasiocarpum and Trichodesma incamim. The 

following measures were thus introduced and supposed to be effective in preventing 

further outbreaks: 1) setting a state standard for the seed grain and quality of grain 
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stored for food; 2) monitoring levels of contamination of flour, bread, and similar 

products; 3) promotion of weed control by governmental authorities and provision of 

legislation to enforce the control measures. 

1.1.3.6.2 Public Education 

Several publications of educational booklets have described the biological, 

environmental, and morphological characteristics of the toxic weeds, their pathways 

of distribution and the causes of the toxicoses experienced (IPCS, 1988; 1989). 

1.1.3.6.3 Prevention of Absorption 

Prevention of absorption is only useful as ingestion has just occurred. There is no 

known way to prevent the liver damage, once a hepatotoxic dose of a PA has been 

ingested. A number of dietary regimes have been found to partially protect animals 

from the acute effects of subsequent alkaloids ingestion (IPCS, 1989). 

1.1.3.7 Treatment of PA-Induced Hepatotoxicity 

No specific treatment options are available and thus treatment is always 

supportive, especially for those cases that have progressed to liver failure (IPCS, 

1989). Hemodialysis may be effective in treating the patient with liver failure but the 

attempts to remove PAs by hemodialysis have not been reported. Possible treatment 

may include blocking metabolism or adding reactive substrate may be able to protect 

the liver. However, it is only useful i f the patients are seen early in intoxication 

(Mattocks, 1986). 

1.1.4 Summary 

PA poisonings in people have been referred to as an "iceberg disease，，because 

reported cases of PA poisoning are probably only a small percentage of the true 
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incidence. The many poisoning cases resulting from consumption of “safe” and 

"natural" supplements emphasize the urgent need for greater awareness of the 

potential adverse effects of herbal produces. Nevertheless, the best strategy of 

reduction of risk posed by PAs should be reduction of its exposure. For this reason, 

several countries have enunciated regulations to restrict PA exposure (Roeder, 2000). 

However, these regulations are based on case studies; they cannot be used as general 

rules and applied universally for all PA-conlaining herbal products. Thus, the 

deficiency of an effective regulation results in several new reports of PAs poisoning 

(Bensaude et al., 1998; Rasenack ct al.，2003). 

1.2 HSOS 

HSOS has long been known as a human and animal disease related to the 

ingestion or administration of certain toxins (DeLeve et al.，2002; Wadleigh et al., 

2003). Although it was first described in Jamaicans who had consumed large 

amounts of bush tea containing PA, HSOS is now best recognized as a complication 

most commonly associated with high-dose chemotherapy after stem cell 

transplantation (SCT) (Helmy， 2006). For example, cyclophosphamide 

(Cyc)-containing regimens are one of the long identified risk factors (Poreddy and 

DeLeve, 2002). 

HSOS generally has an acute onset，characterized by rapidly developing and 

progressing symptoms of upper abdominal discomfort，dragging pain in right 

hypochondrium, ascites, and sometimes oliguria and edema of the feet (Helmy, 

2006). The onset of the disease may be sudden (acute) or insidious (subacute or 

chronic). The acute disease may recover completely or result in death. A few patients 

may go on to the subacute phase, with almost none or.very few symptoms, but a 

persistent hepatomegaly. The patient may subsequently recover completely, or may， 
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after or without apparent clinical improvement, go on lo the chronic phase of 

disease, mostly ending up in cirrhosis. 

1.2.1 Pathogenesis of HSOS 

Unlike most hepatic disorders, HSOS usually presents firstly as portal 

hypertension and then followed by the parenchymal dysfunction. This indicates a 

primary vascular nature of the disease. Pathologically, occlusion of the central 

venules by subendothelial oedema, haemorrhage or fibrosis can easily be detected, 

hence the original name, hepatic veno-occlusive disease (HVOD) (Helmy et al.， 

2005, Helmy, 2006). An animal model of HSOS using monocrotaline, a 

retronecine-type PA, has promoted clarification of the pathogenesis of the disease 

(DeLeve, 2007). A major step forward is lo show that sinusoidal, not venous 

endothelial cells (ECs) are the toxic target of PAs (Chen et al.，2008b; Deleve ei al., 

2003). Thus, HSOS has been proposed to replace the previously used term HVOD 

(DeLeve et al., 2002). In the liver, PA produces ECs damage, dilation of sinusoids, 

sinusoids hemorrhage, and parenchymal cell injury (Wang et al., 2000). Studies in 

vitro prove that PAs directly damage sinusoidal endothelial cells (SECs), directly 

suggesting that these cells，but not parenchymal cells, should be the target of toxicity 

in the liver (DeLeve et al, 1999; Chen et al, 2008). Toxicity to these ECs is 

progressive, beginning with defenestration and gap formation in the SECs and 

central vein endothelia cells (CVECs) lining. The culminating complete loss of ECs 

from the sinusoid and central vein and may progress to complete disruption of 

vascular intima, then result in the ischemic parenchymal、cell injury (DeLeve et al, 

1999). Mechanism studies suggest that besides EC injury, other process such as GSH 

disturbance is also involved in the pathogenesis of PA-induced HSOS (Yan et al， 

1995a, b; Valla, 2008). 
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1.2.1.1 GSH Depletion 

The role of GSH depletion in the pathogenesis of HSOS is evidenced by in vitro 

and and in vivo monocrotaline model studies (Ji et al.. 2008: Taylor et al., 1997; Yan 

and Huxtable, 1996). These include: (i) marked depletion of GSH in SECs before 

cell death, which is the most common biochemical change that is induced by drugs 

and toxins implicated in HSOS; (ii) maintenance of GSH in the presence of such 

toxins prevents cell death; (i i i) continuous infusion of GSH or N-acelylcysteine 

prevents the development of HSOS in the monocrotaline model; (iv) infusion of 

GSH 24 h after monocrotaline only reduces the degree of hepatic sinusoidal injury, 

but to a lesser extent than prophylactic treatment with GSH. 

1.2.1.2 Nitric Oxide (NO) Depletion 

In parallel with the decline in hepatic blood flow, NO levels in the hepatic vein 

were shown to decrease. Indeed, inhibition of NO synthesis in the rat model of 

HSOS caused by sub-toxic doses of monocrotaline aggravated the disease (Copple et 

al., 2006). In addition, infusion of a specific liver NO precursor prevents the 

morphological changes of liver and the clinical features of HSOS (Cheng et al., 

2005). This change suggests an involvement of NO depletion in the development of 

HSOS. 

1.2.1.3 Oxidative Stress 

Oxidative stress plays an important role in HSOS，since administration of GSH or 

its precursor N-acetyl-L-cysteine confers protection against HSOS (Ji et al., 2009; Ji 

et al., 2010). Biliary excretion of GSH and cysteinyl-glycineconjugates of 

monocrotaline pyrrole support the role of thiol compounds in the detoxification of 

PA (Lame et al., 1995), As reactive oxygen species (ROS) have a critical role in 
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monocrotaline induced pulmonary hypertension, it is supposed to be a possible 

underlying mechanism of HSOS (Chen et al., 2001). 

1.2.1.4 Role of Clotting Factors 

The role of clotting disorders in the pathogenesis of HSOS is debatable. Electron 

microscopic study of liver samples obtained from individuals revealed no evidence 

of clotting abnormalities in HSOS (Putzke and Persaud, 1976). In addition, 

immunohistochemical (IHC) studies of autopsy livers did not detect platelets, 

although fibrinogen and factor VI I I were detected in the hepatic veins (Copple et al., 

2002). 

1.2.1.5 Increased Matrix Metalloproteins (MMPs) 
I 

In the monocrotaline-induced rat model of HSOS, there was an early increase of 

matrix metal loproteinase-9 (MMP-9) and a later, lower-magnitude increase of matrix 

metalloproteinase-2 (MMP-2) in the liver (Deleve et al., 2003: Hanumegowda et al., 

2003). In vitro studies showed that SECs are the major source of both basal and 

monocrotaline-induced increase of MMP-9/MMP-2 activity (Hanumegowda et al., 

2003). Monocrotaline caused depolymerization of F-acttii in SECs, and blocking of 

F-actin depolymerization prevented the increase in MMP activity (Deleve et al” 

2003). Administration of MMP inhibitors prevented the signs and histological 

changes associated with HSOS，and may be a therapeutically viable strategy for 

prevention (Deleve et al., 2003). 

1.2.1.6 Apoptosis 

Apoptosis has been described in the livers of animals exposed to several PAs and 

in a human patient who consumed an herbal concoction containing PAs, suggesting 

that PAs produce mixed lesions consisting of oncotic and apoptotic cell damage 
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(Copple et al., 2004; Ji et al., 2005). An intracellular signal transduction pathway, | 

mitogen-activated protein kinases (MAPKs) has been proved to be involved in the 

plivorine-, an otonecine type of PA, induced toxic effects in vitro (Nyska et al., 

2002). The PA-damaged hepatocytes have a decreased level of antiapoptotic protein 

Bcl-x, and an increased e'xpression of the proapoptotic protein Bax, resulting in the 

release of cytochrome c from the mitochondria and induction of the intrinsic 

apoptotic pathway (Gordon et al.，2000a: Gordon et al., 2000b). 

1.2.1.7 Endothelial Injury 

Marked elevation in markers of endothelial injury and adhesion molecules occur 

in patients with HSOS, including plasma thrombomodulin, P-selectin, and 
‘ • ‘ * 
plasminogen activator inhibitor (PAI-1) (Wadleigh el al., 2003). Studies have • _ 

subsequently confirmed elevation of PAI-1 levels in SCT associated HSOS and 
« 

shown elevation of tissue factor pathway inhibitor, soluble tissue factor, 

thrombomodulin, and P- and E-selectin (Wadleigh et al., 2003). Elevation of plasma 

levels of C-reactive protein in allo-SCT patients with severe HSOS, compared with 
< 

those without, also supports the role of IL-6 in the disease process. 

1.2.2 Diagnosis of HSOS 

1.2.2.1 Clinical 
» 

Clinical criteria for the diagnosis of HSOS have been piiljlished by several 

investigators from Seattle and Baltimore (Table 1.1) (Ho et al., 2004; Wadleigh et 

al.’ 2003; Helmy, 2006). The course of HSOS is protracted, and symptoms persist 

for a long period i f caused by chronic ingestion of teas or foods containing PAs. 

However, HSOS secondary to SCT has a more rapidly evolving course. 
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1.2.2.2 Laboratory 

Laboratory markers are usually required for early diagnosis, to assess severity, to 

predict disease outcome, to assess response to therapy, or to detect recurrence 

(Helmy, 2006). Many studies have observed that patients with HSOS have: (i) an 

increase in serum bilirubin, aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) (McCaughan et al., 1995), (i i) an increase in levels of EC 

markers such as hyaluronic acid, von Willebrand factor，plasminogen activator « 

inhibitor-1 (PAl-1) and tissue plasminogen activator (t-PA) (Pihusch et al.，2005)， 

(i i i) an increase of coagulation activation markers, such as thrombin - antithrombin 

21 

Table 1.1 Diagnostic criteria for MSGS (Helmy, 2006) 

Seattle criteria 

At least two of the three following criteria, within the first month after SCT: 

1. Jaundice 

2. Hepatomegaly and right upper quadrant pain 

3. Ascites and/or unexplained weight gain 

Baltimore criteria 

Elevated total serum bilirubin (>2 mg/dL) before day 21 after SCT and two of the 

three following criteria: 

1. Tender hepatomegaly 

2. weight gain >5% from baseline 

3. Ascites . 

Modified Seattle criteria 

Occurrence of two of the following events within 20 days o f SCT: 

1. Hyperbilirubinaemia (total serum bilirubin >2 mg/dL) 

2. Hepatomegaly or right upper quadrant pain of liver origin 

3. Unexplained weight gain (>2% of baseline body weight) because 

of fluid accumulation 
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complexes (Ibrahim et al., 2004); (iv) a decrease in the concentrations of natural 

anticoagulants, such as protein C and antithrombin 111 (Ibrahim et al., 2004); (v) an 

increase in procoagulants such as factor V I I I and fibrinogen (Lee et al., 1998); (vi) 

an increase in thrombopoietin, cytokines, and procollagen peptides (Rio et al., 1993; 

Yasutomo and Himeno, 1993). In addition, low serum protein C levels can 

discriminate between patients with and those without HSOS (Bazarbachi et al" 

1993). 

1.2.2.3 Imaging 

The common ultrasonographic findings reported in patients with HSOS include 

ascites，hepatomegaly, attenuated hepatic flow, hepatic veins or biliary dilatation 

(Matsumoto el al., 2009). Pulsed Doppler ultrasound usually shows a decreased or 

inverted portal blood flow, which is a relatively late finding in patients with HSOS 

(Deeg et al., 1993). Magnetic resonance imaging (MRI) can be used as a 

complementary technique following the non-conclusive ultrasound examination with 

the ability to show hepatomegaly, hepatic vein narrowing, periportal cuffing, 

gall-bladder wall thickening, ascites and pleural effusion (Mortele et al., 2002). 

1.2.2.4 Histopathology 

The most distinctive histolopathological feature of HSOS is a thickening of the 

subintimal zone of central* and sublobular venules. This produces concentric or 

eccentric luminal narrowing (Shirai et al.， 1987). In early stages of the disease, 

thrombosis does not occur and inflammatory cells are few or absent, but biopsies 

show marked widening of the subendothelial zone by the fragmented red cells, 

oedema and fibrinogen that can be identified by imniunochemistry or Mallory's stain 

(Cesaro et al., 2011). In later stages, the non-specific change of chronic venous 
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outflow obstruction predominates leading to perivenular fibrosis, pericellular fibrosis, 

central-central fibrous bridges and eventually cirrhosis. 

1.2.3 Treatment of HSOS 

The limited advance in the knowledge about the pathophysiology of HSOS 

restricts the development of treatment strategy. Thus the way of therapeutic 

measures are mainly supportive care, defibrotide，and liver transplantation (Bearman, 

2000; Chen et al., 2008a; Helmy, 2006). 

Ascites is treated with sodium restriction, diuretics and therapeutic paracentesis 

for discomfort or shortness of breath. Other supportive measures, such as 

haemodialysis and mechanical ventilation, were used in patients with HSOS 

associated with multiorgan failure, while without any improvement in the outcome. 

Heparin plus t-PA showed improvement in <30% of patients with severe HSOS 

(Gruss et al., 1995; Halm et al” 2003). 

Defibrotide, a single-stranded polydeoxyribonucleotide that has specific binding 

sites on vascular endothelium, may have antithrombotic, anti-ischemic and 

thrombolytic effects and reduces leucocyte rolling and adherence to endothelium. 

Therefore, it shows to be a promising treatment of HSOS (Richardson et al.，1998). 

The suggested mechanisms of action of DT on HSOS include: (i) stimulation of EC 

release of tissue t-PA; (ii) up-regulation of the release of NO, prostacyclin 12, 

prostaglandin E2 (PGE2), thrombomodulin and t-PA both in vitro and in vivo; ( i i i) 

decreased release of PAI-1; and (iv) stimulation o f the adenosine receptor. Moreover, 

defibrotide has been shown to decrease thrombin generation, tissue factor expression 

and cndothelin activity (Richardson et al., 1998). 

Liver transplantation should be considered only in patients with severe liver 

failure who are expected to have a good outcome in the absence of liver disease, and 
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those who have undergone bone marrow transplantation for benign disease (Shulman 

and Hinterberger, 1992). Liver transplantation is usually contra-indicated when 

malignancy is present because of the high rates of recurrence, 

1.2.4 Summary 

The etiology of HSOS is now definitely ascribed to two main causes, PA 

intoxication and chemotherapy after SCT. However, the pathogenesis of HSOS 

remains largely unknown; therefore no effective methods have been established for 

its diagnosis and treatment. Thus, HSOS remains a major barrier to successful 

auto-SCT. Hence，treatment for severe HSOS has been ineffective，prevention of this 

formidable transplant complication or PA exposure is tantamount. However, as 

illustrated earlier, it is impossible to thoroughly stop PA exposure, as well as SCT in 

most cases. Thus, a thoroughly investigation of underlying mechanism of HSOS 

would warrant a solution for this issue. 

1.3 Objective of the Present Study 

As discussed previously, chronic ingestion of PAs can cause- HSOS leading to 

death in rodents and human (Chen and Huo, 2010). Due to its extensive distribution 

in large amount of plants, PAs represent a serious public health problem by means of 

PA-contaminated food and/or PA-contained natural products (Edgar et al., 2002). 

However, t i l l now, no strategy has been established for an effective prevention, 

diagnosis and treatment of PA poisoning. The avoidance of consumption of PAs is 
> 

the only known method to control PA-induced toxicity. However, the severity of 

hepatotoxicity of different PAs varies significantly (Mattocks, 1986), which makes it 

difficult to set up a regulation for a universal threshold of toxic dose of individual 

PAs. Thus an understanding of the diversity of PA-induced toxicity would be a 

critical step in its prevention. 
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In addition, despite extensive research efforts made in the past decades to 

understand the process leading to hepatotoxicity after PA exposure, the events that 

trigger the toxic response remain largely unknown, which result in the lack of a 

available method for the specific diagnosis of PA-induced HSOS (Boppre et al, 

2011). Thus all the reported PA poisonings were based on clinical observations and 

conventional histopathological and biochemical indicators of liver injury, such as 

ALT, which are non-specific and do not distinguish PA poisoning from other causes. 

Afterwards, the cases were retrospectively suspected to be associated with PA 

exposures i f the materials digested before and/or during disease progression were 

available and are determined to contain PAs. However, many new PAs poisoning 

cases are still reported (Bensaude et al, 1998; Rasenack et al, 2003; Ka et al, 2006), 

which urge the need for some selective and specific methods for the diagnosis and 

assessment of PA-induced hepatotoxicity. The limited understanding of the full 

mechanism, especially downstream biochemical events after formation of 

pyrrole-DNA or pyrrole-protein adduct, in PA-induced HSOS restrict the 

identification of any specific biomarkers. 

Thus, the objectives of the present study are to: 

1. Develop a simple in vitro model for the rapid assessment of the 

hepatocytotoxicity of PAs. 

2. Assess the hepatocytotoxicity of three types of PAs using developed in vitro 

model. 

3. Develop a reliable animal model of PA-induced acute hepatotoxicity to form a 

solid foundation for the further proteomic study. 

4. Identify the protein signatures and potential biomarkers for PA-induced 

hepatotoxicty using proteomic study. 

5. Find the common pathway and biomarkers involved in HSOS by the 

comparable proteomic study on Cyc-induced hepatotoxiity. 
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Chapter 2 Development of an in vitro Model for the Assessment of PA-Induced 

Hepatotoxicity 

2.1 HepG2 Cell Model 

2.1.1 Introduction 

PA-induced hepatotoxicity represents a major clinical reason accounting for many 

cases of HSOS, most of which are due to unintentional misuse by consumption of 

PA-contaminated food or PA-contained natural products (Lin et al.，2011). Ti l l now, 

there are over 8000 PA-poisoning cases have been reported throughout the world 

including Afghanistan, Britain，China, Germany，Hong Kong, India, Jamaica, South 

Africa, Switzerland, and the United States (Dai et al., 2007). It has been suggested 

that PAs are responsible for livestock loss and may lead to many public health 

problem (Edgar et al.’ 2002). 

To have the PA-induced toxicity under control, several countries have established 

regulations for the restriction of exposure to PA-containing medicinal herbs (Roeder, 

2000). Unfortunately, al) these regulations are based on case studies and they cannot 

be applied universally. Therefore，it is necessary to set up a regulation for a universal 

threshold of toxic dose of individual PAs. However，there are a large number of PAs 

which are divided into different types according to their structures (Fu et al., 2004). 

Based on the structure-toxicity relationship reported (Mattoks, 1986; Wiedenfeld et 

al, 2008), the severity of hepatotoxicity of different PAs varies significantly. Thus a 

better prediction of the diversity of PA-induced toxicity by a systematic assessment 

is important for setting up an appropriate regulation for the restriction of 

PA-exposure. 
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In vitro system, an acceptable alternative to the whole animal model for toxicity 

screening, is generally recognized to be valuable for minimizing the numbers of 

animal sacrificed and amount of compound used. It has now been commonly used in 

the toxicological assessment of chemicals and chemical mixtures. A high 

concordance of drug-induced hepatotoxicity with in vitro cytotoxicity has been 

demonstrated by a cell-based model (O'Brien et al., 2006)”乃、As such, it is 

understandable that the use of in vitro systems is now becoming common in 

investigative toxicology (Dambach et al., 2005). In the present study, we aim to 

develop a convenient in vitro model to rapidly assess the hepatocytotoxicity of PAs. 

In vitro systems such as primary cell cultures, immortalized cell lines, liver slices 

and whole perfused liver are well-established models used for investigative work on 

hepatology (Groneberg et al.，2002; Guillouzo et al., 1997). The primary cell culture 

system consists of confluent cultures of freshly isolated hepatocytes from humans or 

animal and has the full complement of metabolizing enzymes, albeit with inherent 

donor-to-donor variability (Groneberg et al., 2002; Guillouzo et al., 1997). Thus as 

compared to immortalized cells, they may represent an assay system that is more 

representative of hepatocytes in vivo and have proven valuable as a screening 

modality (Guillouzo et al.，1993; Li and Kedderis, 1997; Riley et al.’ 2004). 

However, an immortalized cell line is generally more desirable in terms of the 

ease of culture and relevance to the diseases. Among the human hepatic cell lines, 

the use of HepG2 cell line to assess potential cytotoxicity is promoted by several 

commercial laboratories. The HepG2 cells have been extensively studied as a more 

feasible substitute for primary hepatocytes (El Colli Bennour et al.，2009; Hall et al.， 

1993; O'Brien et al., 2006; Rudzok et al., 2011; Tuschl and Schwab, 2004). In 

addition, the results obtained from HepG2 cells are more predictive than that from 

other human cancer cell line, such as HeLa, ECC-1 and CHO-kl cells (Schoonen et 
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al., 2005a; Schoonen et al.，2005b). Both phase I and I I metabolizing enzymes have 

been found in HepG2 cells and the activities of CYP1A2, CYP2C9, CYP2D6, 

CYP2E1 and CYP3A are proved to be present at levels similar to that in human 

hepatocytes (Hewitt and Hewitt, 2004). Actually, HepG2 cells have been used in the 

study of the hepatocytotoxicity induced by the drugs which only produce toxicity 

after metabolic activation, for example, acetaminophen and even PA-containing herb 

(Neuman et al., 2007; Roe et al., 1993). In the present study, a HepG2 cell model 

was used to elicit the cytotoxicity of PAs and to investigate whether it was applicable 

for the assessment of PA intoxication. 

In cell culture system, it is most unlikely that any single test is able to mimic the 

complexity of a living body; a series of complementary assays should therefore be 

developed. In the present study, four assays measuring different endpoints were 

used: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

evaluates cell viability or cell number by evaluating the activity of mitochondrial 

dehydrogenases, alkaline transaminase (ALT) and lactate dehydrogenase (LDH) 

evaluate cell death by evaluating ALT and LDH leakage respectively through 

destructive cell membrane, glutathione (GSH) investigates a possible GSH depletion 

involved upon PA intoxication in liver cells. These four assays were selected 

because they are classic biochemical parameters for assessing hepatotoxicity and 

examining different mechanisms. 

In addition, the toxic effects of PA are due to the metabolic activation of PA 

mediated by mainly CYP3A4 to form pyrroles in the liver. These pyrroles are 

detoxified by forming conjugation with GSH. Thus a high rate of pyrrole production 

induced by CYP3A4 induction and a low rate of GSH conjugation by GSH reduction 

are supposed to be able to enhance the cytotoxicity of PAs. In this study, GSH 
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reduction and CYP3A4 induction were thus used to improve the sensitivity of the 

cell model. 

2.1.2 Materials and Methods 

2.1.2.1 Materials 

HepG2 cells were acquired from the American Type Culture Collection 

(Rockville, MD, USA). Dulbecco's modified Eagle's medium (DMEM) and fetal 

bovine serum (FBS) were obtained from Gibco Corporation (Grand Island, NY, 

USA). Penicillin G，streptomycin, dimethylsulfoxide (DMSO), MTT, DL-alanine, 

a-ketoglutaric acid, 2, 4-dimitrophenylhydrazine (DNP), 

4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid (HEPES), sodium pyruvate, 

GSH, 5，5-dithio-bis-2-nitrobenzonic acid (DTNB), monocrotaline, retrorsine, 

cisplatin, rifampin and buthionine sulfoximine (BSO) were purchased from 

Sigma-Aldrich Corporation (St. Louis, MO, USA). LDH assay kit was purchased 

from Roche Applied Science (Catalog No, 04744926001, Roche Diagnostics Ltd, 

H.K). A l l other drugs and chemicals were acquired from Sigma-Aldrich unless stated 

otherwise，and were of analytical grade and commercially available. 

2.1.2.2 Cell Culture 
• - 、 

HepG2 cells (passages 10-25) were cultured in DMEM, supplemented with 10% 
\ 

heat-inactivated FBS, 2.2 g/L sodium bicarbonate, 0.1 g/L streptomycin sulfate, 0.06 

g/L penicillin G and 5.958 g/L HEPES. The cells were maintained in a standard cell 

culture incubator at 37°C in a humidified atmosphere with 5% CO2. Cells were 

washed twice in phosphate buffered saline (PBS) before incubation with 

trypsin-EDTA (5 ml) for 3 min. The detached cells were suspended in supplemented 

DMEM. Cell counts were determined by hemocytometry for the addition of cells to 
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96-well plates at a density of 5000 cells/well. The cells were incubated overnight in 

the CO2 incubator to ensure the attachment of the cells to the bottom of the plate 

before drug treatment. 

2.1.2.3 Cell Morphology 

To make sure that the cultured HepG2 cells were healthy prior to use, the cells 

were observed and taken images under the microscope equipped with a digital 

camera (Nikon DS-5Mc) prior to PA treatment. 

2.1.2.4 PA Treatment 

Two retronecine-type PAs，monocrotaline and retrorsine, were initially dissolved 

in DMSO and further diluted with culture medium to final concentrations (0.015, 

0.03，0.14 and 0.28 rtiM or 0.125, 0.25, 0.5, 1，2 and 4 mM). Cisplatin, a common 

used anti-cancer drug, was used as a positive control to make sure that the cell model 

and cytotoxicity assay worked well. Cells in 96-well plate were incubated for 24 h 

with different concentrations of two PAs prior to cytotoxicity assay. 

2.1.2.5 MTT Assay 

After compound incubation, medium was aspirated from the plates and 100 ji l 

MTT solutions (0.5 mg MTT/ml in PBS) were added to each well. Cells were 

incubated for another 3 h at 37°C in a humidified 5% C02/95% air atmosphere to 

allow MTT oxidation by mitochondrial dehydrogenase in the viable cells. Then the 

MTT solution was aspirated and 200 )il DMSO was added to dissolve the resultant 

blue formazan crystals. Plates were shaken vigorously for 30 min. The absorbance 

was measured at 570 nm with 620 nm as reference wavelength using a Bio-rad 

Benchmark Plus Microplate Reader Spectrophotometer (Bio-rad Laboratories, Inc., 
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Hercules, CA, USA). DMSO was used as a blank control. Cell viability was 

calculated as the percentage of vehicle control. 

2.1.2.6 ALT Assay 

ALT activity in medium or cells was measured by standard spectropholometric 

method (Reitman and Frankel, 1957). The samples for generating standard curve for 

ALT activity were prepared according to Table 2.1. For ALT assay, 100 |il of freshly 

collected cell medium or supematants of cell lysaie were added to 0.5 ml ALT 

substrate solution and left in a water bath at for 30 min. Then 0.5 ml of 1 mM 

DNP color reagent was added to the reaction system and incubated for 20 min. Then 

5 ml of 0.4 M sodium hydroxide (NaOH) solution was added to stop the reaction. 

The absorbency of the mixture was detected at 505 nm and was used to calculated 

the ALT activity of each sample based on the standard curve (R^ = 0.9666). 

Table 2.1 Sample preparation for ALT activity standard curve 

ALT substrate 
solution (ill) 

0.1 M PBS 

(K l̂) 

1.5 mM standard pyruvate 
solution (jal) 

ALT activity 
(SF unit/ml) 

400 200 0 0 
400 150 50 23 
400 100 100 50 
400 50 150 83 
400 0 200 125 

ALT substrate sulution: the mixture of 0.2 M L-alanine and 1.8 mM a-ketoglutaric 

acid. 

2.1.2.7 LDH Assay 

The release of cytoplasmic LDH into extracellular environment only occurs in 

dead cells (for example, liver parenchyma cells) or cells that have lost their 

membrane integrity such as hemolysis and thus indicates cell damage (Abraham, 
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2006). LDH activity can be determined by a coupled enzymatic reaction: LDH 

oxidizes lactate to pyruvate which then reacts with tetrazolium salt TNT 

(2-[4-iodophenyl]-3-[4-nitropheny-l]-5-phenyltetrazolium chloride) to form 

formazan. The increase in the amount of formazan produced directly correlates to the 

increase in the LDH activity (Abraham, 2006). The assay was performed according 

to the protocol of the commercially available kit. Briefly, 100 |il of the reaction 

mixture (provided in the kit) was added to 50 jal freshly collected culture medium 

and incubated for 30 min at room temperature. The absorbance of the solution was 

measured at 490 nm, with background subtraction at 620 nm. The LDH activity in 

the medium was expressed as a percentage of the total activity (activity in the 

medium plus activity in cell lysates). The percentage of LDH activity in the medium 

of untreated HepG2 cells (vehicle control) was then subtracted from the percentage 

of LDH activity in the medium of all treatment groups. The resulting value was 

defined as the percent LDH release. 

2.1.2.8 GSH Assay 

The toxic metabolites of PA, pyrroles, conjugate with cellular GSH to form the 

non-toxic GSH conjugate. Thus, cellular GSH level is vital for the detoxification of 

PA and can influence the cytotoxicity of PA. Intracellular GSH content was 

measured following the method as previously reported (Tietze, 1969; Wang et al.’ 

2006) and protein content in the cell lysates was measured by the method o fLowry 

et al (1951). Briefly, 6x10^ cells were seeded on each well of six-well culture plates 

and incubated overnight before PA treatment. At the end of the designated treatment, 

cells were washed with PBS, harvested and lysed by three cycles of freezing and 

thawing in 10 m M HCI. The cell lysates were centrifuged at 10,000 g for 15 min in a 

Sigma 2K15 laboratorium centrifuge with temperature being controlled at 4"C and 

32 

i 

r 



20 ^ M GSH DTNB solution 0.1 MPBS GSH concentration 

_ (Ml)- ( _ 
0 15 285 0 

6 15 279 0.4 

12 15 273 0.8 

24 15 261 1.6 

48 15 237 3.2 

96 15 189 6.4 

2.1.2.9 GSH Reduction 

GSH reduction was hypothesized to be able to enhance the cytotoxicity of PAs 

through reducing the rate of toxic pyrroles conjugating to GSH. BSO, a chemical 

that inhibits the biosynthesis of GSH, switches the total GSH pool towards its 

oxidized form GSSG (Khamaisi et al.，2000), and was applied here to potentiate the 

、 〜 

cytotoxicity of PA. To reduce GSH, the cells were incubated with 4 m M BSO for 3 h 

prior to PA incubation. Then MTT and GSH assays were performed to assess the cell 

viability and GSH reduction, respectively. 

Chapter 2 Development of an in vitro model 

clear supernatant was obtained. The samples for constructing standard curve for 

GSH concentration were prepared according to Table 2.2. Then 48 j i l supernatant 

was mixed with 15 j i l of 1.5 mg/ml DTNB and 237 of 0.1 M phosphate buffer. 

The tube was shaken and left at room temperature for 20 min and then measured at 

412 nm. The GSH concentration of each sample was calculated according to the 

standard curve = 0.9949) and GSH level in drug treatment groups was expressed 

as a percentage of the vehicle control. • 

Table 2.2 Sample preparation for GSH concentration standard curve 
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2.1.2.10 CYP3A4 Induction 

The hepatotoxicity of PAs is from the toxic metabolites mainly produced by 

CYP3A4 (Mattocks, 1968). Accordingly, induction of CYP3A4 should be able to 

increase the cytotoxicity of PAs by enhancing the rate of pyrroles formation. 

Numerous examples have proved that the induction of CYP3A4 could lead to an 

increased production of toxic metabolites of some chemicals (Fuhr, 2000; Li and 

Jurima-Romet, 1907). The methods of CYP3A4 induction used in primary 

hepalocyte cultures have been described previously (Guillouzo et al., 1993; 

LeCluyse, 2001; Venkatakrishnan et al” 2001a; Venkatakrishnan et al., 2001b). 

Similarly, this method was developed in the present HepG2 cell model. To achieve 

this, HepG2 cells were incubated with 50 \xM rifampin, a drug with known 

CYP3A4-induciiig activity (Malsuda et al., 2002), for 24 li prior to PA incubation. 

2.1.2.11 Combination ofGSH Reduction and CYP3A4 Induction 

A high CYP3A4 activity in combination with the low rate of GSH conjugation 

were supposed to be able to bring about more toxic pyrroles from PAs and maintain 

tViem in the liver. Thus, the combinational pre-incubation with 4 mM BSO and 50 

^iM rifampin for 3 h prior to PA treatment was used to promote the cytotoxicity of 

PA through simultaneously increasing the formation of toxic metabolite and 

reducing the detoxified conjugation. 

2.1.2.12 Statistical Analysis 

Al l data are represented as mean values 土 SD and the mean values were obtained 

from 9 data points from triplicate wells in triplicate cultures unless otherwise stated. 

For the comparison of different treatments in two or more than two groups, the data 

were analyzed by student's 广-test or one-way analysis of variance (ANOVA) 
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followed by Bonferroni's multiple comparison post hoc test using Graph Pad Prism 

5.0, respectively. Differences were considered statistically significant at 尸 < 0.05. 

2.1.3 Results and Discussion 

2.1.3.1 Cell Morphology 

Prior to PA treatment, HepG2 cells were observed and their photomicrographs are 

shown in Fig.2.1. The culture of HepG2 cells were about 90% confluent (Fig.2.1 A) 

and healthy with a spindle shaped morphology and granular cytoplasm (Fig,2.1B), 

indicating that the cells were suitable for further cytotoxicity study. 

Fig.2.1. Photomicrographs of HcpG2 cells under low (A: lOOx) and high (B: 200x) 

magnification. 

2.1.3.2 Effect ofPAs on Cell Viability 
• 

As shown in Fig 2.2A，a relative low concentration range of PAs (0.015，0.03， 

0.14 and 0.28 mM) did not exhibit cytotoxic effects on HepG2 cells. Then a higher 

concentration range (0,25, 0.5, 1.0，2.0 and 4.0 mM) was used to induce a detectable 

cytotoxicity. Cisplatin (16 |iM), an anti-cancer drug with known toxic effects on 

HepG 2 cells (Schoonen et al’ 2005)，was used as the positive control. As shown in 
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Fig.2.2B, 16 \xU cisplatin exhibited about 40% reduction of cell viability (尸 < 0.01 

comparing with vehicle control), suggesting that the cell model and MTT assay work 

well for detecting its cytotoxicity. However, the degree of this cytotoxicity was 

lower than that demonstrated in a previous study (over 50% reduction) (Schoonen ct 

al.，2005a; Schoonen et al” 2005b). As the cellular sensitivity to cisplatin-indiiced 

cell death could be determined by the mitochondrial and corresponding cell density 

(Qian ct al., 2005), an optimal cell density was presumed to be able to induce a 

greater cytotoxicity of cisplatin. Accordingly, in several high concentrations of two 

PAs tested, only 1 mM retrorsine and 4 m M monocrotaline exhibited significant 

cytotoxicity. An about 25% decrease of cell viability induced by 1 mM retrorsine 

found in the present model is comparable to the toxic effect of monocrotaline. 

another rctroneciiie-type PA, on primarily cultured hepatic SECs and hepatocytes 

reported previously (DeLeve et al., 1996). Based on the assumption regarding 

cisplatin, the toxicity degree of these two PAs may also be enhanced by exhibiting 

on an optimal cell density. As loss of cell viability is the late event of cytotoxicity, 

some early stage of pathogenesis of hepatotoxicity might be regulated by PA 

exposure. Thus，three conventional biochemical parameters, ALT, LDH and GSH 

assays, were performed to determine PA-induced cytotoxicity. 
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Fig.2.2. Effects of PAs at the low (A) and high (B) concentration range on cell 

viability. *P < 0.05 and **P < 0.01 comparing with vehicle control. 

2.1.3.3 Effect of PAs on ALT Release and Cellular ALT Activity 

ALT concentrations in the medium and cells were measured to assess the plasma 

membrane integrity and biosynthelic capacity of cells respectively. As shown in 

Fig.2.3A, the measured ALT activities in the collected medium were low with a 

large variation. Two PAs at the tested concentrations (0.0625, 0.125, 0.25, 0.5 and 1 

mM) elicited slight elevation on it, indicating that some ALT was released from the 

injured cells. However、the elevating effects of all tested concentrations of PAs were 

insignificant, suggesting no obvious cell death occurred after PA exposure. 

Similarly, cellular ALT activity was not significantly regulated by any 

concentrations of PA exposure (Fig.2.3B)，which on one hand, suggested that no 

obvious increase of biosynthetic A L T occurred, on the other hand, confirmed the 

default effect of PA on inducing A L T release. These results indicated that that the 

losses of cell viability induced by 1 mM retrorsien were not causcd by direct 

cytotoxicity to the cells，but may be by inhibiting cell proliferation. 
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2.1.3.4 Effect ofPAs on LDH Release 

Like ALT assay, LDH release into medium was also used as a measurement of 

cell death by determining whether cell destruction occurred after PA treatment. As 

shown in Fig.2.4, two PAs at the concentration of 0.5 and 1 mM did not induce a 

significant increase of LDH release. This result was in agreement with that obtained 

from above ALT assay, which confirmed that not direct destruction of cell structure 

contributed to the loss of cell viability after the tested PA exposure. 
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Fig.2.4. Effects of PAs on LDH release. Data are represented as mean values 士 SEM 

(n = 3). **P < 0.01 comparing with vehicle control. 
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Fig.2.3. Effects of PAs on (A) ALT release and (B) cellular ALT activity. 
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2.1.3.5 Effect ofPAs on Cellular GSH Concentration 

The toxicity of PA is due to the hepatic formation of a toxic pyrrole that is 

detoxified by conjugation with GSH (Yan and Huxtable, 1994). A previous study 

has established a correlation between hepatic GSH concentration and bile GSDHP 

formation, a compound with much lower toxicity, in the isolated perfused liver, 

indicating that the level of hepatic GSH influences PA metabolism and its toxicity 

(Yan and Huxtable,* 1995a). In addition, exposure to PAs leading to an increase in 

hepatic GSH concentration has been proved to be via the stimulation of overall GSH 

synthesis (Yan and Huxtable, 1995b). Thus，the GSH level should be changed upon 

PA exposure in the present study. Total GSH level of cells is determined by cellular 

GSH concentration and cell number. Thus in order to investigate whether GSH 

depletion occurred in retrorsine-treated cells, both total GSH level as well as cellular 

GSHxoncentration were assessed. 

As shown in Fig.2.5, no significant decreases in these two kinds of GSH level 

were detected after two PAs treatments, suggesting that these two PAs at the 

concentrations tested did not induce GSH depletion. This result obtained from the 

HepG2 cells was not in agreement with the that obtained from perfused liver as 

previously reported (Yan and Huxtable, 1995a(^ which may be caused by a lower 

metabolism capacity of the cells than that of perfused liver to produce enough toxic 

pyrroles to elicit GSH depletion. ‘ 
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Fig.2.5. Effects ofPAs on (A) total GSH level in cell and (B) cellular GSH. 

2.1.3.6 Effect of GSH Reduction on the Cytotoxicity ofPAs 
* 

GSH depletion should be able to potentiate the cytotoxicity of PAs by reducing 

the detoxification of toxic pyrroles of PAs (Yan and Huxtable, 1994). Several 

previous studies have proved that depletion of cellular GSH with BSO makes cells 

more sensitive to some toxic chemicals (Gomez-Quiroz et al” 2008; Hristova et al., 

2007). In addition, the effects of GSH depletion on the cytotoxicty of PAs have been 

proved in two in vitro models (Chen et al., 2008; DeLeve et al., 1996). Thus, a same 

condition, 24 h of 4 mM BSO pre-incubation, was used to induce GSH depletion in 

the present HepG2 cell model. 

As shown in Fig.2.6A, without BSO pre-incubation, only 1 mM retrorsine 

exhibited a significantly cytotoxic effect on HepG2 cells with a significant decrease 

of cell viability. After pretreatment with BSO, the cytotoxic effects of two PAs at 

tested concentrations were all augmented with a significant decrease of cell viability 

(P < 0.05 comparing with the corresponding vehicle control). However, the extent of 

the decreased cell viability induced by BSO pre-incubation was similar in both PA 

treated and vehicle control, indicating that the enhanced cytotoxicity of PAs by BSO 

40 

Chapter 2 Development of an in vitro model ， I..丨丨‘,， 

圓 Retroi Monocrotali 

A 
8
 
6

 
4

 

2

!

:
 

(
I
^
T
i
)

 a
l
B
u
d
u
o
o
I
o
q
 

一
p
a
 d
j

 u
0
{
}
e
j
}
u
9
3
u
0
3

 s^
o
 

00 

80 

60-

40 

20-

(
u
l
p
j
o
j
d
 S
E
/
I
O
E
U
)

 S
S
3

 J
w
l
n
l
p
o
 



Chapter 1 Development of an in vitro model •̂辨̂ "̂̂〜‘"，巧—力〜〜 

pre-incubation was due to the toxic effect of BSO itself. This phenomenon was also 

observed in a previous study for the investigation of whether GSH depletion induced 

by BSO could augment the cytotoxicity of PAs on L-02 cells (Ji et al.，2008). 

The effect of BSO on GSH reduction was confirmed by GSH assay showing a 

20% decrease of cellular GSH concentration (Fig.2.6B). This result was comparable 

to that of cell viability reduced by BSO incubation, suggesting that cellular GSH is 

important for maintaining the life of cell. However, when compared to a previous 

study also performed on HepG2 cells (Wang et al, 2006)，the degree of GSH 

reduction elicited by BSO in our study was insufficient. In that study, a 12 h of 100 

f iM BSO incubation reduced cellular GSH concentration to less than 40% of control 

without toxic effect on cell viability (Ji et al, 2008). Moreover, to elicit a GSH 

depletion effect on different cell types, the concentrations of BSO used are found to 

be largely different (from 10 | iM to 10 mM) (DeLeve et al, 1996; Kliamaisi et al, 

2000; Chen et al, 2009). These two findings suggest that the action of BSO should be 

determined by the cell status and is different among different cell types. 

Furthermore, as BSO is an irreversible inhibitor of intracellular GSH synthesis 

(Griffith, 1999)，an inherent low GSH synthesis rate of the cells may also hamper 

BSO to exert its depleting effect on GSH. The concentration of BSO used and its 

toxic effect on the present HepG2 cells are comparable to those reported in a 

previous study performing on primary hepatocyte cultures，confirming that BSO 

itself was toxic to cells (DeLeve et al, 1999). Therefore, a higher concentration of 

BSO could not be used for further study to induce a greater GSH reduction. 
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Fig.2.6. Effects of GSH reduction on cytotoxicity of PAs. A: Cytotoxicity of PAs in 

HepG2 cells pretreated with BSO for 3 h. B: Decrease in cellular GSH concentration 

in HepG2 cells pretreated with BSO for 3 h. Data are represented as mean values 士 

SEM (n = 2). *P < 0.05 and **P < 0.01 comparing with vehicle control;转P < 0.05 
nM 

and P < 0.01 comparing with the corresponding control. MCT: monocrotaline; 

RET: retrorsine. 

2.1.3.7 Effcct of CYP3A4 Induction on the Cytotoxicity of PAs 

Rifampin incubation was used to potentiate the cytotoxicity of PAs by enhancing 

the formation of toxic metabolite of PAs through induction of CYP3A4. As shown in 

Fig.2.7, the cytotoxicity of 0.5 mM monocrotaline was increased by rifampin 

incubation evidenced by the significant decrease of cell viability (P < 0.05 

comparing to corresponding control). However, in the corresponding vehicle control广' 

cell viability was decreased in a similar degree by the only rifampin incubation when 

compared with that by the incubation with rafampin plus monocrotaline, indicating 

that rafampin itself was toxic to the cells. 

One possible reason for the deficiency of a potentiating effect of CYP3A4 

induction was that the levels of metabolic enzymes in the cells were low，and thus， 

the induction effect might be not adequate. Another explanation was that the weight 
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120i • Control 圓 Rifampin 

Fig.2.7. Effects of rifampin on cytotoxicity of PAs. Data are represented as mean 
u 

values 士 SEM (/? = 3). < 0.05 and < 0.01 comparing with vehicle control; P 

< 0.05 comparing with the corresponding control. MCT: monocrotaline; RET: 

retrorsine. 
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of contribution of different metabolism enzyme in the metabolism of different PAs. 

As discussed previously, in addition to CYP3A4, CYP2E is also responsible for the 

metabolism of PA. Thus, induction of only CYP3A4 may be not enough to produce 

enough toxic metabolite to exert a higher toxicity. Of course, with regard to the 

endpoint measurements, evaluation of a combination of changes in CYP3A4 mRNA 

and protein levels and enzyme activity wi l l provide more useful information for 

interpretation of the present results (Rodriguez et al., 2001; Perez et al.，2003). Thus 

a further study on investigating whether CYP3A4 was successfully induced was 

recommended by measuring the protein express of CYP3A4 and its activity. 
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2.1.3.8 Effect of Combination of GSH Reduction and CYP3A4 Induction on 

Cytotoxicity of PAs 

The combinational use of GSH reduction plus CYP3A4 induction should enhance 

the toxic response of PA by simultaneously reducing the detoxification and 

enhancing the formation of toxic metabolite. This combinational approach may 

allow the increased toxic pyrroles to directly act on cells with depleted GSH level. 

As shown in Fig.2.8，the cytotoxicity of two PAs at concentrations tested was not 

augmented by this combinational incubation. A possibility is due to the failure of 

either GSH reduction or CYP3A4 induction as demonstrated earlier or both. The 

other possible reason is that even the toxic metabolite was successfully increased by 

CYP3A4 induction (not proved yet) accompanied with 20% GSH reduction, whereas 

HepG2 cells might not sensitive enough to display the toxic effect of PA as hepatic 

SECs should be the specific target cell of PAs. 
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Fig.2.8. Effects of the combinational pre-incubation of BSO and rifampin on 

cytotoxicity of PAs. Data are represented as mean values 土 SEM (n = 3). *P < 0.05 

and **P < 0.01 comparing with vehicle control; P < 0.05 comparing with the 

corresponding control. MCT: monocrotaline; RET: retrorsine. 
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2.1.4 Summary 

The comparable toxic potency of PA on the present HepG2 cell model and on 

previously reported primary cultures of liver cells (DeLeve et al, 1996) suggests that 

these two types of cell models have similar sensitivity in detection of PA-induced 

cytotoxicity. Thus, it is suitable to use HepG2 cells for the development of an in 

vitro model for the screening of PAs-induced cytotoxicity. However, the sensitivity 

o f this model is not idea for screening the cytotoxicity of more PAs when the 

concentration is lower than 1 mM. In addition, three conventional hepatotoxicity 

assays，ALT, LDH and GSH assays failed to present a greater cytotoxicity of PA 

than MTT assay，which imply that the decrease of cell viability should not come 

from the destruction of cells as measured by above three assays. 

In order to increase the sensitivity of the model, two approaches, GSH reduction 

and CYP3A4 induction were used to enhance the cytotoxicity of PA. However，both 

each and the combinational usage of two approaches are found unsuccessful in 

potentiating the cytotoxicity of PAs, which may be due to the insufficiency of GSH 

reduction and metabolizing enzyme induction. However, the drugs for eliciting GSH 

reduction or CYP3A4 induction used at the present concentration had a toxic effect 

on HepG2 cells，which indicates that a higher concentration of drugs for inducing a 

greater degree of GSH reduction or CYP3A4 induction are not appropriate in the 

present HepG2 cell model. 

In addition, as discussed earlier, hepatic SECs are the toxic target cells of PA 

intoxication. The toxic metabolite was successfully increased by CYP3A4 induction 

and HepG2 cells may not display the toxic effect of PAs due to its insensitivity to 

PA intoxication. Therefore, a culture of hepatic SECs, the supposed initial toxic 

target of PAs, should be investigated for its application and sensitivity in the 

assessment of PA-induced cytotoxicity. 
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2.2 Co-Culture Model 

2.2.1 Introduction 

In previous part of the study, a simple HepG2 cell model using three conventional 

hepatotoxicity assays was proved to be not ideal for screening the cytotoxicity of 

PAs. Moreover, two approaches aiming to enhance the sensitivity of the model by 

potentiating the cytotoxicity of PAs was found ineffective. The above findings urge 

us to find a more suitable cell model for further study. 

As discussed in chapter 1, it is the sinusoidal, not venous endothelial cells (ECs) or 

parenchymal cells that are the toxi<^larget of PAs (DeLeve el al, 1999; Chen et al, 

2008). Thus, it is rational to assume that a cell model using SECs culture could elicit 

a greater cytotoxicity of PAs. Hepatic SECs are a morphologically distinct 

population of cells thai form the lining of liver sinusoids (Perri and Shah, 2000). 

Features that distinguish hepatic SECs from ECs in other organs and in large vessels 

of liver are the presence of multiple fenestrae throughout the cells and the lack of an 

underlying basement membrane (Braet et al, 1995; Arii and Imamura M, 2000). The 

sinusoids are positioned between hepalocyte plates and initiate at the portal tract and 

terminate at the central vein (CV). Sinusoids carry blood that converges in the liver 

from the portal venous and the hepatic artery (Wake, 1997). The liver is exposed to 

numerous foreign antigens such as toxins that pass through the bowel mucosa and 

enter the portal circulation, thereby gaining access to the liver via the hepatic 

sinusoids (Lalor and Adams, 1999). Due to their position, SECs are the first cells in 

contact with blood flow into the sinusoids (Vidal-Vanaclocha, 1997; Shah，2004), 

which means that they are also the first cells in contact with toxins included in blood 

circulation. 
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In addition, an in vitro model maintaining the cell-cell communication and 

biochemical cross-talk should be essential for an accurate prediction of the toxicity 

of a drug. As discussed in chapter 1, the hepatotoxicity of PAs in vivo is believed to 

involve two aspects: an initial damage to SECs and an ensuing injury to hepatocytes. 

Furthermore, the metabolic capacities of hepatocytes are supposed to be vital for the 

formation of toxic pyrroles of PA to exert their toxicity. However，current limitations 

of single-cell type culture hinder the progress in understanding the features and 

dynamics of heterotypic cell communication pathways critical to developing more 

sophisticated and effective alternative to an in vivo system (Yamato et al, 2002). In 

liver lobules, layers o f hepatocytes and SECs are interconnected to form a 

continuous three-dimensional tissue lattice. Although cell-cell communication 

between SECs and hepatocyte in vivo seems to be essential for interpretation of 

PA-induced hepatotoxicity, efficient cell co-culture methods for mimicking such 

pathogenesis have not been developed (Harimoto et al，2001). 

In this part of study, the cell-cell communications between hepatocytes and SECs 

were achieved by patterning a co-culture of HepG2 cells and human hepatic sinusoid 

endothelial cells (HHSECs). Mechanism studies of PA-induced HSOS suggest that 

GSH disturbance is involved in the pathogenesis of EC injury (Yan'et al, 1995a, b), 

thus GSH reduction was investigated for their action on potentiating the toxic effect 

of PAs on HHSECs. 
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2.2.2 Materials and Methods 

2.2.2.1 Materials 

Giemsa's staining solution and aacetaminophen (APAP) were purchased from 

Sigma-Aldrich. Clivorine (purity > 98%) was isolated from Li^ularia hodgscmii in 

our laboratory using the previously established isolation method (Lin et al, 2000). 

HHSECs (Catalog Number: 5000) from ScienCell Research Laboratories (CA, 

USA) are isolated from human liver and cryopreserved immediately after 

purification and delivered frozen. Each vial contains > 5x105 cells in 1 ml volume. 

HHSECs arc characterized by imiminofluorescent method wilh antibodies to 

vWF/Faclor VI I I and CD31 and guaranteed to liirther expand lor 15 population 

doublings in the conditions provided by ScienCcll Research Laboratories. 

Endothelial cell medium (ECM, Catalog number: 1001) consisting of 500 ml of 

basal medium, 25 nil of FBS (Catalog number: 0025), 5 ml of endothelial cell 

growth supplement (EGGS, Catalog number: 1052) and 5 ml of 

penicillin/streptomycin solution (P/S, Catalog number: 0503) were purchased from 

ScienCell Research Laboratories and was protected from light and it is a medium 

designed for optimal growth of normal human microvascular ECs in vitro. 

Poly-L-Lysine (PLL, Catalog number: 0403), trypsin/EDTA solution (T/E solution. 

Catalog number: 0103), trypsin neutralization solution (TN solution. Catalog 

number: 0113), and Dulbecco's phosphate-buffered saline (DPBS, Catalog number: 

0303) were also purchased from ScienCell Research Laboratories. 

2.2.2.2 Cell Culture 

2.2.2.2.1 HepG2 cells 

The procedures arc same as that described in section 2.1 
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2.2.2.2.2 Human Hepatic Sinusoid Endothelial Cells (HHSECs) 

To set up the culture, the bottom of a 5 ml flask was coaled by the incubation of 

10 PLL and 5 ml sterile distilled water in it at the incubator overnight. After the 

PLL solution was removed, the flask was rinsed tvvicc wilh sterile water and 10 ml 

of ECM was then added into the flask prior lo use. The vial with cryopreserved cells 

was placed and gently rotated in a 37°C waterbalh until the contents were completely 

thawed. Then the vial was immediately removed from the waterbalh and the cells 

were gently re-suspcndcd and dispensed into the equilibrated, PLI.-coated flask. The 

flask was gently shaken to make sure that the cells were evenly distributed and then 

- put into the incubator. The culture was not disturbed for at least 16 h after the culture 

“ was initiated. 

To maintain the cullurc, ihc growth medium was changed ncxl day lo remove the 

unattached cells and residual DM SO included in the cropreserved cells, then every 

other day thereafter. For subsequent subcultures, medium was changed 48 h after 

establishing ihe subculture. Thereafter the medium was changed every other day 

until the culture was approximately 50% confluent. Oncc the culture reached 50% 

confluence, ihe medium was changed every day until the culture was approximately 

•90% contlueni. " 

The cells were sub-cultured when the culture was more than 90% continent. A 

PLL-coaled flask was prepared one day before subculture. Tlic medium. TE solution, 

TN solution, and DPBS were warmed to room temperature prior to use. The cells 

were rinsed with DPBS and then incubate with 3 ml of TE solution until 80% of 

cells were rounded up (monitored with microscope, about 2-3 min). Three ml of TN 

solution were added to the digcstfon immediately and the flask was gently rocked. 

The released cells were harvested and transferred into a 15 nil centrifuge lube. The 
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flask was rinsed with another 3 ml of growth medium lo collect the residue cells and 

was examined under microscope to make sure that less than 5% cells were left 
t 

behind. The harvested cell suspension was centrifiiged at 200 ^ tor 5 min. Cells were 

then suspended in growth medium and were then coiintcd and plated in a new 

PLL-coaled flask. 

2.2.2.2.3 Co-Culture of HepG2 cells and HHSECs 

For co-culture，passage 10-20 of HepG2 cells and passage 2-10 of II I JSECs were 

used. Briefly, 16000 dispensed I IepG2 cells in 2.5 ml DMEM were seeded onto the 

lower hoUom of a 6-we 11 Iranswell plate. The inserts of the transwell plate were put 

in another 6-\vcll plate and prc-coalcd with PLL overnight. Then 64000 dispensed 

HHSHCs ill 1.6 ml LiCM were seeded in the PLL-coaled inserts. After both cells 

were established, the inserts holding MlISECs were put into the 6-we 11 iranswell 

plate which held IIepG2 cells prior lo PA treatment. The medium used for the 

co-ciiltiirc during the process of 1)八 treatment was ECM. 

、 
2.2.2.3 Cell Morphology 

The protocol is described in detail in section 2.1.2.3. 

2.2.2.4 PA Treatment 

Relrorsine were initially dissolved in DMSO. APAP was dissolved in saline and 

was used as a positive control since an overdose of APAP could also induce 

hepatoloxicity mediating by its toxic metabolites (Gibson et al" 19%) which are 

formed through CYP3A4-niediated hcpatic metabolism (Cheng cl al., 2009). Like 

PAs, the specific toxic large I of APAP has also been proved to be the SBCs (DeLeve 

cl al., 1997). Reti.oi.sine and APAP stock solutions were further diluted with culture 

medium to final concentrations. Cells in 6-weII iranswell plate (for co-culture) or in 
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96-well plate with 4000 cclIs/well (for separated culturc) were incubatcd for 24 h 

with different concentrations of retrorsine or APAP before cytotoxicity assay. 

2.2.2.5 MTT Assay 

For 96-well plate, the procedure is same as that described in section 2.1.2.5. For 

six-well transevvell plate, the inserts holding HUSBCs were taken out from the stack 

of the transwell plate and put in another six-well plate. Then medium in the trans we 11 

was aspirated from the HcpG2 cells it holding and 600 jil MTT solutions (0.5 nig 

MTT/ml in PBS) were added to each well for both the transwell and inserts. After 3 

h of incubation, the MTT solution was removed and cell were observed and taken 

images under the digital camera-equipped light microscope, thereafter dissolved in 

DM SO for absorbancc measurement. 

2.2.2.6 Gicnisa's Staining 

After PA incubation, the cells were fixed with 10% formalin for 30 min and then 

rinsed twice with PBS. Giemsa.s solution was added into cells. After 15 min 

staining, the Giemsa's solution was removed. The cells were observed and taken 

images under the digital camera-eqiiipped light microscope, 

2.2.2.7 Acridine Orange Staining 

Acridine orange is a lysosomotropic agent emitting bright fed fluorescence in 

acidic vesiclcs including lysosoines but fluoresced green in cytoplasm and nucleus 

(Paglin et al., 2001). It is commonly used to observe the formation of acidic 

vesicular organelles, suggesting macroaiitophagy (Klionsky et al., 2008). To 

investigate whether the medium affected the function of both type cells, the 

formation of acidic vesicular organelles in cells cultured with two kinds of mediums. 

DMEM and ECM was determined by acridine orange staining. To further investigate 
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the toxic effect of PAs on aiitophagy, acridine orange was added at a final 

concentration of 1 |ag/ml for 15 min after 24 h of PA exposure. Images of the cells 

were obtained with a fluorescence microscope (Nikon TSIOO-F) equipped with a 

50-W mercury lamp, a 450-490-niTi band-pass blue cxcitation filters, a 505-nm 

dichroic mirror, a 520-iim long pass-barrier filter, and a digital camera (Nikon 

DS-5MC). 、 • 

2.2.2.8 GSH Depiction on Separately Cultured HHSECs 

GSH depletion was supposed to potentiate the cytotoxicity of PA through 

reducing the available GSH for conjugating the toxic pyrroles. To induce enough 

GSH depletion and make sure that the cells were not severely damaged, 4 mM BSO 

was pre-inciibated with cell for 24, 36, 48 and 72 h respectively prior lo MTT and 

GSH assays. Then the incubation time was fixed and different concentrations of 

BSO were tried to find out an optimal concentration with minimal cytotoxicity. After 

that, a fixed incubation time and BSO concentration were determined and they were 

used to induce GSH depletion prior to 0.125-1 n iM retrorsine treatment. 

2.2.2.9 Statistical Analysis 

The methods are same as that described in section 2.1.2.12. 

2.2.3 Results and Discussion 

2.2.3.1 Morphology of Cells Prior to Drug Treatment 

As shown in Fig.2,9A，prior lo co-culture with HepG2 cells for PA treatment, the 

culturc of HHSECs was about 90% confluent. The cells were healthy with a spindle 

shaped morphology, long fiber and nongranular cytoplasm (Fig.2.9B), indicating the 

culture of HHSECs was ready for further study. The morphology of well established 
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that described HepG2 cells prior to co-culture and PA treatment was demonstrated as 

in section 2.1.3.1. 

|SS w 'ChapW 2 Development of an in vitro 

Fig.2.9. Photomicrographs of HHSECs under low (A: l O O x ) and high (B: 200^) 

magnification. 

2.2.3.2 Cytotoxicity of Retrorsine on Co-cultured HepG2 cells and HHSECs 

As shown in Table 2.3, the toxicities of 1 mM retrorsine and 10 miM APAP on 

HHSECs were obviously greater than that on HepG2 cells in the co-culture system. 

This result was confirmed by the morphology observation shown in Fig.2.10, in 

which retrorsine and APAP induced a greater decrease of cell number on HHSECs 

than on HepG2 cells. However, the morphology of co-cultured HepG2 cells was 

changed with the formation of some long threads as shown in Fig.2.1()A. 

Table 2.3 Effect of PA on cell viability of co-cultured HHSECs and HepG2 cells 

Cell 
Reduction of cell viability (%) 

Cell 
Vehicle control 1 mM RET 10 mM APAP 

HHSEC 0 24.8 54.7 

HepG2 0 14.1 24.8 

RET: retrorsine. APAP: acetaminophen. n = 2. 
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Fig.2.10. Toxic effects of retrorsme on co-cultured HepGz cells (A-C) and HHSECs 

( A ' - C ) determined by MTT staining. A and A，： Vehiclc control. B and B': 1 mM 

retrorsine treatment and C and C : 10 mM acetaminophen treatment. (200 x 

magnification) 

2.2.3.3 Morphology of Co-cultured HepG2 Cells and HHSECs 

To confirm above observation obtained from MTT assay, co-cultured HepG2 cells 

and HHSECs were stained with Giemsa's solution and then observed under light 

microscope. As shown In Fig.2.11 A, HepG2 cells exhibited a morphologif^al change « 

with long fiber formation. Furthermore, 1 mM retrorsine or 10 APAP elicited a 

decrease of cell numbers of both types of cells (Fig.2.1 IB and B’ and Fig.2.1 IC and 

C’）. The loss of cells induced by both compounds was more severe on HHSECs than 

that on HepG2 cells，which were in agreement with the results obtained from MTT 

assay. 
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Fig.2.11. Toxic effects of retrorsine on co-cultured HepG2 cells (A-C) and HHSEC 

( A ' - C ) determined by Giemsa's staining. A and A’： Vehicle control. B and B,: 1 

mM retrorsine and C and C,: 10 mM acetaminophen treatment. (200 x 

magnification) 

2.2.3.4 Autopliagy of HepG2 Cells and HHSECs 

The term autophagy (Greek, “to eat oneself) does not refer to a death process; it 

denotes an evolutionarily conserved catabolic process by which the cell degrades its 

cellular content through the lysosomal system. Autophagy is the major regulated 

mechanism of cell for degrading long-lived proteins and the only known pathway for 

degrading organelles. During autophagy，an isolated membrane forms，presumably 

arising from a vesicular compartment known as the preaiitophagosomal structure, 

invaginates, and sequesters cytoplasmic constituents including mitochondria, 

endoplasmic reticulum, and ribosomes. The edges of the membrane fuse to form a 

double or multimembranous structure, known as the autophagosomc or autophagic 

vacuole. The outer mejnbrane of the autophagosome fuses with the lysosome (in 

mammalian cells) to deliver the inner membranous vesicle to the lumen of the 

degradative compartment. Degradation of the sequestered material generates 
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nucleotides, amino acids，and free fatty acids that are recycled lor macromoiecular 

synthesis and ATP generation (Levine and Yuan, 2005). Autophagy occurs at low 

basal levels in all cells to perform homeostatic functions (e.g., cytoplasmic and 

organelle turnover) but is rapidly up-regulated when cells need to generate 

intracellular nutrients and energy (e.g., during starvation or trophic factor 

withdrawal), undergo architectural remodeling (e.g., during developmental 

transitions), or rid themselves of damaging cytoplasmic components (e.g., during 

oxidative stress, infection, and accumulation of protein aggregates). Nutritional 

status, hormonal factors, temperature, oxygen concentrations, and cell density are 

important factors in the control of autophagy (Levine and Yuan, 2005). Therefore, 
V 

autophagy functions across a diverse range of species as a pro-survival pathway 

during nutrient deprivation and other forms of cellular stress. Paradoxically, in cells 

that cannot die by apoplosis and, more speculatively, in cells that cannot be removed 

by engulfmenl of cells, the autophagic machinery may also be used for 

self-destruction. 

To determine whether the morphological change of HepG2 cells was induced by 

the medium used in co-culture system and explore the possible mechanism of PA 

intoxication, acridine orange staining was performed on MepG2 cells. When cells 

were cultured in ECM, the medium used for co-culture system, HepG2 cells showed 

morphological changes with long fiber formation as indicated in Fig.2.12A\ When 
声 

HepG2 cells were separately cultured in DMEM, both 1 m M retrorsinc and 10 mM 

APAP induced an obvious decrease of cell numbers as well as increase of autophagic 

vesicular organelles formation (Fig.2‘12B and C), which was also observed in 

relrorsine treatment when cells were cultured in ECM (Fig.2.12B,). After 10 mM 

APAP treatment, cells were severely disrupted and no such increase of autophagy 

was observed. This result suggested that the damage induced by 1 mM retrorsine in 
56 

I 

I 
I： 
w 

I 

I 
I 
I 

I 
I 

r 

r 

h： 

V 
L 

I 

-



‘ Chapter 2 Development of an m vitro model 

HepG2 cells was mainly through autophagy which leads the cells to rid themselves 

of damaged cytoplasmic components due to oxidative stress caused by retrorsine 

treatment. ‘ 

Interestingly, when HHSECs were co-cultured in ECM together with HepG2 cells， 

they showed a normal morphology but with lots of autophagic vacuole formation as 

indicated in Fig.2.13C, implying that the function of HHSECs underwent changes 

which might be caused by cell communication with HepG2 cells. Then an alternative 

of culture medium, DMEM, was investigated for its effect on HHSECs culture. As 

indicated in Fig.2.13A'-C', the morphology of HHSECs was changed by DMEM 

with some loss of long fiber. However, different from that observed in HepG2 ceils, 

except for resulting in a decrease of cell numbers, both 1 mM retrorsine and 10 mM 

APAP did not elicit an obvious increase of autophagic vacuole formation. This result 

indicated that the toxic mechanism of retrorsine on two cell types might be different. 

The above results regarding the effects of two different culture mediums on the 

morphology and function of two cell types suggested that due to the medium 
f 

incompatibility and possible cell communication, co-culture system using HepG2 

cells and HHSECs was nol recommended for further investigation. 

mm 
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Fig.2.12. Toxic effects of retrorsine on HepG2 cells cultured in DMEM (A-C) or 

ECM (A，-C,) determined by acridine orange staining. A and A，： Vehicle control. B 

and B’： 1 mM retrorsine. C and C : 10 mM acetaminophen treatment. (200 x 

magnification) 

Fig.2.13.Toxic effects of retrorsine on co-cultured HHSEC in ECM (A-C) or 

separately cultured HHSEC in DMEM (A，-C，) determined by acridine orange 

staining. A and A，： Vehicle control. B and B，： 1 mM retrorsine treatment. C and C : 

10 mM acetaminophen treatment. (200 x magnification) 
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Cytotoxicity x)f Rctrorsmc on Separated Cultured flcpG2 cells and 

HHSECs 

The sensitivity of the two cell models, HcpG2 cells and HHSECs. for the 

detection of PA cytotoxicity under separately cultured conditions was compared. As 

shown in Fig.2.14, the cytotoxicity of different concentrations of reirorsine was 

similar in both cells, indicating that these two cell models had similar sensitivity for 

the detection of PA cytotoxicity. 
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Fig.2.14. 

HHSECs. 

。 \ 〜 、 
Retrorsinc (mM) 

Cytotoxicity of retrorsine on separately cultured MepG2 cells and 

Data are represented as mean values 土 SEM (n = 4). **P < 0.01 

comparing with the corresponding vehicle control. 

2.2.3.6 Effect of GSH Reduction on Cytotoxicity of PA in Separated Cultured 

HHSECs . 

As discussed earlier, HHSEC should be the toxic target of PA. Thus, GSH 

reduction is thought to be effective for promoting the sensitivity of the separately 

cultured HHSEC model. Firstly, the effects of 4 mM BSO on GSH reduction and 

cell viability of HHSHCs were investigated. As shown in Tabic 2.4, 4 mM BSO 

induced a decrease of cellular GSH level and cell viability in a time-dependent 
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manner. The cell viability was significantly decreased since 36 h incubation. To 

avoid a more excessive cell loss prior to PA treatment, 36 h of incubation was 

selected for further study. Table 2.5 shows the effect of 36 h incubation of BSO at 

different concentrations on cell viability of HHSECs. BSO induced the decrease of 

cell viability in a concentration-dependent manner, which was significant at ] mM 

and higher concentrations. Then, the concentration of 2 mM was selected since 

among the three concentrations (1, 2 and 4 mM) having similar cytotoxicity to 

MHSECs, this concentration showed a relatively lower variation. When the cells 

were pre-incubated with 2 mM BSO for 36 h, the ccll viability of HHSECs was 

significantly decreased (P < 0.05 comparing with vehicle control). The ccll viability 

ol' HHSECs treated with different concentrations of relrorsine in the presence of 

BSO was lower than that in the absence of BSO {P < 0.05 ox P > 0.05 comparing 

with corresponding vehicle control) (Table 2.6). However, the reduced cell viability 

induced by retrorsine was comparable to that induced by vehicle control, suggesting 

that the decrease of cell viability was due to the toxic effect of BSO itself. 

Table 2.4 Effect of 4 mM BSO on GSH reduction and cell viability in HHSECs 

BSO incubation 
time (h) 

24 

36 

48 

72 

GSH level 
(% vehicle control) 

71.7 土 13.7* 

57.9 土 

46.2 士 12.4*: 

23.6 士 5.1** 

Cell viability 

(% vehicle control) 

92.4 土 2.4 

79.5 土 4.9* 

65.8 土 9.7* 

35.7 士 4.2** 

< 0.05 and < 0.01 comparing with the corresponding vehicle control, 
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Table 2.5 Effect of 36 h BSO incubation on cell viabilitv in HHSECs 

BSO (mM) Cell viability (% vehicle control) 

0.25 93.2 士 3.5 

0.5 89.4 士 2.1 

1 82.0 土 6.5* 

2 80.0 土 2.5* 

4 79.5 土 4.9* 

< 0.05 comparing with vehicle control. 

Table.2.6 Effect of 36 h of 2 niM BSO incubation on cytotoxicity of retrorsine in 
HHSECs 

Retrorsine 
(miM) 

Cell viability (% vehicle control) 

Control BSO 

0 100.3 d .4.5 80.0 d b 2.5' 

0.125 77.1 d b9.3* 75.7 i ：11.1* 

0.25 76.4 d b5.4* 
> 

70.9=1 :4 .4** 

0.5 73.9. b 11.4* 61.5: t 3.0** ' 

I 65.4 士 4 . 2 " 61.8 d 

*P < 0.05 and **P < 0.01 comparing with the corresponding vehicle control; < 
0.05 comparing with control. 

2.2.4 Summary ^ 

When compared with on co-cultured HepG2 cells, the cyioxicity of PA on 

co-cultured HHSECs was enhanced to some extent. However, the toxic 

concentration was still around mM level, suggesting that the co-culture model was 

also not sensitive enough for an accurate prediction of PA intoxication in cells. In 
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addition, the morphology and function of both lIepG2 cells and l-IHSECs were 

changed in the co-culture system. The incompatibility of the medium for two cell 

types has been proved to be the main reason and there was no alternative medium 

available at present which could be simultaneously suitable for both cells. Therefore, 

separately cultured HHSEC model was then investigated. I he results indicated that 

the extent of cytotoxicity of PA on HMSF.Cs was similar lo that on l lepG2 cells. 

GSH depletion was also not effective for potentiating the toxicity of retrorsine on 

HHSECs. As discussed earlier, the cell-cell cpmmiinication between hepatocytes and 

SECs are complex and this complexity may contribute to the lack of a well 

established pathogenesis of PA-poisoning, resulting in difficulties in developing an 
• . ‘ ‘ 

effective in vitro svstem for the demonstralioii of I)A' intoxication. In addilion, 

HHSEC is a newly developed human cell line, its value of application in expressing 

the real function of hcpatic SEC await further investigation. Thus, considering the 

expense and simplicity, HepG2 cell model was investigated again for I'lirthcr 

development of the model. 
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2.3 Optimized HepG2 Cell Model , 

2.3.1 Introduction 

As discussed earlier, a 25% decrease of ccll viability induced by 1 mM retrorsine 

found in our HepG2 cell model is comparable to the inhibitory effect of 

monocrotalinc, another rctronecine-iype PA，on primary cultured hepatic SECs and 

hepatocyles (DeLeve et al., 1996). This result suggests thai the llepG2 cell line is an 

effective cellular system for evaluating PA-induced cytotoxicity. The relative high 

concentration (mM) of retrorsine needed to induce the toxic cfleets indicates that it is 

the mcHibolile, not liie prodrug itself thai causes the cytotoxicity. Based on the toxic 
• 

potency of cisplatin (bund in section 2.1.3.1, there should be a balance in the cell 

number between producing enough toxic metabolite of PA and exhibiting detectable 

cytotoxic response to FA. In addition, some factors that may inllucncc the 
,. 、。； -

cytotoxicity, including incubation period, vehicle control, aiid protein binding were 

also investigated to find oplimal incubation conditions for eliciting a greater 

cytotoicity of PAs on HepCi2 cells. 

SiiKC multiple and dilTcrenl early measurements of toxicity mechanisms are 

critical for the detection.of toxic potential (Gerets et al., 2009), there is a need (or 

nieasuremcnl of multiple, independent and early mechanisms of cytotoxicity. In the 

present study, six cytotoxicity methods which measure dilTereni endpoinls were 

appraised for their application in detection of PA*-induced human hepalotoxicity in 

HepG2 cclls. Ccll viability was assayed by MVT and the ability to uptake of neutral 

red into lysosomes. Bio-reduction of resazurin by viable cells and the binding of 

cellular protein to sulforhodamine B (SRB) were also investigated for the evaluation 

of cell survival. Cell proliferation was assayed by quantification of incorporated 

bromodeoxyuridine (BrdU) in the newly synthesized DNA of replicating cells (Gage 
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Chapter 2 Development of an in vitro model 

ct al., 1995). Cell death was evaluated by assessment of LDl l which only leaked 

through the ruptured cell membrane. These six assays were selected to be appraised 

because they are easily adaptable to %-\vell plates and able to accommodate a large 

number of samples, and are representative of several mechanisms. 

2.3.2 Materials and Methods 

2.3.2.1 Materials 

Neutral red, resazurinc and SRB were purchased from Sigma-Aldrich Corporation 

(St. Louis, MO，USA). Cell proliferation FiLlSA, BrdlJ kit, was purchased from 

Roche Applied Science (Germany). 

2.3.2.2 Cell Culture 

The details arc described in section 2.1.2.2. ‘ 

2.3.2.3 Optimization of Incubation Conditions 

2.3.2.3.1 Investigation of the Course of Onset of Cytotoxicity of Rctrorsinc 

In ni^st cases, long time incubation wil l increase the toxicity of toxic drugs. In a 

preliminary experiment with retrorsine the optimal time Ibr treatment of cells was 

determined. Cells (5000 cells/well for 96-well plate) were incubated with 0.5 or 1.0 

mM retrorsine for 24 or 48 h in the presence of 10% FBS before M' \T assay. 

2.3.2.3.2 Test of the Influence of DIMSO Percentage on Cell Viability 

Most PAs were insoluble in aqueous environment, DMSO was used as the 

alternative solvent and the maximal concentration of retrorsine in DMSO was 200 

mM. To rule out the toxic ciTect of DMSO on cell viability, 0%, 0.5%. 0.75% and 

1.0% were tested as controls. 
t 
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2.3.2.3.3 Determination of Optima丨 Cell Density 
\ 

The seeding densities of the cell, 2000, 3000, 4000 and 5000 cells per well, were 

set to grow to 80 lo 90 percent of confluence for analysis. The cells were allowed to 

attach overnight and then incubated with 0.5 mM relrorsine for 24 h before MTT 

assay. For positive control, 16 f.iM cisplatin with known effect were added in 

triplicate to each plate lo confirm quality of testing for the plate. 

2.3.2.3.4 Test of the Influence of FBS Percentage on the Cytotoxicity of 

Retro rs in c 

Since most PAs exert their toxicity by binding to proteins, FBS, with large 

amounts of proteins, has been generally suggested not to be used in the drug 

treatment of PA in vitro. To gauge the influence of the FBS on the cytotoxicity assay 

ol'relrorsine, FBS with diffcrcni percentages, ranging from 0% to 10%, were tested. 

2.3.2.3.5 MTT assay 

The details arc same as that described in 2.1.2.5. 

2.3.2.4 Sclcction of Cell Viability Assays on HcpG2 Cell 
• » 

2.3.2.4.1 Cell Culture 

llepG2 cells were seeded in %-well assay plates with 2000, 4000 and 8000 

cells/well in 100 }.il DMEM containing 10% FBS and cultured overnight at 37°C in a 

humidified 5?/() CO： and 95% air atmosphere. After another 24 h of incubation with 

FRS free DMEM, The cell viability was assessed by MTT, neutral red, resazurin and 

SRB assays and calculalcd as percentage of 8000 cells八veil. 

2.3.2.4.2 MTT assay 
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Colorimetric assays of cell viability, activation and proliferation based on the use * 

of the tetrazolium salt MTT have proven to be extremely useful (Ferrari el al.. 1990). 

The MTT is a means of measuring "the activity of living cells by assessing the 、’ 

activity of mitochondrial dehydrogenases. As the cell loses viability (metabolic 

activity) and decreases mitochondrial lunction, its ability to perform the conversion 

decreases. However, it is not uncommon for some chemicals to increase metabolic ^ 
、 

activity in a cell, which would result in increased mitochondrial succinate 

dehydrogenase activity. In addition, succinate dehydrogenase is an enzyme in the 
mitochondrial inner membrane and sensitive to local changes in ion concentration « 

,and ion (lux. Therefore, the activity of this enzyme can be increased with the 

appropriate ionic conditions. The procedure for perfbmiing MTT assay is same as 

that described in section 2.1.2.5. 

2.3.2.4.3 Neutral Red Assay 

The use of neutral red, a cytotoxic indicator, is an assay modified from a viral 

cytopathogcnicity test (Zhang ct al” 1990). Neutral red is a weak calionic dye which 

is believed to enter the cell by non-ionic diffusion through the cell membrane. The 

dye then accumulates in the lysosomes of living cells. Whether this step is due to an 

active or passive mechanism is not clear (Werner el al., 1999). The standardized test 

can be used to score cell injury as well as to determine the number of remaining cells 

after toxic insult. Chemicals thai damage plasma and/or lysosomal membranes or 

interfere with the normal energy-requiring endocytosis process will decrease the 

ability of the cell to take up neutral red (Kull and Cuatrecasas, 1983). The linearity 

of neutral red uptake and culUires ranging from 1 x 1 t o 4x10^̂  cells per well for 

96-well plate has been demonstrated in a previous study (Borenfreund and Puemer, 

1985). 
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The preparation of the dye solution was modified according to a previous report 

(Borenfreund and Puerner, 1985). Briefly，ten times (lOx) aqueous stock solution of 

the dye was prepared and then diluted with DMEM to a final concentration of 

0.033%. The dye-containing DMEM was incubated overnight al 37°C and 

centrifugcd at 1500 ^ for 10 min before use. The cell medium was replaced by’ 100 

\i\ of dye-containing DMEM. Another 3 h of incubation at 37°C in a humidified 5% 

C02/95% air atmosphere was performed to allow neutral red to be incorporated by 
‘ « 

the live cells. Then the dye-containing DMEM was carefully aspirated and the cells 

were quickly rinsed with PBS to remove unincorporated dye. The incorporated dyes 

were Ihcn dissolved in 100 [i\ of a mixture of 1% acetic acid-50% elhanol. The plates 

were shaken for 10 min and then the absorbance was measured at 540 nm with 690 

nm as reference wavelength using the microplalc reader. , 

2.3.2.4,4 Rcsazurin Assay 

The resazurin system measures the metabolic activity of living cells. Solutions of 

resazurin are dark blue in color. Bioreduction of the dye by viable cells reduces the 

amount of its oxidized form (blue) and concomitantly increases the amount of its 

fluorescent inlermediatc (red)，indicating the degree of cytotoxicity caused by the 

test agent (Perrot el al., 2003). To perform resazurin assay. 10 of 0.5 mg/ml 

resazurin dye solution were added to the culture medium. Cells were incubated for 

another 3 h at 37°C in a humidified 5% C02/95% air atmosphere to allow rcsazurin 

to be reduced by the vital cells before measurement. The plate was shaken for 10 min 

and then the absorbancc was measured at 600 nm with 690 nm as reference 

wavelength. 

2.3.2.4.5 Sulforhodaminc B (SRB) Assay 
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Chapter 2 Development of an in vitro model 

SRB assay determines total cell number by measuring cellular protein (Skehan et 

al.，1990). The protein binds to the dye, SRB, and is then extracted from the cells in 

a Tris base solution. The SRB colorimetric assay was optimized based on the method 

reported in a previous study (Papazisis et al., 1998; Pinmai et al., 2008). In brief, the 

cells were fixed by gently layering 25 fj.1 of cold 50% trichloroacetic acids (TCA) on 

top of the growth medium. Cells were kept at 4°C for 1 h and then rinsed with water 

twice to remove TCA. To stain the cells, 50 }.il of 0.4% SRB solution was added into 

the wells and incubated with cells for 30 min after the plate was air dried. Then the 

SRB solution was removed and the cells were rinsed quickly with 1% acetic acid to 

remove unincorporated dye. The rinsed cultures were left to air dry and then 100 |il 

of 10 niM Tris were added to dissolve the incorporated dye. The absorbance of 

multi-well plates was measured at 565 nm with 690 nm as reference wavelength. 

2.3.2.5 Selection of Cytotoxicity Assays for Retrorsine on HepG2 Cells 

2.3.2.5.1 Cell viability Assays 

Retrorsine was first dissolved in DMSO and further diluted with FBS-lree DN4EM 

to the desired final concentrations. Cells in 96-well plate with 3000 cells/well were 

incubated for 24 h with different concentrations (0.125，0.25 and 0.5 mM) of 

retrorsine before cytotoxicity assay. After incubation with retrorsine, the cell 

viability was assessed by selected assays as described above and was calculated as 

percentage of vehicle control. 

2.3.2.5.2 Cell Proliferation Assay 

BrdU uses nucleotide substitution to replace thymidine with uridine in the DNA 

structure of dividing cells both in vitro and in vivo (Gage el al., 2000). Cell 

proliferation is thus measured by quantitating BrdU incorporated into the newly 
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synthesized DNA of replicating cells. They offer a nonradioactive alternative to the 

[3H]-lhymidine-based cell, proliferation assay with comparable sensitivity. To 

perform BrdU assay, the BrdU labeling reagents were added into the cells together 

with rctrorsfne. After incubation with retrorsine together with the process of BrdU 

incorporation, the culture medium containing BrdU labeling reagent was removed 

and cultures were rinsed off with PBS, pH 7.4，and fixed with fixation solution (100 

)al/well, 30 min, RT). After the fixation solution was thoroughly removed, the cells 

were then incubated with 50 |il/well blocking buffer (2% BSA in PBS) (1 h, 37 °C). 

Cells were then rinsed twice with PBS and incubated with anti-BrdU-POD working 

solution (100 |.tl/vvelL 90 min, 37 The solutions were removed and then cells 

were washed for three times (200 |il/well, 5 min, RT). Wells were then incubated 

with substrate solution (100 }il/well) for 30 min (37 °C). The reaction was'stopped 

by addition of 1 M H2SO4 (25 jil/well) and 5 min shaking was followed afterwards. 

C 、 产 

1 he absorbance at 450 nnr^Vith the reference of 690 nm was measured using the 

microplate reader. 

2.3,2.5.3 LDH Release Assay 

The details are described in section 2.1.2.7. 

2.3.2.6 Cell Morphology 
» 

After being incubated with 0.5 m M retrorsine, the cells were observed and taken 

images under the microscope equipped with a digital camera (Nikon DS-5Mc) 

before being rinsed with fresh DMEM for subsequent staining. Giemsa's solution 

was added into cells after the cells were fixed with 10% formalin for 30 min and 

rinsed twice with PBS. After 15 min staining, the Giemsa's solution was removed. 
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The cells were observed and taken images again under the digital camera-equipped 

light microscope. 

2.3.2.7 Statistical Analysis 

Al l data are represented as mean values 士 SD and the mean values were obtained 

from 9 data points from triplicate wells in triplicate cultures unless otherwise stated. 

Data curves were generated using least-squares fitting routines using a log scale for 

the cell density or drug concentration on the horizontal axis and a linear scale for the 

toxic response on the vertical axis. The regression and correlation analysis were 

carried out using the statistical package GraphPad Prism 5.0 for the selection of 

suitable assays for •model development. For the comparison of different treatments in 

two or more than two groups, the data were analyzed by student's /-lest or one-way 

analysis of variance (ANOVA) followed by Bonferroni's multiple comparison post 

hoc test using GraphPad Prism 5.0, respectively. For the comparison of various 

treatment groups with different time periods, two-way ANOVA was used followed 

by BonfeiToni's post-tests. Differences were considered statistically significant at P 

< 0.05. 、 

2.3.3 Results and Discussion 
t-

2.3.3.1 Optimal Incubation Conditions^ 

Fig.2.15A shows the cytotoxicity of retrorsine when incubated with IIcpG2 cells 

for 24 or 48 h. When compared the cell viability between two time points, there was 

no significant difference observed at 1 mM retrorsine treatment. Hence, the time 

point of 24 h was thus selected for our study. 

•I 
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Fig.2.15B shows the cytotoxic effect of different concentrations of DMSO on 

HepG2 cells. Only 0.5% DMSO did not lead to a significant decrease in the cell 
/ 

viability and was thus selected for further experiments. 
V 

Fig.2.15C shows the cytotoxicity, of retrorsine influenced by cell density. The 
I 

selected density of cells per well was 2000-4000 cells in a total volume of 100 |.il of 

medium. Under these conditions, the cell viabilities treated by 16 |_iM cisplatin or 0.5 

mM retrorsine were relatively stable and maintained at around 15% and 55% 

respect ively. ‘ 

Fig.2.15D shows the effect of FBS percentage on the cytotoxicity of retrorsine. 

The selected condition was semm free medium because only under these condition, 

1 mM retrorsine showed a significant cytotoxicity on cells (P < 0.05). 

Taken together, 24 h incubation, 0.5% DMSO as vehicle control, cell density of 

2000-4000 cells per well and drug treatment in the serum free medium are the 

optimal experimental conditions. And they were consistently employed in all further 

experiments. 
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Fig.2.15.Optimal incubation conditions for cytotoxicity assessment of retrorsine 

determined by MTT assay. (A) Effect of different incubation times on the 

cytotoxicity of retrorsine. (B) Effect of different concentrations of DMSO on l lepG2 

cells. (C) Effect of different cell densities on the cytotoxicity of retrorsine. (D) Effect 

of different FBS concentrations on the cytotoxicity of retrorsine. RET: retrorsine. *P 

< 0.05 and < 0.01 comparing with vehicle control; ” ) < 0.05 comparing with 24 

2.3.3.2 Selected Cell Viability Assays for HepG2 Cells • 

•With the increase of cell density, cell viability of HepG2 cells determined with 
、 

four assays increased accordingly (Fig.2.16). In order to compare the sensitivity, 

linear regression analysis was performed and the parameters were shown in Table 
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CHapter 2 Development of an in vitro model 

2.7. With high R value (>. 0.95)’ four cell viability assays showed good linear 

relationships with cell density under the fixed optimal culture conditions. MTT and 
V 

neutral red assays had the two highest R^ value (R^ = 0.9903 and 0.9876 
r • 

respectively). Correlation coefficients appraising the linear association between two 

assays were shown in Table 2.7. The significant correlation" was only observed 

between MTT and neutral red assays (P < 0.01) despite all the other paired assays 
i 

also appeared well-correlated with each other with a Pearson r value larger than 0.92. 

By investigating the linearity of cell viability and cell density, all of the selected 

cell viability assays, MTT, neutral red, resazurin and SRB were able to present an 

accurate prediction for HepG2 cclls at the density of 2000-8000 cells/well in 96-well 

plate. This resulf suggested that these four assays were adaptable for the prediction 

of drug-induced effect on HepG2 cells. The good correlations between them * 

indicated thai a high accordance would be obtained by these assays, thai is to say, 

these four assays should produce similar result. In order to facilitate further study, 

MTT and neutral red assays with higher sensitivity and better correlation were 
I ' 

selected. 
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Fig.2.16.Effect of cell density on cell viability of HepG2 cells determined by MTT, 

neutral red, resazurin and SRB assays. 
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2.3.3.3 Selected Cytotoxicity Assays for Retrorsine on HepG2 Cells 

As shown in Fig.2.17，0.5 mM retrorsine induced a significant decrease in eel! 

viability and cell proliferation (P < 0.01 comparing with vehicle control), whereas no 

obvious increase of LDH release was observed (尸 > 0.05 comparing with vehicle 

control), suggesting that not cell death, but cell proliferation might be involved in 

retrorsine-induced cytotoxicity. In addition, two cell viability assays and BrdU assay 

showed acceptable linear relationships with drug concentration with a R" value larger 

than 0.9 as shown in Table.2.7. Furthermore, significant correlations were observed 

between MTT and neutral red, neutral red and BrdU assays (P < 0.05) as shown in 

Table 2.7, confirming that inhibition of cell proliferation was the main atribution of 

cell viability decrease induced by retrorsine. Thus, MTT, neutral red and BrdU 
.L 

assays combined were selected to evaluate the PAs-induced cytotoxicity in HepG2 

cells. . 

Cellular proliferation requires the replication of genomic DNA. BrdU assay is able 

to reflect the numbers of newly proliferated cells because it is based on the detection 

of BrdU incorporated in place of thymidine into the genomic DNA of proliferating 

cells. These two selected cell viability assays and BrdU assay could complemenlarily 

reveal the toxicity of retrorsine, implying that the inhibition of cell proliferation was 

the main atribution of the cytotocivity of retrorsine. The possible mechanism of the 

toxicity is that the metabolites of retrorsine cause the formation of DN A-adducls and 
> 

thereafter interfere wil l i DNA replication or transcription. Thus, three developed 

assays including MTT, neutral red and BrdU assays under optimized culture 
* • 

conditions in HepG2 cells are effective for the assessment of the cytotoxicity of PAs. 
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Fig.2.17. Cytotoxic effects of retrorsine on HepG2 cells determined by MTT. neutral 

red, BrdU and LDH assays. * * P < 0.01 comparing with corresponding vehicle 

control. . 

Table 2.7 Linear regression and correlation analysis 

Cell viability assays on HepG2 cells 

Assay (linear'regression) MTT 

MTT 

Neutral red 

Resazurin 

SRB 

0.9903 

0.9876 

0.9690 

0.9522 

r (correlation) 

Neutral red Resazurin SRB 

'0.9999** 0.9623 0.9926 

1 0.9587 0.9941 

1 0.9221 

Assay 

Cytotoxicity assays for retrorsine on MepG2 cells 

r (correlation) 

(linear regression) m t t Neutral red BrdU LDH 

MTT 

Neutral red 

BrdU 

LDH 

0.9042 

0.9982 

0.9392 

0.5714 

0.9631 

1 

0.9979* 

0.9787* 

1 

•0.9214 

-0.7829 

-0.8940 

*P < 0.05 and **P < 0.01 meant the correlation was statistically significant. 
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2.3.3.4 Effect of Retrorsine on Cell Morphology 

To confirm our observation that inhibition of cell proliferation unleashed 

retrorsine-induced cytotoxicity, retrorsine-treated cells were observed under light 

microscope. Similar amounts of cells were found rounded and detached in the 

medium after 24 h incubation of vehicle control or 0.5 mM retrorsine (indicated by 

white arrow in Fig.2.18A#nd A,). The normal basal cell death should be the reason 

behind this. After the detached cells were rinsed off, the numbers of remaining cells 

with normal morphology in retrorsine treatment group were approximately half of 

thai in vehicle control group after Giemsa's staining (indicated by black arrow in 

Fig.2.18B and B'). This morphology observation confirmed that relrorsine-induced 

decrease of cell number was mainly caused by inhibition of cell proliferation、but not 

by direct killing the cell. 

Fig.2.1 S.Toxic effects of retrorsine on morphology of HepG2 cells prior to (A and 

A,) and (B and B，）after Giemsa's staining. Dead cells which were round and 

detached and the remaining cells with normal morphology are indicated by black 

white arrow respetively. A and B: Vehicle control. A ' and 0.5 mM retrorsine. 

(200x magnification) 
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2.3.4 Summary 

Each kind of chemical has its unique property of cytotoxicity on different type of 

cell cultures. As a specific type of compound, PAs should also have its own 

particular characteristic cytotoxicity on HepG2 cells. To achieve an accurate 

prediction for PA intoxication, it is necessary to develop an optimized HepG2 cell 

model based on present knowledge about PA intoxication. For this purpose，the, 

incubation time, vehicle control, cell density and FBS percentage were investigated 

to obtain an optimal incubation conditions for eliciting a maximal cytotoxicity of 

PA. 

Furthermore, as different cytotoxicity assays evaluate different aspects of the 

endpoint, a combinational usage of several assays could help both complirnentarily 

predict the toxicity and illustrate the toxic mechanism. As discussed earlier, the high 

agreement between MTT and BrdU assay as well as the discrepancy between these 

two assays with LDH assay suggested that it was inhibition of cell proliferation, but 

not direct cell death that contributed to the loss of cell viability. Interestingly, the 

combinational usage of more cytotoxicity assays have been seen in many other 

studies (Grant et al‘，1992; Putnam et al.，2002; Spielmann et al., 1993; Yang and 

Acosla, 1994). In these studies, different assays may produce similar，comparable or 

totally different results. However, each endpoint by the cytotoxicity assays plays an 

important role in understanding the mechanisms. 

In conclusion, the developed in vitro model has been proved to be successful in 

detecting the cytotoxicity of retrorsine, a representative PAs. Cytotoxicity test results 

for retrorsine reported here are quite consistent with the literature. This model was 

then used to assess the cytotoxicity of different PAs and at the same time, its 

reliability and reproducibility was tested. 
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Chapter 3 Assessment of the Hepatocytotoxicity of PAs Using Developed in vitro 

Model 

3.1 Introduction 

As discussed in chapter 1，PAs are a group of heterocyclic compounds including 

more than 660 identified structures thai are classified into three types, namely 

otonecine-, relronecine- and platyphylline-type (Fu et al.，2004; Mattock, 1986). 

PA-containing plants are extensively distributed with accounting for about 3% of the 

world flowering plant (Roeder, 2000; Stegelmeier et al., 1999). Some of these 
« 

PA-containing plants are considered beneficial and are being used for medicinal 

purposes or as herbal teas (Joosten et al., 2011; Joosten and van Veen, 2011; 

Kumaiia et al., 1983; McGee et al., 1976). 

However, several outbreaks of PA-poisoning cases reported in African and Middle 

East make people notice its hazard in early 1970’s (Mohabbat et al., 1976; Stillman 

et al” 1977a; Stillman et al” 1977b). Since then, more attentions have been paid to 

PAs and now over half of the identified PAs are found to be toxic (Stegelmeier et al” 

1999). However’ t i l l now，no effective strategy has been established for the treatment 

of PA-induced hepatotoxicity and thereafter HSOS (Chen and Huo, 2010; Gao et al., 

2009). To restrict the exposure to PA-containing medicinal herbs is thus believed to 

be a suitable option for putting PA-poisoning under control. To achieve this，several 

countries have established regulations (Roeder, 2000). For example, the Federal 

Health Department of Germany stipulates that manufacture and use of PAs should be 

under limit of internal exposure less than 1 fig/day for less than six weeks (Roeder, 

1995). Medicines and Healthcare Products Regulatory Agency of the UK restricts 

the internal use of Qianbai Biyan Pian, a PA-containing Chinese medicine 

proprietary product, not more than 1 mg/day for 2 weeks or 0.1 mg/day for longer 
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periods (Roeder, 2000). Obviously，these regulations are all established based on the 

case studies; they cannot be considered as general rules and applied universally to all 

PA-conlaining products. 

In addition, due to the worldwide distribution, PA-containing plants often easily 

contaminate prepared grains which are,then readily taken by human and/or animals 

(Mohabbat et al., 1976). Therefore, human poisonings most often are a result of food 

contamination. Furthermore, as we demonstrated in a recently reported study (Lin et 

al., 2011), erroneous ingestion of PA-containing natural products may account in 

‘ part for the high prevalence of global PA-poisonings when they are misused for 

medicinal purpose. Thus, plant-derived PAs may represent the most poisonous 

compounds affecting livestock, wildlife, and humans without any effective 

prevention, which urge a scientific understanding for their intoxication. 

As the plant-derived PAs are a diverse class of alkaloids with considerable 

structure differences, the toxicity of them are assumed to be different (Culvenor et 

al., 1976). The slructure-toxicity relationship of PAs has been described and the 

structural characteristics of the various PAs are supposed to determine their variable 

degrees of toxicity to livestock and humans (Frei et al., 1992; Kim el al., 1993; 

Wiedenteld et al, 2008). For example, for the induction of hepatotoxicity, PA should 

contain a 1, 2 unsaturated necine base, which is usually esterified to necic acid 

(Fig. 1.1 and 1.2) (Mattocks, 1986). The toxicity of a PA is increased i f the hydroxy I 

groups are esterified in positions 7 and 9，if the necic acids have branched chains or 

are unsaturated，or i f the necic acid forms a cyclic diester ring (Mattocks, 1968), as 

observed in senecionine and monocrotaline. Non-cyclic diesters are generally less 

toxic and monoeslers display even a lower toxicity (Mattocks, 1986). However, as 

structure is only one of the factors that determine the toxic property of a chemical, 
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'Kapter 3 Cytotoxicity Assessment of PA — � 

only using above structure-based rule as the reference wil l not allow us to make an 

accurate prediction on the severity of toxicity of each PA. 

For idiosyncratic toxicity, a more important determinant is the biological response 

of the human/animal body (Tujios and Fontana, 2011). For example, species 

differences in activities of CYP3A may explain their variable susceptibility to PA 

(Huan el al., 1998a, b; Yan and Huxtable, 1995). Under experimental conditions, 

several retronecine-lype PAs have been shown to induce a variety of acute and 

chronic pathological lesions in the livers of m’imals (Gordon et al., 2000). In in vitro 

systems, retronecine-type and otonccine-type PAs exhibit different profiles of 

cytotoxicity (Copple et al., 2004; DeLeve et al.，1996; Ji et al.，2010; Ji et al., 2008; 

Ji et al.，2005). Although it is generally recognized that the potency of cytotoxicity 

and acute toxicity varies remarkably among PAs (Mattocks, 1986), til l now, no 

systematical study has been done to compare the toxicity profiles of different types 

of PAs. Il l order to understand the diversity of PAs-induced hepatocytotoxicity, it is 

necessary to systemically assess the cytotoxicity of all types of PAs. 

In order to accurately predict the hepatotoxicity of PA on human, a 

species-relative biological system is needed. Thus in the present study, the 

hepatocytotoxicity of seven PAs and one PA-containing herb were evaluated using 

our developed reliable assessment model, optimized HepG2 cell model, as 

demonstrated in chapter 2. 

3.2 Materials and Methods 

3.2.1 Materials 

Platyphylline was a gift from Prof. Hai Shen Chen from the Department of 

Phytochemistry, The Secondary Military Medical University, China. Isatidine 

80 

...
 



— - � Chapter 3 Cytotoxicity Assessment of PA 

(retrorsine A^-oxide) was purchased from Aldrich Chemical Co. (P.O.Box 355, 
« 

USA). Riddelliine was a gift from Dr. Po-Chuen Chan from the National Toxicology 

Program. Senecionine and seniciphylline were purchased from Extrasynthese 

Corporation. Alkaloid extract of G. sage turn was prepared using herbal part tuberous 

roots according to the protocol previously reported (Lin et al, 2009) and 83% of the 

content was senecionine and seneciphylliiie. A l l other drugs and chemicals were 

purchased from Sigma-Aldrich unless stated otherwise, and were of the highest 

possible content. 

3.2.2 Cell Culture 

The protocol is same as that described in section 2.1.2.2: 

3.2.3 PA Treatment 

The structures of seven PAs tested were shown in Fig. 1.2. To prepare the stock 

solution, retrorsine, isatidine, riddelliine and platyphylline were first dissolved in 

DMSO and further diluted with FBS-free DMEM to final concentration. Senecionine 

and seneciphylline were dissolved in PBS acidified by 1.0 M HCl. The pH was then 

raised to 7.0 by titrating with 0.5 M NaOH，and the volume was adjusted with 

FBS-free DMEM to the appropriate final concentration. Clivorine and alkaloid 

extract of G. segetum were directly dissolved in FBS-free DMEM. When DMSO 
I . 

was used to dissolve PAs, it was added to the final concentration of 0.5% 

(volume/volume) for all wells used for determining the drug response. Final 

concentrations of PAs in the plate were 0.0625, 0.125，0.25，0.5 and 1.0 mM. The 

、 N 

concentration of G. segetum extract was determined based on its content of two PAs, 

senecionine and seneciphylline. For BrdU assay, the labeling reagent was added 

together with PAs. After addition of the different concentration of PAs, the plates 
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3 C^otbxicity Assessment of PA 

were incubated at 37°C in the COi-incubator for 24 h before MTT, neutral red and 

BrdU assays. 

3.2.4 Cytotoxicity Assays 

After incubation with different concentrations of PAs, the cell viability was 

assessed by MTT and neutral red assays, and cell proliferation by BrdU assay as 

described previously and was calculated as percentage of vehicle. 

3.2.5 Statistical Analysis 

All data are represented as mean values 士 SD unless otherwise stated. The mean 

values were obtained from 9 data points from triplicate wells in triplicate cultures. 

‘The concentration-response relationship for each assay was quantified where 

possible using the IC20, the concentration causing 20% reduction of cell viability or 

inhibition of cell proliferation. Curves were generated using least-squares fitting 

routines with IC20 valued determined using variable-slope, sigmoidal, curve-fitting 

routines, using a log scale for the drug concentration on the horizontal axis and, a 

linear scale for the toxic response on the vertical axis. For the comparison of 

different treatments in two or more than two groups, the data were analyzed by 

student's Mest or one-way analysis of variance followed by Bonferroni's multiple 

comparison post hoc test using GraphPad Prism 5.0，respectively. Differences were 

considered statistically significant at < 0.05. 
：心': 

3.3 Results and Discussion 

3.3.1 Cytotoxicity of Retrorsine, CHvorine and Platyphylline 

HepG2 cells were treated with the concentration range (0.0625-1 mM) of three 

PAs for 24 h, thereafter cytotoxicity was determined by MTT reduction, neutral red 
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uptake and BrdU labeling. Fig.3.1 shows that retrorsine and clivorine, but not 

platyphylline, induced a significant cytotoxicity in a concentration-dependent 

manner determined by three assays (P < 0.05 or P < 0.01 comparing with vehicle 

control). As shown in Table 3.1/ the hepatoloxic potency (MTT: IC20, mM) of 

clivorine (0.01 士 0.01) was significantly greater than that of retrorsine (0.27 士 0.07) 

(jP < 0.01). This difference between these two PAs was confirmed by neutral red and 

BrdU assays {P < 0.05 comparing with retrorsine) (Table 3.1). The toxic potency 
I 

(IC20) of clivorine assessed by BrdU assay was significantly smaller than that 

assessed by MTT or neutral red assays (P < 0.05 and P < 0.01, respactively), 

whereas similar results were obtained for retrorsine and platyphylline (P > 0.05 

comparing with MTT or neutral red assay). 

Our present findings that retrorsine and clivorine, but not platyphylline, were toxic 

is consistent with a previous report by Chen et al (1939), which showed that no 

hepatic damage was observed in mice, rats and guinea pigs treated with sub-lethal 

dosages of platyphylline. Thus，these two studies can provide scientific support for 

the^generally accepted view that for the induction of hepatotoxicity, PA should 
‘ » - ' 

contain a 1, 2 unsaturated necine base (Mattocks, 1986). The lack of hepatotoxicity 
< 

• • . 

o f PAs with saturated necine base is assumed to be due to their in ability to convert 

to toxic metabolites (Fii et al, 2004). 

The toxicities of retrorsine and clivorine found in the present study are comparable 
« 

to those reported in two previous studies (DeLeve et al, 1996; Ji et al, 2009). In 

addition to these two studies, the cytotoxicity and/or mechanism of retronecine-type 

and otonecine-type PAs have been investigated by several other in vitro models 

(Kim et al, 1993; DeLeve et al, 1996; Copple et al, 2004; Ji et al, 2005, 2008a, 

2008b). However, no study has ever been done to simultaneously investigate the 

cytotoxicity of both types. We are the first group to compare their cytotoxicity and ‘ 
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find that an otonecine-type PA is more toxic than a retronecine-type one. It's, 

generally accepted that all PAs exert their toxicity by forming highly reactive 

pyrroles through the oxidative metabolic process, whereas hydrolysis and 

yV-oxidation process are considered as detoxification pathways. Therefore, the 

metabolic dynamics between the pyrrolic ester formation and the detoxification 

pathways appears to be crucial in determining the toxicity of PAs (Fu et al, 2004). In 

the present study, clivorine had a higher toxic potency than retrorsine, which may 

result from two aspects: one is the different biological reaction upon two types of 

PAs, the other is the different metabolic rate including toxic and detoxicalion. 
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Fig.3.1, Cytotoxicity of retrorsine, clivorine and platyphylline determined by MTT 

(A), neutral red (B) and BrdU (C) assays. *P < 0.05 and **P < 0.01 comparing with 

the corresponding vehicle control. 
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魏 , C h a p t e r 3 Cytotoxicity Assessment of PA 

3.3.2 Cytotoxicity of Retrornecine-Type PAs 

The other four tested retromecine-type PAs concentration-dependently induced 

cytotoxicity as assessed by all assays and exhibited similar hepatotoxic potency to 

thai of relrorsine (P > 0.05) as shown in Fig.3.2 and Table 3.1. The rank orders of 

hepatotoxic potency were retrorsine > riddelliine > senecionine > isatidine > 

seneciphylline by MTT assay; relrorsine > riddelliine > isatidine by neutral red 
、 

assay; and retrorsine > senecionine > riddelliine > seneciphylline > isatidine by BrdU 

assay. The data for senecionine and seneciphylline assayed by neutral red were not 

applicable as the dilution effect of adding these two PAs to the cells obscured the 

assay system. Thus, this assay was suggested to be not suitable for screening all PAs 

、 

•cytotoxicity. With BrdU assay, all relronecine-type PAs exhibited similar toxicity to 

that \VitH MTT and neutral red assays {P > 0.05). 

The similar toxic potency observed with tested five PAs belonging to one type 

confirms the view that chemical structure is one of the key determinants of PAs 

toxicity (Kim al, 1993). Interestingly, there are slight variations of toxicity among 

tested five retrorsine-lype PAs, and four rank orders of their toxic potency: 1) 

retrorsine > riddelliine > isatidine; 2) senecionine > seneciphylline; 3) retrorsine > 

senecionine; and 4) riddelliine > seneciphylline were consistently proved by all 

assays, which may be due to the slight differences in their structures (Yan, et al, 

1995). To exert toxicity, PA A^-oxide must be firstly reduced to the corresponding 

PA mainly in the gut before being activated in liver cells (Kim et al, 1993; Mattocks, 

1971). Accordingly, as found in the present study, the retrorsine //-oxide, isatidine, 

exhibited a milder cytoxicity when compared to retrorsine,. which could be linked to 

the lack of enzymatic reduction of A^-oxide in vitro. This finding is accordant to that 

of several previous studies, in which, A^-oxides were demonstrated less toxic than 

85 

if 

t 
I 
I 



their bases as they cannot be converted to toxic pyrroles by liver microsomal 

enzymes either in cell system, or when given intravenously to rats (Mattocks, 1971; 

Mattocks and White, 1971). A lower cytotoxicity of riddelliine than that of retrorsine 

are presumably attributed to the double bond that riddelliine contains, which is the 

only difference in the structure between retrorsine and riddelliine as shown in 

Fig. 1.2. Similarly, the double bond that seneciphylline contains also resulted in a 

higher toxic potency than that of senecionine. Accordingly, the additional hydroxy 1 

group may be responsible for the higher cytotoxicity of retrorsine than that of 

senecionine, and riddelliine than that of seneciphylline, but further studies are 

needed for confirmation. 
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Fig.3.2. Cytotoxicity of 5 retronecine-type PAs determined by MTT (A), neutral red 

(B) and BrdU (C) assays. 
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Chapter 3 Cytotoxicity Assessment of PA 

3.3.3 Cytotoxicity of Alkaloids Extract of Gynura segetiim, a PA-Containing 

Herb 

The cytotoxicity induced by alkaloid extracts of G. segefum which contains pure 

senecionine and seneciphylline is shown in Fig.3.3 and Table 3.1. G. segefum extract 

exhibited a significant cytotoxicity to HepG2 cells in a concentration-dependent 
J » 

manner. The rank order of their cytotoxicity was senecionine > G. scgetum extract > 

seneciphylline, suggesting that its cytotoxicity was similar to that of senecionine and 

seneciphylline. The toxicity of G. segefum extract obtained from BrdU assay was 

similar to that obtained from MTT assay {P > 0.05). Considering the contents (83%) 

of these two PAs in the herb, O. segefum extract-induced cytotoxicity was 

comparable to that of senccionine and seneciphylline tested in the developed model. 

A strong evidence for PA-indiiced HSOS resulting from intake of PA-containing 

G. segefum, an erroneous substitute of non-PA-containing Sedum aizoon, has been 

recently reported in one Chinese patient by our group (Lin et al, 2010). Serum 

pyrrole-protein adducts were detected in the patient and two PAs, senecionine and 

seneciphylline, contained in the herb collected from the patient's home were 

quantified. To provide clear evidence that the liver injury is induced by G. segefum， 

an animal model was used for the assessment of G. segetwn extracts-induced 

hepatotoxicity. To further test the cytotoxicity of these extracts, they were applied to 

our developed in vitro model. The demonstrated hepalocytoxicity in the present 

model suggested an accordance of toxicity to that demonstrated by the animal study, 

which implies a potential usage of the present model in the assessment of 

PA-containing herb-induced hepatotoxicity. 
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Fig.3.3. Cytotoxicity of alkaloid extract of G. segetum determined by MTT ( A) and 

BrdU (B) assays. The concentration of G. segetum was estimated from the content of 

two PAs it contained. 

Table 3.1 Effect of different PAs on cell viability and cell proliferation 

PA IC20 (niM) 
1 IX ' 

M I T Neutral red BrdU 

Retrorsine 0.27 i ：0.07 0.26 i :0.09 0. l9d .0.03 

Clivorine 0.01 ± O.Ol" 0.03 i ：0.00* 0.08: t 0.06*鄉 

Platyphylline 0.85 土 0.1厂 0.90: t ().08" 1.01 d :0.40# 

Isatidine 0.37 土 0.15 0.54 i ：0.04 0.76. .0.17 

Riddelliine 0.32 ± 0.08 0 3 4 i :0.08 0.27 d ：：0.08 

Senecionine 0.34 土 0.16 - 0.26 d t 0.05 

Seneciphylline 0.66 士 0.20 - 0.50 d bO.25 

G. segetum extract 0.39 土 0.12 - 0.28 d b0.04 

*P < 0.05 and **P < 0.01 comparing with retrorsine; < 0.05 a n d ， < 0.01 

comparing with MTT assay; ^P < 0.05 comparing with neutral red assay. 
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3.4 Summary 

The consumption of PAs through the intake of PA-containing herbal medicines, 

dietary supplements and other natural products as well as PA-contaminaled food 

stuffs leads to serious health problems. However, the severity of hepatotoxicity of 

different PAs varies significantly, and thus makes it difficult to set up the regulation 

for a universal threshold of toxic dose of individual PAs. Our present study aims to 

develop a convenient and simple in vitro model for the rapid assessment of the 

severity of hepatotoxicity of different PAs using human hepatocellular carcinoma 

HepG2 cells. In this model, the developed combinational use of MTT and BrdU 

assays was able to discriminate the cytotoxicity of different PAs. The result 

demonstrated that among seven different types PAs tested, clivorine, a 

olonecine-type PA representative, was significantly more toxic than retrorsine, a 

retronecine-type one, while platyphylline, a platyphylline-type one, was not toxic, 

indicating that the developed model was able to distinguish the cytotoxicity of three 

types of PAs. Moreover, the cytotoxicity of G. segetum extract was comparable to 

that of the two pure PAs that it contained, senecionine and seneciphylline, 

demonstrating that the developed model was also suitable for the assessment of 

PA-containing herbs intoxication. In conclusion, we have developed, for the first 

time, a rapid and simple in vitro model for the detection of the severity of hepatic 

cytotoxicity of different types of PAs and also discrimination of toxic PAs from 

non-toxic one. This method has a potential to be used for the quick screening the 

toxicity of PA-containing natural products. 
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Chapter 4 Investigation of the Development of Hepatotoxicity Induced by 

Retrorsine, a Representative PA, in Rats by Conventional Technologies 

4.1 Introduction 

HSOS has long been known as a serious human disease caused by ingestion of 

certain toxins with a series of common symptoms including abdominal pain, rapidly 

developing ascites and hepatomegaly (Wadleigh et al” 2003). Naturally occurring 

PAs are among the first identified toxins, which have caused sporadic or epidemic 

intoxication for HSOS through the consumption of contaminated grains and herbal 

medicines (Chen and Huo, 2010). The pathogenesis of hepatotoxicity or HSOS 

induced by pure PA administration to rats has been investigated by many studies 

(Chen et al., 2008; Copple et al.，2003; Copple et al., 2004: Copple et al., 2006; 

DeLeve, 2001; DeLeve et al., 1999; DeLeve et al.，2002; Deleve et al., 2003; Wang 

et al.，2000). Although these studies have defined some underlying mechanisms, the 

detailed events leading to the development of HSOS is still unknown (Boppre, 

2011). The structural diversity among different PAs coupled with the uncertainties 

about their hepatotoxic targets and mechanisms make it difficult for generalizing the 

nature of the injury. Many new PAs poisoning cases are still reported (Bensaude et 

al.，1998; K a et al., 2006; Rasenack et al.，2003 ). 

PA poisoning is now only diagnosed based on HSOS symptoms and simultaneous 

detection of PA in the body or food of the patient by excluding other causes. The 

methods used for detection of PAs include LC-MS (Gao et al., 2009) or developed 

enzyme-linked immunoassay (ELISA) (Langer et al., 1996; Roeder and Pflueger, 

1995; Roseman et al., 1996; Schnitzius et al., 2001). Recently, serum pyrrole-protein 

adducts are shown to have the potential to be used as a new biomarker for the 

assessment the severity of PA-induced HSOS (Lin et al., 2011). Regarding the 
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treatment, no specific methods have been developed other ihan supportive and 

symptomatic care (Chen and Huo, 2010; Gao et al.，2009). Furthermore, none of any 

mechanism-based biomarkers have been developed with the specificity and 

sensitivity to be used for identifying PA intoxication in vivo. Additional work is 

needed to define a representative model to better identify risks and better prognose 

the outcome for exposed animals. Thus ongoing work, including development of a 

suitable animal model and investigation of specific toxic targets are needed to help 

understand the pathogenesis and enable us to develop effective therapeutic or 

preventive options. 

As discussed earlier, PAs could induce a variety of acute and chronic pathological 

lesions in the livers of animals, even after administration of a single sublethal dose 

(Mattocks, 1986). The lesions of PA-induced toxicities are proved to be 

dose-dependent and are histologically characterized as acute and chronic courses 

(Stegelmeier et al., 1999). The quick and general changes caused by high doses of 

PA ingestion are recognized as acute intoxication and animals develop panlobular 

hepatocellular damage characterized by acute extensive necrosis with hemorrhage 

and minimal inflammation (Stegelmeier et al., 1999). Some animals exposed to low 

doses of PA may not develop liver disease. The progressive nature of chronic PA 

intoxication suggests that low, chronic PA exposure has cumulative effects. 

Currently, little is known about what doses or durations wil l ultimately lead to 

damage. More information is thus needed to identify these ‘safe’ exposure limits. 

Also whether there is a strict dose-dependent character is needed to be delineated. 

Additionally, more work is needed to better define its progression and to identify 

markers to predict how animals wil l progress after exposure. 

Therefore, in the starting part of the in vivo study, a reliable and reproducible 

animal model was developed to form a solid foundation for further mechanism 
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study. Retrorsine, a retronecine-type PA, was used as the representative to induce an 

acute hepatotoicity in rats. The dose-dependent response and the progress of 

hepatotoxicity were defined by investigating the extent of hepalotoxicity at different 

doses using conventional technologies. 

4.2 Materials and Methods 

4.2.1 Materials 

Peroxidase, N, N-dimethylformamide, 3，3', 5, 5' - tetramethyl benzydine (TMB)， 

hydrogen peroxide (H2O2), bilirubin, sulfanilic acid, and sodium nitrite were 

purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). 

4.2.2 Animals 

Male Sprague-Dawley rats weighting 240-260 g were supplied by the Laboratory 

Animal Services Centre at the Chinese University of Hong Kong. Animals were 

allowed food and water ud libitum. They were housed no more than 3 to a cage on 

chip bedding. The animals were maintained on a 12-h dark/light cycle in a controlled 

temperature (18-25°C) and humidity (55 土 5 %) environment for a period of 3 days 

bef< re use. Al l procedures on animals as detailed below were conducted under the 

license provided by the Government of Hong Kong and followed the guidance for 

animal treatments set by the Animal Experimental Ethics Committee, The Chinese 

University of Hong Kong. 

4.2.3 Treatment Protocol 

Retrorsine was dissolved in sterile saline acidified by 2.0 M HCl. The pH was 

then raised to 7.0 by titrating with 1.0 M NaOH and the volume was adjusted with 

sterile saline to the appropriate final concentration. Rats in treatment groups were 
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orally treated with a single low, medium or high dose of relrorsine (35, 70 or 140 

mg/kg，n ~ 6), while the ones in vehicle control group were administered with sterile 

saline (/? = 6) correspondingly. The three doses of relrorsine used were 

corresponding to 0.7，1.4 and 2.8 fold of its median lethal dose (LD50) respectively. 

The gavage volume for all groups was 1 ml/kg of rat. The rats were then tasted for 

24 h before being sacrificed. 

4.2.4 Sample Collection 

At 24 h after treatment, rats were weighted and anesthetized with 20% urethane (5 

ml/kg, ip). Blood was collected from the descending aorta into a syringe. Half of 

them were added to tubes containing trisodium citrate (0.38% final concentration) to 

obtain plasma for measurement of ALT, LDH, GSH and MPO. The remaining was 
I 

transferred into a glass tube and put in the room temperature for 2 h to prepare serum 
i 

for the measurement of TB level. Liver was weighted for calculating relative li^er 
f 

/ 

weight (RLW) [RLW = liver weight (LW)/body weight (BW) x l O O ^ ^ O n e 

transverse section from the central region of the left lateral live lobe and one 

transverse section from the left lung were fixed in 4% formalin solution before being 

processed for H&E staining. The remaining liver was snap-frozen in liquid nitrogen 

for GSH, ratio of GSSG to GSH (GSSG/GSH), and glutathione reductase (GR) 

analysis as described below. 

4.2.5 ALT Activity in Plasma 

Hepatocytes damaged by necrosis release intracellular ALT into the circulation 

and is detected by increase in levels of plasma ALT, which is used as the standard 

but not specific ‘clinical and experimental indicator of hepatotoxicity (Amacher, 

1998).。ALT activity in plasma was measured by a standard spectrophotometric 
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method (Reitman and Frankel, 1957). Briefly, 100 fil of freshly collected plasma or 

different concentrations of sodium pyruvate (used to make standard curve) were 

added to 0.5 ml ALT substrate solution (the mixture of 0.2 M L-alanine and 1.8 mM 

a-ketoglutaric acid prepared in PBS) and left in a water bath at 37^C for 30 min. 

Then 0.5 ml of 1 mM DNP color reagent was added to the reaction system and 

incubated for 20 min. And 5 ml of 0.4 M NaOH was added and the absorbance of the 

mixture was detected on a spectrophotometer at 505 nni. The value of ALT activity 

was calculated according to the formula of standard curve. 

4.2.6 TB Level in Serum 

TB has been recommended as a better indicator of disease severity compared to 

ALT in acute human hepatic injury (Dufour et al., 2000a, b). The principle of TB 

assay is that bilirubin reacts with diazotized sulfanilic acid to produce azobilirubin, 

which has an absorbance maximum at 560 nm in DMSO. The intensity of the color 

produced is directly proportional to the amount of TB concentration (Fossati et al., 

1989). In brief, TB reagent (16 mM sulfanilic acid, 164 mM HCl, 4.4 M DMSO) and 

sodium nitrite reagent (0.6 M sodium nitrite) as well as calibrator solution (5 

mg/dl bilirubin) were freshly prepared before assay. Then 20 |il of freshly collected 

serum or 5mg/dl bilirubin were added to 303 fil of bilirubin working reagent (the 

mixture of 300 [i\ TB reagent and 3 fil sodium nitrite reagent) and left at room 

temperature for 5 min. Then the absorbance of the mixture was detected at 550 nm. 

The following formula, bilirubin (mg/dl) = A/Ac x bilirubin value of calibrator (A = 

absorbance of testing sample, Ac = absorbance of calibrator) was used to calculate 

the bilirubin concentration. 
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4.2.7 LDH Release in Plasma 

The release of cytoplasmic LDH into extracellular environment only occurs in 

dead cells (for example, liver parenchyma cells) or cells that have lost their 

membrane integrity such as in hemolysis. LDH release may thus indicate liver 

damage (Abraham, 2006). The assay was performed according to the protocol of the 

commercially-available kit. Briefly, 100 |il of the reaction mixture (provided in the 

kit) were added to 50 jil freshly collected plasma and incubated for 30 min at room 

temperature. The absorbance of the solution was measured at 490 nm, with 

background subtraction at 620 nm. LDH release in the treatment group was 

expressed as a percentage of the vehicle control. 

4.2.8 H&E Staining of Liver Section and Lung Section 

The liver and lung tissues were processed through dehydration from 70%, 80%, 

and 95% ethanol solutions twice, 5 min each and xylene twice, 3 min each, before 

being incubated in paraffin wax twice, each for 10 min, and then embedded in 

paraffin. The paraffin-embedded tissues were cut at 5 jam and collected on positively 

charged microslides (Superfrost® Plus slide, Meiizel-Glaser). For H&E staining, the 

sections were dried overnight for adherence and then were rehydrated by series of 

xylene and gradient ethonal immersion (xylene 3 times each for 5 min, 95%, 80% 

and 70% ethanol, each for 5 min). After rehydration, slides were immersed in 

haemetoxylin for 1.5 min, and then rinsed with tap water. Then, the slides were 

immersed in acidified alcohol for 1 min, followed by being rinsed with tap water. 

After being rinsed with Scott's Tap water for 10-20 s, the slides were viewed under 

bright field microscope to check the status of nuclei staining. Then the slides were 

immersed in eosin for 5 min, quickly rinsed with tap water and viewed under bright 

field microscope to check the status of cytoplasm staining. Then, the slides were 
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Chapter 4 Development of an Animal Model ofPA-Induced Hepatotoxicity 

subjected to dehydration by a series of gradient ethanol solutions (70%, 80%, 95% 

and 100%) each for 5 min and then xylene twice for 5 min. The sections were 

mounted with Permount (Fisher Scientific) and covered with coverslips. Then the 

photomicrographs of the sections were taken under a light microscope (Zeiss, 

AXIOSKOP 2 PLUS) connected with a Spot cooled CCD camera (Spot Diagnostic 

instrument) under the control of a Metamorph imaging system (University Imaging 

Corporation, Downington, PA, USA). 

4.2.9 Immunostaining of RECA-1 

For liver EC immunostaining, rats {n = 3) were anesthetized with 20% urethane (5 

ml/kg, ip) and transcardially perfused with 0.9% saline followed by 4% 

paraformaldehyde (PFA), A 1 cm^ block of liver cut from the central and perhipheral 

region of the live lobe were post-fixed overnight in 4% PFA and then were 

dehydrated through a graded series of (10%，20% and 30%) sucrose solution. The 

blocks were frozen in Tissue-Tek® O.C.T.丁m Compound for 8 min in isopentane 

immersed in liquid nitrogen. For immunostaining, 10 |am thick sections of frozen 

liver were incubated with blocking solution (PBS containing 10% goat serum, 
r 

VC-S-1000-L020, Vector laboratories, CA, USA) for 1 h, then with mouse anti-rat 

endothelial cell antigen-1 (RECA-1, ab 9774, Abeam, Cambridge, MA, USA), 

diluted (1:100) in blocking solution overnight at 4 In the liver, this antibody 

binds to rat endothelium but not other cell types^(Duijvestijn, et al, 1992). In the 

liver, this antibody stains both SECs and central vein endothelial cells (CVECs). 

After incubation with the RECA-1 antibody, sections were incubated for 1 h with 

biotinylated goat anti-mouse secondary antibody (Vector Laboratories, Burlingame, 

CA), and then with Streptavidin Alexa Fluor 488 conjugate (Invitrogen, USA) in 

blocking solution. Sections were washed 3 times, 5 min each, with PBS and 
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counterstained with mounting medium containing DAPI (VC-H-1200-L010, Vector 

laboratories, CA, USA) to exhibit the nucleus. The slides were examined and 

visualized using a confocal microscope system (Olympics Fluoview FV-1000). Al l 

treatment groups and the negative controls without primary or secondary antibody 

were stained in parallel at the same time. 

4.2.10 GSH Level in Plasma and Liver Homogenate 

GSH concentration was determined by the method of Tietze (1969). Briefly, liver 

homogenates were prepared by suspending 100 mg liver tissue in 0.9 ml of 

potassium dihydrogenphosphate/EDTA/ethanol solution, and homogenized at 

The tissue homogenates were centrifuged at 10,000 g for 15 min at 4 and clear 

supernatant was obtained. Then 30 freshly collected plasma, supernatant of liver 

homogenate or different concentrations of GSH (used to make standard curve) were 

mixed with 150 |il of 1.5 mg/ml DTNB and 2820 … o f 0.1 M PBS. The tube was 

shaken and left at room temperature for 20 min and then the absorbance was detected 

at 412 nni. The GSH concentration of each sample was calculated according to the 

standard curve with a R^ equaling to 0.9949. GSH level in the treatment groups was 

expressed as a percentage of the vehicle control. 

4.2.11 GR Activity in Liver Homogenate 

GR activity was determined using Cayman's GSH assay kit (703002, Cayman 

Chemical Co) by measuring the rate o fNADPH oxidation. The oxidation of NADPH 

to NADP+ is accompanied by a decrease in absorbance at 340 nm (A340). Since GR 

is present at rate limiting concentrations, the rate of decrease in the A340 is directly 

proportional to the GR activity in the sample (Carlberg and Mannervik, 1985). 

Briefly, 20 |il supernatant of liver homogenate and 20 [i\ of GSSG were added into 
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100 |il assay buffer. The reaction was initiated by adding 50 |al NADPH to the 

system and the absorbance was read once every minute at 340 nm. For background 

and positive control, the sample supernatant was replaced by assay buffer and diluted 

GR respectively. One unit of enzyme activity yields the reduction of 1 |i mol GSH 

disulfide/min. Results were expressed as |i mol /min.mg liver. 

4.2.12 Ratio of GSSG/GSH in Liver Homogenate 

The accurate measurement of GSSG levels has proved to be difficult due to the > 

low amount of GSSG in tissues as well as the absence of effective methods to 

prevent oxidation of GSH to GSSG during sample preparation. The GSSG level was 

thus indirectly obtained by subtracting the value of reduced GSH from total GSH, 

which was obtained by the addition of GR and NADPH to deoxidize GSSG (Pastore 

et al.，2003). The ratio of GSSG/GSH was calculated by the formula of GSSG/GSH 

=(total GSH-reduced GSH)/reduced GSH. 

4.2.13 MPO Activity in Plasma 

MPO is a peroxidase enzyme most abundantly present in neutrophil granulocytes 

and has been used as a biomarker of neutrophil accumulation and represents 

oxidative stress process (Heinecke et al., 1993a: Heinecke et al., 1993b). MPO 

activity in the plasma was measured by a modified method as described previously 

(Ko and Cho, 2005) using H2O2 and TMB. In brief, the reaction was started at 25。C 

for 5 min in a tube by adding 50 |il plasma or horseradish peroxidase, 150 [i\ of 2 

mM TMB solution (in 8% N, N-dimethylformamide), and 250 |al of 80 mM PBS 

(pH 5.4). Next, 50 fil of 0.3 M H2O2 was added and the mixture was incubated at 

25°C for another 25 min. The reaction was stopped by the addition of 2.5 ml of 0.5 

M H2SO4 and quantified at 450 nm. Horseradish peroxidase was used as standard 
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(ranging from 0-40 mU/ml). One unit of horseradish peroxidase (from plasma 

samples or standard solutions) wi l l oxidize 1 nmole of the reaction product 2, 

2,-azino-bis 3-ethylbenzthiazoline-6-sulfonicacid per min at 25°C under pH 5.0. One 

unit of MPO activity is defined as degradation of 1 |.imol H^CVniin at 25 °C. Results 

were expressed as mU/ml plasma. 

4.2.14 Statistical Analysis 

Al l data are represented as mean values 士 SEM unless otherwise slated. For the 

comparison of different treatments in two or more than two groups, the data were 

analyzed by student's /-test or ANOVA followed by Bonferroni's multiple 

comparison post hoc test using GraphPad Prism 5.0，respectively. Differences were 

considered statistically significant al P < 0.05. 

4.3 Results and Discussion 

4.3.1 Elevation of Liver Weight Induced by Retrorsine 

As shown in Table 4.1，no significant differences in body weight were observed 

upon retrorsine treatment among all groups. To estimate the general status of rats， 

the net decrease of body weight was measured by calculating the difference between 

pre-treatment and 24 h post treatment. The results showed that no significant 

difference was detected in net body weight decrease and body weight of post 

treatment among all groups. The results suggested that at the doses tested, retrorsine 

did not exhibit a deleterious effect on the general status of animal, which implied 

that the injury maybe limited within the liver. However, liver weight and relative 

liver weight were dose-dependently increased by retrorsine treatment, which was 

significant at high dose treatment {P < 0.05 comparing with vehicle control), 

indicating the development of hepatomegaly. For hepatomegaly, there are three 
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possible reasons: 1) more parenchyma formation caused by liver regeneration, 2) the 

enlargement of individual liver cells and 3) the retention of blood or/and fluid within 

the liver. But when considering the stage of pathogenesis, a 24 h exposure is 

believed to be insufficient for eliciting liver regeneration. The latter two causes were 

then investigated by further histological and biochemical studies. No spontaneous 

death was observed at any of the doses examined, which confirmed that the present 

dose range did not influence the general status of animal. This result is also 

accordant to previous studies indicating that the acute death occurred most 

frequently between 3 and 7 days after the animal received a single dose of PA 

(Mattocks，1986). The relatively limited damage to rat induced by a 24 h exposure 

may ensure that the further mechanism studies shall be controlling. 

Table 4.1 Effects of low, medium and high dose (35, 70 and 140 mg/kg) of retrorsine 

treatment on body weight and liver weight of rat 

Group BW(g) 
Pre-treatment 

24 h BW (g) 
Post treatment 

Net BW 
decrease (g) 

LW(g) 
Post treatment 

RLW (%) 
Post treatment 

Vehicle 258.2 H t8.0 236.0 土 10.1 21.8±3.3 7.5 土 0.6 3.20 ±0.32 

Low 253.8 d b8.3 231.8 土 9.8 22.0 土 3.0 7.9 土 0.3 3.40 土 0.14 

Medium 247.6 士 6.7 227.1 土 5.8 20.4 土 4.2 7.9 ±0.2 3.48±0.13* 

High 262.3 d b9.2 240.0 土 3.3 25.2 土 3.9 9.0 土 0.9* 3.74 ±0.33* 

BW: body weight; LW: liver weight; RLW: relative liver weight. Data are presented 

as Mean 土 SD (« = 6). < 0.05 comparing with vehicle control. 

4.3.2 Parenchymal Cell Damage Induced by Retrorsine 

Blood ALT activity level is the most frequently used laboratory indicator of 

hepatotoxic effects and is considered as a gold standard clinical chemistry marker of 

liver injury (Ozer et al., 2008). As shown in Fig.4.1A, retrorsine dose-dependently 
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produced hepatic parenchymal cell injury in rats as measured by a statistically 

significant elevation of ALT release into the plasma. The elevation of ALT activites 

is thought to be caused by enzyme leakage associated with hepatic parenchyma cell 

damage. Damaged hepatocytes release their contents including ALT into the 

extracellular compartment. The released enzymes ultimately enter into circulation 

and thereby increase the plasma levels of ALT compared to control subjects. 

ALT plays an important role in amino acid metabolism and gluconeogenesis. It 

catalyzes the reductive transfer of an amino group from alanine to 

alpha-kctoglutarate, to yield glutainate and pyruvate. Recently, two ALT isozymes, 

ALTi and ALT2, have been identified based on molecular structure and tissue 

specificity pancreas (Lindblom et al.，2007) and only a small part of ALTi are 

localized in human hepatocytes. Importantly, ALT activity is proved to be a 

composite of ALTi and ALT2 isozyme activities because ALT2 also catalyzes 

alanine transamination like ALT I (Yang et al., 2002). Thus, the increase in plasma 

ALT activity induced by retrorsine treatment may also arise from some unknown 

extra-hepatic injuries. For example, ALT2 isozymes are also detected n renal tubular 

epithelial cells, salivary gland epithelial cells and cardiac myocytes (Lindblom et al., 

2007). Accordingly, an assay that can discriminate between these two isozymes can 

therefore be expected to aid in differentiating the tissue source of ALT activity and 

may help determine whether other tissues are involved in the process of PA 

intoxication. 

Although the overall clinical utility of plasma ALT measurements is authorized and 

common, it does not always correlate well with preclinical histomorphologic data. 

Thus, additional markers are sought to add information to plasma ALT enzymatic 

signals. Some markers with greater specificity to liver could be used in conjunction 

with ALT for the safety evaluation. In human, TB and LDH are conventional 
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markers of liver function that have complementary advantages when used together 

with plasma ALT activity, especially with regard to the differential diagnosis of 

biliary function. Thus, the assessment of TB and LDH release were used to confirm 

the retrorsine-induced liver injury. 

As shown in Fig.4. IB and C, a significant elevation of serum TB level and LDH 

release were only observed after high dose treatment, suggesting that a severe 

toxicity only occurred after high dose treatment. TB is composed of direct (hepatic) 

and indirect (non-hepatic) bilirubin, which elevates when there is excessive 

destruction of hepatocyte as well as hemolysis. Interestingly, we assumed earlier that 

the hepatomegaly induced by high dose retrorsine treatment might be caused by 

blood retention in the liver. Similarly, the detected remarkable elevation of TB level 

ami LDH release at high dose treatment might be due to hemolysis as a result of 

blood retention. 
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Dose (mg/kg) 

Fig.4.1. Effects of retrorsine on liver injury in rats alter 24 h administration as 

demonstrated by A) ALT activity in plasma, B) TB level in serum and C) LDH 

release in plasma. *P < 0.05 and < 0.01 comparing with vehicle control. 

4.3.3 Histological Changes of Liver Produced by Retrorsine 

Livers obtained from rats treated with vehicle control showed normal lobule, 

central vein and sinusoid morphology as indicated in Fig.4.2A, A ’ and A’，. Central 

regions of liver lobe isolated from rats treated with high dose retrorsine exhibited 

extensive lesions including sinusoid hemorrhage and lobule disarray (Fig.4.2D, D’ 

and D ” ) . As shown in Table 4.2, 4 out of 6 and 5 out of 6 rats treated with high dose 

retrorsine exhibited both lesions and sinusoid hemorrhage respectively; whereas only 

2 out of 6 rats treated with medium dose exhibited sinusoid hemorrhage, which 

indicated a large variations of the liver in response to this dose. None of the rats 

treated with low dose exhibited obvious histological lesions. 

• 1 0 3 

Dose (mg/kg) Dose (mg/kg) 

tS>r 

l^ffl^^^^^Pc Chapter 4 Development of an Animal Model ofPA-Tnduced Hepatotoxicity 、一 

40 70 
0 

"o 
芒 
o 
u 
u 
u 
Ic 
> 

為 

"5 

L. 

5 

4( 70 

B 

1.0 

0 8 
0 .6 

0.4 

0.2 

0.0 

0
P
/
3
S
>
 H
J
.
 

7 0 

o
o
o
o
o
o
o
o
 

4
 2

 o

 8

 6

 4
 2
 

n
 n

 n
 

(
一

 U
J
/
l
!
u
n

」
S
M
I
H
U
B
l
J
V
 



b ^ B i ^ ^ ^ 寧 Chapter 4 Development of an Animal Model ofPA^Induwd HepaStoxic 

The occurrence of extensive sinusoid hemorrhage and lobule disarray with severe 

parenchymal cell damage confirmed that severe liver lesions were developed at high 

dosage as supported by a notable elevation of TB level and LDH release. The 

presence of enlarged hepatocytes containing large, hyper-chromatic nuclei, termed 

megalocytosis, is a characteristic feature of PA-induced chronic hepatotoxicity in 

experimental animals, which occurs through the potent antimiotic action of the 

pyrrole metabolite of PAs (Mattocks，1986). However, this change was not observed 

in the present acute rat model, implying that the pathogenesis of PA-induced acute 

hepatotoxicity is different from that^of chronic process. This result also excludes the 

possibility that the observed hepatomegaly is caused by enlargement of the 

individual cells as discussed earlier. It could be affirmed that the hepatomegaly 

should be caused by blood retention in the liver due to the extensive sinusoid 

hemorrhage because they were simultaneously observed at high dose treatment. 

Similarly, the remarkably elevated TB level and LDH release induced by high dose 

treatment may also be due to hemolysis and extensive hepatocyte injury caused by 

severe hemorrhage. Since no biliary occlusion was observed during histological 

examination, the increase in TB levels was most likely due to the hemorrhage. 
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Fig.4.2. Effects of retrorsine on the histology of liver. Representative hematoxylin 

and eosin staining images of the middle regions of liver section obtained from rats 

treated with A), A，)，A’’) saline，B), B，) and B，，) 35 mg/kg retrorsine, C), C ) and 

C，，）70 mg/kg retrorsine and D)，D，）and D”）140 mg/kg retrorsine. Scale bar in 

(A-D) = 100 urn; (A，-D’）= 50 |Lim; (A”-D”）= 25 jam. The central vein is 

abbreviated as CV and sinusoid is indicated in asterisk. Sinusoid hemorrhage and 

lobule disarray arc indicated by black arrow and no appearance of a circled area 

respectively. 

Table 4.2 Histological changes in the middle regions of liver of rats treated with low, 

medium and high dose (35, 70 and 140 mg/kg) of retrorsine 

Histological change 
Number of rats 

Low Medium 

Sinusoids hemorrhage 

Lobular disarray 

High 
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4.3.4 Histological Changes of Lung Produced by Retrorsine 

As indicated in Fig.4.3A, A ’ and A，，，the alveolar sac, the surrounding alveoli and 

blood capillaries were normally present in the section of lungs obtained from rats 

treated with vehicle control. No obvious lesions were observed in the lung sections 

of retrorsine-treated rats as shown in Fig.4.3B-D, B ' -D ' , B，，-D”. The absence of 

lesions in the lung indicated that the toxicity of retrorsine might be limited within the 

liver, which was in partial agreement with a previous study that gastric intubation of 

retrorsine produced severe liver lesions but minimal lung lesions in Vervet Monkeys 

(Mattocks, 1986). However, monocrotaline, a very often used representative PA in » 

model development, has been proved to be more potent to elicit toxicity in lung 

(Mattocks, 1986). The discrepancy of toxicity of PAs to different organs is 

determined by the stability and clearance of the intermediate metabolite in the liver. 

A higher stability as well as slower clearance allows the toxic metabolite to attain 

extra-hepatic organ for exerting its toxicity (Mattocks, 1986). Regarding model 

development, a limited or localized drug response within specific organ should be 

better for simplifying the illustration and elucidation of underlying specific 

mechanisms. Thus, due to no involvement of pulmonary toxicity, the use of 

retrorsine as the representative PA to develop the hepatotoxicity model is more 

suitable than the use of monocrotaline. 
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Fig.4.3. Effects of retrorsine on the histology of lung. Representative hematoxylin 

and eosin staining images of the lung section obtained from rats treated with A), A,)， 

A”）saline, B)，B') and B ” ) 35 mg/kg retrorsine, C), C,) and C ” ) 70 mg/kg 

retrorsine and D), D ' ) and D，，) 140 mg/kg retrorsine. Scale bar in (A-D) = 100 jam; 

(A，-D,) = 50 |im; (A”-D，，）= 25 |am. The blood capillary, alveolar sac and 

surrounding alveoli are indicated as asterisks, AS and black arrows, respectively. 

4.3.5 RECA-1 Staining of Central Regions of the Liver Lobe 

Since SECs cannot be observed under light microscope, the possible damage to 

them may be easily overlooked by H&E staining. To make the cells visible, liver 

sections were immunohistochemically stained with RECA-1 antibody. Sections of 

the central regions of the liver lobe from rats treated with saline showed continuous 

RECA-1 staining along the sinusoids and lining of CV of the liver (Fig.4.4A，A’ and 

ft 

A，’)，suggesting that RECA-1 antibody recognizes both SECs and CVECs in the 

liver. However, in livers obtained from rats treated with retrorsine, RECA-1 staining 

density within the sinusoids and CV decreased, indicating the loss of ECs 
107 
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(Fig.4.4B-D, B，-D’ and B，’-D”). When the percentage of EC loss was less than 50%, 

the degree of damage was indicated as slight (+)，between 50-80% as mild (++)，and 

over 80% as severe (4-H-). Approximate 40% (+) of the ECs were lost after low dose 

(Fig.4.4B, B，and B”，Table.4.3), 70% {++) lost and staining in the CV became 

discontinuous (+) after medium dose (Fig.4.4C, C，and C”’ Table.4.3), and no 

sinusoids (+++) were detected and the CV was severely discontinuous (++) after 

high dose treatment (Fig.4.4D, D' and D", Table 4.3). No staining was observed in 

the negative controls in which the primary or secondary antibody was not added. 

It has been suggested that PA-induced damage to SECs in rats results in 

microcirculatory disturbances that lead to hypoperfusion of the liver and 

consequently parenchymal cell injury (DeLeve et al, 1999). Observations presented 

herein support this hypothesis because the dose onset of destructions of SECs and 

CVECs preceded the parenchymal cell damage. A previous study showed that 

retrorsine could inhibit hepatic protein and RNA synthesis (Aston et al., 1996). Thus, 
、 

the damage of retrorsine to SECs was supposed to be caused by a possible inhibition 
\ 

of SECs regeneration by inhibiting their constituent proteins. 
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Fig.4.4. Effects of retrorsine on RECA-1 immunostaining in middle regions of the 

rat liver. Liver sections were obtained from rats treated with A), A’)，A") saline, B), 

B ' ) and B " ) 35 mg/kg retrorsine, C), C ) and C " ) 70 mg/kg retrorsine and D), D ' ) 

and D’，) 140 mg/kg retrorsine. The sinusoids are shown by green staining and 

indicated with red arrows. A ’ -D ’ and A’，-D”： Double immunostaining with RECA-1 

and DAPI (shown in blue) for sinusoids and central vein (CV, indicated with white 

arrow) respectively. Scale bar in (A-D, A ’ -D ’ and A”-D，，) = 25 )im. 

4.3.6 RECA-1 Staining of Peripheral Regions of the Liver Lobe 

Similarly, in the peripheral regions of the liver lobe from rats treated with saline, 

RECA-1 staining was obvious and continuously present along the sinusoids 

(Fig.4.5A, A ’ and A”) . However, in livers from rats treated with medium or high 

dose retrorsine, RECA-1 staining within the sinusoids was reduced (Fig.4.5C, C and 

: 
/ 

D, D，）. There was no obvious loss of ECs in the liver after low dose (Fig.4.5B, B ’ 

•J 

and Table 4.3), whereas about 30% (+) of the ECs disappeared in medium dose 
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(Fig.4-5C, 5C, and Table 4.3) and 50% (++) disappeared in high dose of retrorsine 

treatment (Fig.4.5D, D’ and Table 4.3). RECA-1 staining was present continuously 

along the lining of the CVs of the liver in all doses treatment groups (Fig.4.5A", B”， 

C’’，D" and Table 4.3). 

A progressive injury from the central to peripheral regions of rat liver lobe was 

revealed by comparing the RECA-1 staining between these two regions. The 

underlying mechanism is presumably attributed to the differences in the extent of 

metabolic activation and/or detoxification of PA in these two regions (DeLeve et al.， 

2002). Bioactivation by CYP3A4 has been proved to be required for PAs to produce 

liver injury (Schultze and Roth, 1998; Wilson et al, 1992). Thus, we hypothesize 

that a higher expression of CYP3A4 in liver cells in the central regions may 

contribute to a greater toxicity observed when compared to peripheral region. 

However, CYP3A4 is expressed in both parenchymal cells and SECs (Lester et al, 

1993) and it is still unclear which one or whether both kinds of cells are involved in 

metabolic activation of PAs. The regional distribution of CYP on both cell types 

needs to be investigated as CYP3A4 has been shown to have zonal distribution in 

parenchymal cells (Oinonen and Lindros, 1998) and possibly also in SECs (Scoazec 

et al., 1994). Alternatively, the greater toxicity of PA observed in the central regions 

may be attributed to a lower level of detoxification. In livers of humans exposed to 

PAs, damage to SECs occurred in all regions of the liver lobule (Brooks et al, 1970) 
» 

and no difference was observed between central and peripheral regions. 

McLean (1970) demonstrated, through transillumination studies on rats, that the 

outlet end of the sinusoids is blocked by stationary columns of red blood cells, 

16-24 h following administration of PAs. The reaction is typically patchy and results 

in stasis and extravasation of red cells spreading backwards fron^ the centre of the 

lobule. Portal pressure is significantly raised 3 days after administration, notably 
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before the first appearance of collagenous venous occlusion at 7 days. McLean 

(1970) observed that 6-10 days after PA administration, a new irregular pattern of 

vascular flow, contrasting with the uniform radial pattern of flow in the normal liver 

lobule, develops, which corresponds to the bypass channels represented by dilated 

paraseptal sinusoids, as observed in human liver biopsies. Segments of central vein 

into which the blocked sinusoids open, are gradually abandoned in favour of such 

by-pass routes and undergo occlusion first by oedematous connective tissue and then 

by fibrosis. The mechanism of closure of the sinusoids is not clear. A toxic action on 

the sinusoidal or venous endothelium, which swells and occludes the lumen, seems 

possible, as suggested by electron microscopic studies on the monkey, and studies on 

children. The endothelial lining of the vessels is denuded and replaced by a fibrinous 

and proteinaceous precipitate，which, together with the oedematous wall of the 

vessel, becomes organized and slowly replaced by fibrous connective tissues. The 

occlusion of sinusoids is further contributed by the discharge of cellular debris into 

the space of Disse. The lumen of the sinusoids becomes occluded simultaneously 

with the fibrosis occurring in the central vein. Collagen fibres extend into the space 

of Disse and sinusoids leading to a fibrosis. 

I l l 



Table 4.3 Loss of SECs and CVECs induced by low, medium and high dose (35, 70 

and 140 mg/kg) of retrorsine treatment 

Region of liver Cell type Severity 
Low Medium High 

Central 

Peripheral 

SEC 
CVEC 

EC 
CVEC 

+ 

-H-

-H-

+++ 

++ 

-:Absent; +: slight, ++: mild; +-H-： severe. 
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Fig.4.5. Effects of retrorsine on RECA-1 immunostaining in perhipheral regions of 

the rat liver. Liver sections obtained from rats treated with A), A，），A，，）saline, B), 

B') and B " ) 35 mg/kg retrorsine, C), C ) and C " ) 70 mg/kg retrorsine and D), D') 

and D " ) 140 mg/kg retrorsine. The sinusoids are shown by green staining and 

indicated with red arrows. A'-D' and A，’-D”： Double immunostaining with RECA-1 

and DAPI (shown in blue) for sinusoids and central vein (CV, indicated with white 

arrow) respectively. Scale bar in (A-D and A' -D ' ) = 25 jam; (A”-D”）= 50 jam. 
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4.3.7 GSH Disturbance Induced by Retrorsine 

Intracellular GSH functions as the major anti-oxidant and provides a first line of 

defense against oxidative and chemical injury (Wu et al.，2004). As shown in 

Fig.4.6A, no significant difference in plasma GSH levels was observed after rats 

were treated with low or medium dose of retrorsine when compared with vehicle 

control group. However, high dose retrorsine induced a significant increase og GSH 

levels in plasma, suggesting an increased release of GSH into systemic circulation 

caused by the destruction of cells, which was in accordance with previous results 

obtained from assays of ALT, TB, LDH and histological examination. These 

findings consistently suggested that the liver injury induced by high dose treatment 

was severe. In addition, hepatic GSH concentration and GR activity were increased 

by retrorsine in a dose-dependent manner. This increase was significant starting from 

medium dose treatment as shown in Fig.4.6B and C. As discussed earlier, PA is 
、 

detoxified by forming a conjugation with GSH. Thus, the increased level of hepatic 

GSH may indicate a motivating of GSH to detoxify more toxic pyrroles produced by 

medium or high dose of retrorsine, that is, the conjugation of GSH was probably 

increased. Furthermore, GSH exists in both reduced (GSH) and oxidized (GSSG) 

form and GR is the enzyme responsible for the conversion of GSSG to GSH (Pastore 

et al, 2003). Thus, the simultaneously observed increase of GR activity may indicate 

that the increased level of GSH come from the GSSG reduced by GR, Other than 

being the conjugate to many active metabolite of drugs or toxins, GSH is also 

essential for scavenging ROS by being converted to GSSG during oxidative stress 

(SUkurai et al., 2005; Dukhande et al., 2006; Park and Park, 2007; Yadav et al., 

2008). Since GSH and GR were regulated by retrorsine treatment, GSH disturbance 
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35 70 

Dose (mg/kg) 

NO 
Dose (mg/kg) 

* * 

工 

70 

(mg/kg) 

140 

Fig.4.6. Effects of retrorsine on A) plasma GSH concentration, B) hepatic GSH 

concentration and C) hepatic GR activity. < 0.05 or < 0.01 comparing with 

vehicle control. 

4.3.8 Oxidative Stress Induced by Retrorsine 

To confirm whether oxidative stress was involved in retrorsine intoxication, 

hepatic ratio of GSSG/GSH was measured. As shown in Fig.4.7A, the hepatic 

GSSG/GSH ratio significantly increased after rats were treated with low or medium 

dose of retrorsine. As this ratio is determined by the relative level of GSSG and 

GSH, the increase of GSSG/GSH in the face of increased GSH (demonstrated in 

Fig.4.6B) means a net increase of GSSG, which may originate from the increased 

turnover of GSH. However, this ratio did not increase with increasing dose. 
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and thereafter oxidative stress were thought to be involved in the early stage of 

retrorsine intoxication. 
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Conversely, it was decreased upon high dose treatment when compared to medium 

dose treatment, which was presumed to be due to the deficiency of GSH turnover by 

the depletion of the ability of liver to synthesis more GSH. This hypothesis is 

rational because a high level of PA exposure had been proved to be able to deplete 

all avaible GSH and destroy such detoxification system leading to severe liver (Yan, 

1995; Huan J，Miranda, 1998). 

At the same time, the increased ratio of GSSG/GSH implied that the oxidative 

stress occurred even at low dose treatment, which was confirmed by the assessment 

of another indicator of oxidative stress, MPO. As shown in Fig.4.6B, plasma MPO 

activity significantly increased after rats were treated with low or medium dose 

retrorsine (P < 0.01 comparing with vehicle control). MPO is a peroxidase enzyme 

most abundantly present in neutrophil granulocytes and it can be used as a biomarker 

of neutrophil accumulation and inflammation. MPO accounts for 5% of the total 

neutrophil protein and is responsible for the production of HOCl oxidant. The release 

of HOCl by neutrophils wi l l cause oxidative damage to numerous biomolecules, such 

as proteins, carbohydrates, lipids，and nucleic acids, and can enhance inflammatory 

response, the latter acts a protective reaction of the body. Therefore, the increase of 

plasma MPO activity suggested a massive activation of neutrophil and thereafter 

oxidative stress caused by low and medium dose treatment. However, the plasma 

MPO activity was decreased to some extent (not significant when compared with 

vehicle control) by high dose treatment, which may imply that the protective effect 

of neutrophil and their anti-inflammation action was suppressed by a relative high 

level of PA exposure. ‘ 
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0.0-

35 70 

Dose (mg'kg) 

140 35 70 

Dose (mg^kg) 

140 

Fig.4.7. Effects of retrorsine on A) ratio of GSSG/GSH in liver homogenate and B) 

enzymatic activity of MPO in plasma. < 0.01 comparing with vehicle control. 

4.4 Summary 

PA-induced HSOS is an under-recognized cause of severe liver injury worldwide 

due to the difficulties in establishing a reliable diagnosis, which is based on the 

exclusion of other conditions (Sgro et al, 2002). Accordingly, the lack of an 

objective diagnostic biomarker makes it difficult to study the etiopatho^enesis of this 

condition (Boppre et al, 2011). Thus, developing biomarker that predict HSOS risk 

and developing a better understanding of the mechanism have been put forward as 

two important strategies for decreasing the risk (Uetrecht, 2007), In fact, these two 

strategies have cause-effect relationship and they can be achieved in one whole 

study. For example, we are now attempting to develop specific biomarkers for the 

early prediction of PA-induced acute liepatotoxicity by elucidating the underlying 

mechanisms/pathways involved. To achieve this，a reproducible and reliable animal 

model is urgently needed. 

Although several studies have used monocrotaline, another retroiiecine-type PA, 

to develop model, the treatment protocols used in these studies varied widely in the 

dose regimen (DeLeve et al, 1999; Copper et al, 2002; Chen et al, 2008). 
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^^^^ Chapter 4 Devdopment of an Animal Model of PA-Induced Hepatotoxicity 

Accordingly, the liver injury developed in these studies is highly variable, which 

makes it difficult to study the toxicological mechanism. Furthermore, as oral 

administration is the only practical route of exposure to PAs outside the laboratory, 

there is a surprising omission for previous studies considering that the majority 

toxicity data for PA relating to administration is via i.p. route or i.v. route (Mattocks, 

1986). To study the development of liver injury after PA treatment, a protocol should 

be chosen that "produced consistent, reproducible hepatotoxicity with a predictable 

dose-response and minimal lethality. A single oral administration of closes 

corresponding to 0.7, 1,4 and 2.8 fold of LD50 retrorsine to rats meet these criteria. 

This range doses produced liver injury with low intra- and inter-experimental 

variability and a predictable dose-response. In addition, the histopathological 

characteristics of the liver lesions were similar to these described previously 

(DeLeve et al，1999; Copper et al, 2002; Chen et al, 2008). Therefore, 

retrorsine-induced hepatotoxicity may represent a better model of PA intoxication. 
f 

In addition, the damage to vascular ECs has been proved to be the specific target 

of PA-induced- HSOS. Thus, a visualization of damages on sinusoilds and CV is 

crucial for the accurate illustratioa of the pathogenesis of PA toxicity. As SECs 

cannot be observed under light microscope, the possible damage to them may be 

easily overlooked by H & E staining. By using immunostaining stained with RECA-1 

antibody, the SECs and CVECs are simultaneous visible, this is important for the 

determination of which cells are primarily or firstly referred to. As demonstrated in 

the Results and Discussion part, SECs loss were found occurring with low dose of 

retrorsine whereas CVECs loss with medium dose exposure. Thus the present study 

‘proves for the first time that SECs are more apt to being injured than CVECs after 

PA administration. This finding could directly explain why the term of HVOD has 

been switched into HSOS to illustrate the pathogenesis of PA intoxication. 
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Furthermore, a definite dose-dependent hepatotoxicity has been elicited by the 

single oral administration of dose corresponding to 0.7, 1.4 and 2.8 fold of LD50 

retrorsine: low dose induced a slight injury with an elevation of ALT, GSSG/GSH, 

MPO, and slight loss of SECs in central region of the liver lobe; medium dose 

cause卢 a mild injury referring to more damages including the elevation of RLW， 

GSH，GR, occasionally occurred sinusoid hemorrhage, damage in SECs and CVEC 

with more pronounced in central region of the liver lobe; whereas high dose resulted 

in severe damage referring to all above data, plus I) significant increase in TB and 
} 

LDH, 2)'significant increase in GSH but no change in GSSG/GSH indicating the 

initiation of GSH depletion, 3) slight decrease in MPO supports the results of 

GSSG/GSH, 4) sinusoid hemorrhage (5/6) and lobular disarray (4/6) and 5) severe 

damage in SECs and CVEC in both central and peripheral regions of liver lobe. 

According to this character, we may hypothesize that a low dose exposure results in 

a sub-toxic effect involving oxidative stress and inflammation process, high dose 

represents a severe toxicity referring to cell necrosis and GSH depletion and reaction 

to medium dose is in intergrade. This dose-dependent liver damage should be due to 
» 

the formation of different amounts of toxic pyrroles and it is thus the first systematic 

and comprehensive assessment of this dose-dependent response of PA. 

The above findings fomiejd a solid foundation for the further proteoniic study. It 

would be helpful in understanding and illustrating the proteomic data in developing 

potential biomarkers and investigating pathway signatures of PA-induced 

hepatotoxicity. Thus, this developed animal model is useful for further studies. 
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Chapter 5 Proteomic Study of Retrorsine-Induced Acute Hepatotoxicity in Rats 

5.1 Introduction 

As discussed in chapter 1, the mechanisms underlying PA-induced hepatotoxicity 

are largely unknown. It has so far been established that the hepatotoxicity of PAs 

depends on their metabolic activation by hepatic CYP3A4 to become chemically 

reactive pyrroles that form covalent adducts with cellular nucleophiles including 

DNA and proteins (Xia el al., 2008). The subsequent formation of protein adducts 

led to the hypothesis that covalent binding to liver protein might be involved in 

PA-induced toxicity (Fu et al., 2004). Besides the alkylation of liver proteins, other 

process such as GSH disturbance (Yan and Huxtable, 1995a, b，c, d), inflammation 

activation (Copple et al., 2003), disrupted coagulation system (Copple et al” 2006) 

and DNA fragmentation (Gordon et al.，2000) are also suggested to be involved in. 

Nevertheless, arguments have been put forward to support thai above process 

observed after exposure to PA are involved in the progression of toxicity rather than 

in its initiation (Guo et al.，2007; Mei et al., 2007). Since that the alkylation of 

hepatic proteins occurs shortly after PA administration, it is conceivable thai specific 

proteins are responsible for the initiation of PA toxicity. Thus，the identification of 

possible target proteins for PA intoxication might provide important information 

regarding the mechanism. In addition, no standard approaches in preclinical toxicity 

assessments are available for the detection of the potential of PAs to produce HSOS. 

Therefore, some sensitive and reliable endpoints such as molecularly responsible 

biomarkers were required for setting the high throughput screening system of 

hepatotoxicity in the early stage of PA intoxication. 

Recently, novel ‘omics’ techniques such as genomics using DNA microarray (De 

Backer et al” 2002), proteomics (Tyers and Mann, 2003) using two-dimensional gel 
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electrophoresis (2-DE) and'mass spectiometxy (MS), as well as metabonomics using 

both MS and nuclear magnetic resonance (NMR) (Nicholson et al., 2002) are 

promising tools for the elucidation of molecular mechanisms of toxicity and 

developments of novel biomarkers which may contribute to high throughput safety 

screening in the future (Bandara and Kennedy, 2002; Hayes and Bradfield, 2005; 

Kleno et al., 2004; Macgregor, 2003). Particularly proteomics, which allows the 

Investigation on mechanisms of drug action al protein level in the cells enables us to 

deiitify pharmacologically responsible proteins, and thus plays a very important role 

n uncovering new biomarkers (Bandara and Kennedy, 2002; Gorg et al., 2000; 

Wetmore and Merrick, 2004; Pennington et al., 2004). 

The technology used in proteomic analysis is main 2-DE, which is an effective 

method for the separation of proteins in complex mixtures and quantification of 

differential expression of individual proteins in treated and control samples. It offers 

a unique possibility to simultaneously identify and quantify a relatively large number 

of proteins. The application of proteomics has been proved to be able to conveniently 

simplify the identification of target proteins by comparing the protein expression 

levels il l the tissues/body fluids of control and treated animals (Andringa et al.，2010; 

Low et al., 2004). This approach has been used to create 2-D databases of rat liver 

proteins and employed to identify proteins modified with disease (Fountoulakis et 

al.，2000; Fountoulakis and Suter, 2002). Furthermore, 2-DE offers opportunities to 

characterize complex patterns of tissue protein expressions responding to the 

administration of xenobiotics. These protein pattern profiles may potentially 

represent signatures of specific host/organ responses or offer insights into pathogenic 

processes and/or potential surrogate markers for specific toxicity or pathogenesis 

process (Newsholme et al., 2000). The work of development of a rudimentary 

database of rat liver and 2-DE characterization of some xenobiotic responses has 
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been initiated (Stephen et al，2000). Profiling the proteome of xenobiolic-damaged 

rodent livers has the long-term objectives in assisting investigations of molecular 

mechanisms of hepatotoxicity, and establishing signature patterns and specific 

biomarkers of liver toxicity. 

Ti l l now，the proteomic evaluation of PA-induced toxicity has not been reported. 

The aim of the present study is to investigate the expression changes of hepatic 

protein induced by PA using proteomic approach. Moreover, through analyzing and 

comparing the 2-D snapshots of protein expression from different doses, a signature 
t 

pattern of protein expression and specific biomarkers of liver toxicity were 

established for the determination of PA intoxication in rats. 

5.2 Materials and Methods 

5.2.1 Materials 

Acrylamide mix and siLenfect were purchased from Bio-Rad. Dithiothreitol 

(DTT), 3-((3-cholamidopropyl)-dimethyl-ammonio)-l-propane sulfonate (CHAPS), 

sodium dodecyl sulphate (SDS) and immobilized pH gradient (IPG) buffer were 

purchased from Amersham Biosciences. 

5.2.2 Animals 

The details are described in section 4.2.2. 

5.2.3 Treatment Protocol 

This protocol is described in detail in section 4.2.3. 
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Frozen liver tissues were ground in liquid nitrogen with apestle aiid mortar until 

fine and powdery. Lysis buffer consisting of 9 M urea, 65 mM DTT, 2% CHAPS, 40 

mM Tris, 1 mM PMSF，0.5 mg/mL DNase，and 0.5 mg/mL RNase were then added. 

The mixture was again ground to a fine powder in liquid nitrogen and left to thaw at 

10°C for 30 min. The thawed tissue lysate was then carefully transferred to a 

microfuge tube and subjected to ultracentrifugation at 100,000 g in OptimaT'^ 

XL-80XP ultracentrifuge for 1 h at 10 °C. The supematants were collected and 

stored at -80 °C prior to the proteomic experiments. Protein concentration was 

determined by 2-D Quant Kit (GE Healthcare). One hundred and twenty jig of 

protein was solubilized in 250 \i\ rehydration buffer (8 M urea, 2% CHAPS, 2% 

DTT, 0.5% IPG buffer pH 4-7 and 1% bromophenol blue). IPG strips (GE 

Healthcare, pH 4-7, 13 cm) were rehydrated with sample-containing rehydration 

buffer for 17 h. Isoelectric focusing (lEF) was carried out in an Ettan LPGphor 3 lEF 

System (GE Healthcare) for 80,000 Vh. The isoelectric-focused IPG strips were 

equilibrated twice in SDS equilibration buffer (2% SDS, 75 mM Tris-HCl pH 8.8, 6 

M urea, 30% (v/v) glycerol), 1% DTT or 2.5% lAA was included in the first and 

second equilibration step, respectively. Proteins were separated in 12.5% resolving 

SDS poiyaery 1 amide gels using Hoefer SE 600 Unit (GE Healthcare). After 

electrophoresis, the gels were fixed overnight and the protein spots were visualized 

using silver stain. Briefly, the gels were sensitized in silver stain sensitizing solution. 

Gels were washed in de-ionized'water and stained in silver staining solution. After 

washing in water, the gels were incubated in developing solution. Reactions were 

stopped with 1.46 % EDTA solution and the gels were washed and stored in water. 

Each group of experiment (control and treatment) was repeated in triplicate. 

122 

�-"^^^^'Clfepteir 乡 Proteomic Study ofRetrorsine-Tnduce Hepatotoxicity 

I；-
I 

I: 



5.2.5 Image Analysis 

Gel images were scanned on a gel scanner ImageScanner III (GE Healthcare). 

Proteins spots were detected, matched among groups, quantified and normalized 

using the Progenesis SameSpots software (Nonlinear Dynamics). Their normalized 

spots volumes (percentage of total spot volume on 2-D gel) were compared between 

control and retrorsine-treated groups. Spots volumes with differences equal to or 

greater than 1.5 fold or 0.5 fold {P < 0.05) compared with the control were selected 

for subsequent protein identification. 

5.2.6 In-gel Tryptic Digestion 

Excised spots were washed 3 times with de-ionized water and dehydrated with 

ACN. The gels were then reduced by DTT solution and alkylated by iodoacetamide 

solution. After dehydration with ACN, the gel pieces were digested at 37 °C 

overnight with trypsin (Promega). Digestion was stopped by the addition of 1% TFA, 

peptides were then extracted with ACN solution. The extracted peptides were 

vacuum-dried and stored at -20 prior to MS analysis. 

5.2.7 MALDI-TOF MS and Protein Identification 

Protein identification was performed using a Autoflex III MALDI-TOF/TOF MS 

(Bruker, Germany) equipped with a 200 Hz N2 laser operating at 337nni. Data were 

acquired in the positive ion reflector mode over a mass range of 800-4000 m/z. 

Bruker calibration mixture were used as external standard and consisted of the 

following peptides (monoisotopic mass of the singly protonated ion is given in 

parenthesis in Da): bradykinin (757.3992), angiotensin I I (1046.5420), angiotensin I 

(1296.6853), substance P (1347.7361), bombesin (1619.8230), renin substrate 

(1758.9326)，ACTH clip 1-17 (2093.0868)，ACTH clip 18-39 (2465.1990), and 
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somatostatin 28 (3147.4714). Keratin contamination peaks, matrix ion peaks and 

trypsin ion peaks were excluded from spectra. Typically 400 shots were accumulated 

per spectrum in MS mode and 2000 shots in MS/MS mode. The spectra were 

processed using the Flex Analysis 3.0 and BioTools 3.1 software tools (Bruker, 

Germany). Peptide masses were matched with the theoretical peptides of all proteins 

in the IPI database using the Mascot search program (2.2.04, 

http://www.matrixscience.com). The following parameters were used for database 

searches: monoisotopic mass accuracy < 100 ppm, missed cleavages 1, 

carbamidomethylation of cysteine as fixed modification, oxidation of methionine as 

variable modifications. In MS/MS mode, the fragment ion mass accuracy was set to 

< 0.5 Da. 

5.2.8 Validation of Candidate Biomarkers by IHC Analysis 

For IHC analysis, the major procedures are similar to that described in section 

4.2.9. The primary antibodies used in the present study were rabbit anti-rat Cpsl, 

rabbit anti^rat Hspa9, and mouse anti-rat Atp5b which were diluted in blocking 

solution at 1:500, 1:100 and 1:100 respectively. The corresponding secondary 

antibodies were Alexa Fluor 488 conjugate goat and-rabbit or goat anti-mouse 

secondary antibody (Invitrogen, USA). 

5.2.9 Validation of Candidate Biomarkers by Western Blot Analysis 

Frozen liver tissues (100 mg) were lysed with RIP A buffer containing a cocktail 

o f protease inhibitors for 15-20 min on ice. Supematants of tissue lysates were 

collected by centrifugation at 15,000 g for 20 min at 4°C and protein content was 

quantified using Bio-Rad protein assay kit. Samples were diluted in saline with a 

starting dilution factor of 1250 and adjusted according to their absorbance values. 
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Samples were incubated at room temperature for 15 min after the addition of the dye 

and the absorbance readings of the standard and samples were measured at 595 nm. 

The absorbance values at 595 nni and corresponding protein concentrations were 

used to obtain the standard curve and to calculate the sample protein concentration 

according to the standard curve (R^ = 0.9707). Tissue lysates were dissolved in 4x 

sample buffer and heated at 100°C for 5 min to denature proteins to their primary 
^ • ( 

structure. Equal amounts of samples (10 jig protein/lane) were loaded and proteins 

were separated by 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

in a Mini-PROTEAN Tetra Cell (BioRad) at constant 100 V until the target protein 

reached the desired level on the gel. Then, proteins on the gel were transferred to a 

nitrocellulose membrane by electrophoresis at 100 V for 1 h in a trans-blot 

electrophoresis transfer cell (BioRad). The membrane was blocked with 5% non-fat 

dry milk or 5% BSA in Ix Tris-buffered saline containing 0.1% Tween-20 (block 

solution) for 1 h at room temperature with shaking. Then, the membrane was 

incubated with the primary antibody suitable for probing the target protein diluted in 

corresponding block solution at 4°C with shaking. The primary antibodies used 

included: rabbit anti-rat Cpsl (150 kDa, 1:5000), rabbit anti-rat Hspa9 (74kDa, 1: 
I 

1000)，mouse anti-rat Atp5b (52kDa, 1:1000), and mouse anti-rat Gapdh (37 kDa, 

1:2000). After overnight incubation, membranes were washed three times with 

washing buffer and incubated with horseradish peroxidase-conjugated anti-mouse or 

anti-rabbit secondary antibodies diluted at 1:2000 in block solution for 1 h at room 

temperature with shaking. The antibody-bound proteins were detected by 

chemiluminescence using ECL reagent and ChemiDoc XRS Molecular Imager 

system (BioRad). Band intensities were estimated by the Quantity One 1-D Analysis 

software (BioRad) and the relative expressions of hepatic Cpsl, Hsap9 and Atp5b 

125 

_ 

I 
>• 

Li-. 

？r--W 

h 
I： 
fliC-"^ 2 



5.3 Results and Discussion 

5.3.1 Differential Expression of Liver Proteins after Retrorsine Treatment 
s. 

In order to elucidate the molecular basis of the toxic effect of retrorsine on rat, 

changes of liver proteomes in response to retrorsine administration were evaluated 

using a quantitative proteomic approach. Proteins extracted from the livers of vehicle 

control and retrorsine treated animals were separated by 2-D gel and stained with 

silver stain. Representative 2D lEF/SDS-PAGE gels from each treatment group are 

shown in Fig.5.1. In the gels, the proteins were separated in two dimensions: in first 

dimension or transverse dimension, proteins were separated due to their differences 

in charge by lEF; in second or vertical dimension, proteins were separated due to 

their differences in molecular weight by SDS page gel electrophoresis. Scanned gel 

images were analyzed and the spots with differences more than 1.5-fold with 

statistical significance {P < 0.05) between the vehicle controls versus low, medium 

or high dose group were considered as differentially expressed protein spots. Fig.5.2 

shows the Venn diagram analysis of the differentially expressed protein spots in 

three doses of retrorsine treatment groups. Altogether 52，30 and 15 differentially 

expressed protein spots were detected with low, medium and high dose treatment 

respectively, 4 of them were observed in all three doses, 2 in both low and medium 

and 2 in both low and high dose treatment. This result suggested that different doses 

of PA had an individual pattern of the differential expressed protein profile. Thus 
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were normalized using the following equation: normalized band intensity = (band 

intensity o f target protein)/(band intensity of Gapdh) 

5.2.10 Statistical Analysis 

The methods are described in detail in section 4.2.14. 
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these few consistently regulated proteins may reveal' the underlying correlation 

among different doses and had tight connection with the pathogenesis of PA 

intoxication. Furthermore, 40 spots were found down-regulated and 12 up-regulated 

by low, 15 down-regulated and 15 up-regulated by medium, and 1 down-regulated 

and 14 up-regulated by high dose treatment. This finding indicated that the 

regulating protein expressions by PA varied among doses and most proteins were 

down-regulated at low dose, whereas almost all proteins were up-regulated at high 

dose treatment. Four down-regulated protein spots were simultaneously found in 

both low and medium dose and 1 in both low and high dose treatment. Additionally, 

1 up-regulated spot was found in both low and high dose treatment. Al l these altered 

protein spots were picked out from the 2-D gels and subjected to in-gel digestion and 

MALDI-TOF/TOF MS analysis for protein identification. Table 5.1 shows the 

cellular localization of the differentially expressed proteins analyzed using the 

UniProt database. The results revealed that the majority of altered proteins in 

retrorsine treated were mitochondrial and cytosolic proteins. Considering the relative 

low amounts of proteins in mitochondria as compared that in cytoplasm, an equal or 

similar numbers of proteins in these two compartments altered by retrorsine 

treatment indicated that retrorsine might impair the mitochondria functions in liver 

cells, resulting in hepatotoxicity. 
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Fig.5.1. Representative 2-D gel of proteins in the liver of ral treated with low (A), 

medium (B) or high (C) dose of retrorsine. Significantly changed protein expressions 

are indicated by circles and respective ID code. Red; up-regulated; blue: 

down-regulated comparing with vehicle. 
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Fig.5.2. Venn diagram analysis of the differentially expressed proteins in three doses 

(L: low dose; M: medium dose; H: high dose) of retrorsine treatment groups. The 

numbers of differentially expressed spots (up- or down-regulated) in different groups 

are shown in the different segments. 

Table 5.1 Cellular localization ot the regulated proteins by retrorsine treatment 

Cellular localization 

Mitochondria 

Cytoplasm 

Endoplasmic reticulum 

Membrane 

Peroxisome 

Unclassified 

Percentage of regulated proteins (%) 

Low dose Medium dose 

28 

47 

8 

2 

15 

29 

41 

12 

3 

15 

High dose 

“ 3 3 

38 

24 

Low dose: 35，Medium dose: 70 and High dose: 140 mg/kg of retrorsine. 
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5.3.1.1 Effect of Low Dose 

As shown in Table 5.2, at low dose of retrorsine treatment, altogether 24 

down-regulated and 11 up-regulated proteins were identified. Among them, 14 were 

involved in energy and nutrients metabolism. These included carbamoylphosphate 

synthase (Cpsl) in urea cycle, ATP synthase subunit beta (Atp5b), and malate 

dehydrogenase (Mdhl) in energy formation, .S-adenosylmethionine synthetase 

isoform type-1 (Matla) and betaine-homocysteine .S-methyltransferase (Bhmt) in 

amino-acid biosynthesis, liydroxymethylglutaryl-CoA synthase (Hmgcs2) and 

apolipoprotein A-1 (Apoal) in cholesterol metabolism, purine nucleoside 

phosphorylase (Np) in nucleoside metabolism and pyruvate carboxylase (Pc) in 

carbohydrate biosynthesis. Interestingly, most of these enzymes involved in 

biosynthesis of energy and nutrients were down regulated, indicating a possible 

decreased metabolic activity in liver tissues upon low dose retrorsine exposure. This 

hypothesis was partly confirmed by the up-regulation of the following two proteins: 

formimidoyltransferase-cyclodeaminase (Ftcd) involved in amino-acid degradation 

and urocanase domain containing 1 (Uroc 1) responsible for amino-acid catabolic 

process. Besides, 5 proteins involved in cytoskeleton organization were also 

affected. Except for actin, cytoplasmic 2，33 kDa protein (Actgl), other four 

proteins, actin, alpha skeletal muscle (Actal), Actin, cytplasmic I (Actb), keratin, 
t 

type I cytoskeletal 18 (KrtlS) and keratin, type II cytoskeletal 8 (Kj l8) were all down 

regulated. This result may propose a hypothesis that low dose of retrorsine induced a 

low level of cell organization process and thus resulting in a low level of 

regenerating rate. Interestingly, this hypothesis was partly confirmed - by the 

down-regulation of two proteins involved in cell proliferation: abhydrolase 

domain-containing protein 14B (Abhdl4b) and up-regulation of ribonuclease UK l 14 
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(Hrspl2) which can inhibit protein biosynthesis. Additionally, three proteins 

involved in stress response were down-regulated. They were molecular chaperones 

stress-70 protein (Hspa9), 60 kDa heat shock protein (Hspdl) and 78 kDa 

glucose-regulated protein (HspaS). The up-regulation of two proteins, ferritin light 

chain 1 (Ftl) and delta-1 -pyrroline-5-carboxylate dehydrogenase (LOC641316) 

involved in oxidation reduction process confirmed that the oxidative stress occurred 

with low dose retrorsine exposure. Moreover, three proteins, 

phosphatidylethanolamine-binding protein 1 (Pebpl ), isofonn L-lype of pyruvate 

kinase isozymes R/L (Pkir) and type I cytoskeletal 18 (Krt l8) involved in thrombosis 

formation were also down-regulated. Pebpl and Pklr can inhibit thrombin, whereas 

Kj118 plays a role in uptake of thrombin-antithrombin complexes. Thus the 

regulation of these three proteins by retrorsine may play an important role in the 

aggravation of hemorrhage induced by slight SEC loss as demonstrated in chapter 4. 

Finally, transthyretin (TTR) involved in signal transduction and serum albumin (Alb) 

which is produced by liver cells were also regulated. 
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5.3.1.2 Effect of Medium Dose 

When pretreated the rats with medium dose retrorsine, 29 proteins changed their 

expression level compared with rats treated with vehicle control (Table 5.3). Nearly 

half of these proteins (14 out of 29) were also metabolic enzymes. Different from the 

pattern changes induced by low dose, most of the proteins involved in energy 

metabolism were up-regulated by medium dose. For example, Cpsl in urea cycle, 

3-mercaptopyruvate sulfurtransferase (Mpst), spermidine synthase (Srm), and 

ornithine aminotransferase (Oat) in amino acid metabolism, 

hydroxymethylglutaryl-CoA synthase (Hmgcs2), 3-liydroxybLityrale dehydrogenase 1 

(Bdhl), acyl-CoA synthetase medium-chain family member 2 (Acsm2), bulyryl 

coenzyme A synthase 1 (Bucsl) and fatty acid-binding protein (Fabp7) in lipid 

metabolism, 60S acidic ribosomal protein (Arbp) and purine nucleoside 

phosphorylase (Np) in nucleoside metabolism as well as Pc in carbohydrate 

biosynthesis. In addition, three proteins also involved in nutrition metabolism were 

down-regulated. They were Atp5b, ornithine aminotransferase (oat), and 

ureidopropionase beta (Upbl). This result implied that a large portion of the 

metabolic ability of liver might be activated upon medium dose treatment. Similarly, 

2 proteins (Actb and Kj18) involved in cyloskeleton organization were also 

down-regulated by medium dose. However, cell proliferation was suggested to be 

activated due to the up-regulation of cathepsin B (Ctsb), a protein responsible for 

intracellular degradation and turnover of proteins. Additionally, two proteins, Hspa9 

and heat shock protein beta-8 (HspbS) which inhibit stress response were 

down-regulated. Moreover, spectrin alpha 2 (Spna2) regulating fibrinolysis and 

S100-A8 (S100-A8) which regulate thrombin were up-regulated. Different from that 
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of low dose exposure, medium dose treatment resulted in a down-regulation of Alb. 

Finally, six proteins were also regulated and they may possess unknown effect in the 

progress of PA-induced toxicity. For example, the down-regulation of proteasome 

subunit, beta type 9 (Psmb9), a protein involved in antigen processing to generate 

class I binding peptides, may represent an inhibitory effect of PA on antigen 

processing. 
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5.3.1.3 Effect of High Dose 

In high dose treatment, fewer proteins were regulated: altogether 9 proteins were 

up-regulated, whereas one was down-regulated, indicating that the expressions of 

hepatic proteins were not apt to be altered upon high dose comparing to low and 

medium dose treatment. As shown in Table 5.4, three proteins [AlpSb, 

acetyl-Coenzyme A dehydrogenase, short chain (Acads), and 

foiTnimidoyltransferase-cyclodeaminase (Ftcd)] involved in metabolism and two 

proteins related to stress response (Hspa9 and Hspd 1) were up-regulated. The 

up-regulation of cell organization related proteins (ActaI, Krt8, Ccl5) implied that 

the liver might be undergoing regeneration. Besides, one down-regulated protein 

(Ttr) associated with signal transduction was also detected at high dose treatment. 
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5.3.2 Protein Signature Pattern 

These regulated proteins upon three doses of relrorsine treatment were loosely 

grouped into the following broad functional clusters (Table 5.2, 3 and 4)，and their 

detailed information are described below. 

5.3.2.1 Cluster 1: Metabolism Enzymes 

Proteins in Cluster 1 were involved in energy and nutrients metabolisms such as 

urea cycle, ATP synthesis, amino acids metabolism, fatty acid b-oxidation, 

carbohydrate biosynthesis and lipid metabolism. 

5.3.2.1.1 Urea Cycle and ATP synthesis 

Cpsl is a ligase enzyme located in the mitochondria involved in the production of 

urea. It transfers ammonia from glulamine to a molecule of bicarbonate that has been 

phosphorylated by a molecule of ATP. The resulting carbamate is then 

phosphorylated with another molecule ATP. Cpsl was found down-regulated upon 

low, whereas up-regulated upon both medium and high dose treatment. Atp5b 

catalyzes the rate-limiting step of ATP formation which is essential for most of 

enzymatic reactions like in the urea cycle (Reyes and Izquierdo, 2007). The 

down-regulation of Atp5b observed al low and medium doses treatment in the 

present study gave a clue that the decreased expression of Atp5b may be a 

fundamental reason for the down-regulation of many metabolic enzymes of liver 

tissue, which need enough production of ATP to exert their metabolic activity. 

However, the expression of Atp5b was up-regulated upon a higher dose of PA 

treatment, which might be due to the preserving effect of liver tissue to produce 

more ATP to cope with an up-regulated metabolic rate upon high dose treatment. For 

example, the down-regulation of Cpsl should result in a low consumption of ATP, 
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whereas increased Cpsl need more ATP for exhibiting its catalyzing action. In 

addition, Mdhl and Etfb, two proteins as the components of ihe respiratory chain, 

were only regulated at low dose treatment, implying that at sub-toxic stage, more 

proteins involved in the disturbance of energy metabolism were affected. 

5.3.2.1.2 Amino Acid Metabolism 

Several proteins such as Bhmt, Mat la and Oat involved in amino acid synthesis 

were down-regulated by low or medium dose treatment. The possible reason is due 

to the DNA adduct formation by PA exposure, which interferes with their normal, 

often vital functions and results in less DNA being translated to corresponding 

proteins (Xia et al., 2006; Fu et al，2004). In addition, the down-regulation of these 

hepatic enzymes is also presumed to be the homeostatic reaction of the body to PA 

exposure for conserving energy. The up-regulation of Ftcd and Ahcy, two enzymes 

taking part in amino acid degradation are supposed to be the body's way to 

compensate for the reduction of amino acid production. However, other iwo same 

kind enzymes, Mpst and Smi were up-regulated by medium dose treatment. Mpst is 

an enzyme responsible for cysteine formation which is important for GSH formation. 

As demonstrated in chapter 4，medium dose induced a significant increase in hepatic 

GSH level, the high expression of Mpst was thus supposed to be related to the 

production of cysteine for more GSH synthesis. Srm is responsible for spermidine 

synthesis. The up-regulation of Srm might result in a high level of spermidine 

production. As spermidine has an action of inhibition of neuronal NO synthase (Hu 

et al., 1994), the up-regulation of Srm was thus supposed to be involved in the 

possible decrease of NO production. In addition, Oat is a mitochondrial enzyme that 

reversibly converts ornithine and a-ketoglutarate to glutcunic-g-semialdehyde and 
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glutamate, and acts in arginine metabolism, which may be also involved in the NO 

depletion induced by PA. 

5.3.2.1.3 Cholesterol, Fatty Acid and Lipid Metabolism 

Retrorsine treatment showed a profound effect on cholesterol biosynthesis. 

Hmgcs2 and Apoal were down-regulated after low dose treatment. Hmgcs2 is the 

key regulatory enzyme in the biosynthetic pathway for cholesterol and catalyzes the 

conversion of HMG-CoA to mevalonate. The inhibition of this enzyme results in 

both the down-regulation of cholesterol synthesis and the up-regulation of hepatic 

high affinity receptors for low density lipoproteins (LDL) followed by increased 

calabolism of LDL cholesterol (Goldstein and Brown, 1986). Apoal is synthesized 

in the liver and secreted into the blood，and is the major constituent of plasma high 

density lipoproteins (HDL). HDL mediates the reverse transport of cholesterol from 

tissues to the liver, the site of cholesterol metabolism and secretion. Thus, the 

decreased abundance of precursor Apoal suggests a down-regulation of HDL 

synthesis coupled with a decrease in cholesterol catabolism in the liver. In summary, 

the down-regulation of Hmgcs2 and Apoal complementarily reilects a decreased 

cholesterol metabolism, which should be ascribed to inhibition of the body's 

metabolic ability due to low dose exposure. The up-regulation of Aldh2 in the low 

dose retrorsine treated liver samples was presumed to play a role in eliminating toxic 

PA metabolite. 

However, after medium dose treatment, five proteins (Hmgcs2，Acsm2, Bdhl, Pc 

and Bucsl) involved in cholesterol metabolism were ail up-regulated. The data 

suggested that the up-regulation of the cholesterol synthesis pathway was a feedback 

reaction to the inhibition of amino acid synthesis and an attempt of the liver to 

compensate for the impaired pathway performance. The degree to which these 
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enzymes were induced seemed to link lo the degree to which amino acid synthetase 

was inhibited and thus served as a measure of the toxic potency of PA. Expression 

increase was also found in Fabp7, a carrier protein for fatty acids and other lipophilic 

substances. The up-regulation of these enzymes might impair fatty acid b-oxidation 

and suggested an accumulation of fatty acid (fatty change) in the affected livers. 

A k r l c M was also up-regulated. Like Aldh2 regulated in low dose treatment, 

Ak r l cH is also responsible for reduction of aldehydes and involved in numerous 

biochemical pathways including fatty acid metabolism and bile acid biosynthesis. In 

summary, the up-regulation of these aldehyde-metabolizing enzymes, as observed in 

low and medium dose treatment, was a strong indication of the presence of increased 

lipid peroxides. 

Similarly, the up-regulation of Acads by high dose was in agreement with above 

observation referring to the lipid peroxides. As demonstrated in chapter 4, serum TB 

level, also an indicative of lipid peroxide was significantly elevated by high dose. 

How these two events correlated with each other await further investigation. 

5.3.2.1.4 Carbohydrate and Nucleotide Acid Metabolism 

Similarly, protein and lipid regulations induced by retrorsine included the 

interlinked carbohydrate metabolism. Pc, a key regulatory enzyme necessary for 

catalyzing initial reactions of glucose and lipid synthesis from pyruvate, and specific 

to, gluconeogenesis, was down-regulated by low dose while up-regulated by medium 

dose treatment. This pattern was in accordance with that of changes of other 

metabolism-related proteins, thai was’ down-regulated at low, whereas up-regulated 

at medium and high dose treatment. These findings confirmed the hypothesis that a 

relative low level of PA exposure may lead to a reduced metabolic rate of the liver, 

whereas higher level exposure may directly activate the repairing mechanism of the 
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liver tissue to produce more energy and materials for the rescue of liver from PA 

damage. Similarly, the regulation patterns of retrorsine to purine nucleoside 

phosphorylase (Np) involved in purine nucleoside metabolic process, 

ureidopropionase beta (Upbl) involved in pyrimidine metabolism and 60S acidic 

ribosomal protein (Arbp) were consistent with the trend to other nutrients. 

5.3.4.2 Cluster 2: Cell Organization 

Less is known about the character of ihe PA-induced DNA-protein cross-link. The 

involvement of actin in PA intoxication is a reasonable assumption due to the 

abundance of this protein in the nuclear matrix and its involvement as a target of 

cross-linker in cisplatin toxicity (Miller et al.，1991). Actin has been proved to be the 

major protein involved in PA-induced DNA-protein cross-link (Coulombe et al., 

1999). As the megalocylic and antimitotic effects of PAs coincide with cross-linking 

potency (Kim et al.. 1993), the antimitotic action of pyrrolic PAs may be explained, 

at least in part, by their ability to cross-link DNA with actin. Kj118 and KrtS, two 

components of the intermediate filament family were inhibited upon low dose 

treatment. Cytokeratin filaments are important components of the cytoskeletal 

structure and their alterations may reflect cellular stress. An inhibition was also 

observed in Actal and Actb，two proteins found in the thin filaments of muscle 

fibers. This down-regulation may also be explained as the depleting effect of low 

dose of PA on liver protein. As discussed earlier, PAs are found to crosslink DNA 

with actin (Kim et al, 1999), which may stop or interfere with the subsequent 

transcription and translation of above proteins. This effect was also observed in 

medium dose treatment with the down-regulation of Actb and Krt8. Conversely, in 

high dose treatment, Actal, Krt8 and Cct5 were up-regulated, which might result 

from the breakdown of blood cells due to its large retention in the liver as 
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5.3.4.3 Cluster 3: Cell Proliferation 

A very remarkable down-regulation of Abhdl4b suggested that the cell 

proliferation process was severely inhibited after low dose treatment. However, this 

regulation was not observed at medium or high dose retrorsine treatment, indicaling 

that this protein was especially important in sub-toxic stage of l)A intoxication. The 

up-regulation of Hrspl2 was in agreement with this inhibited tendency on cell 

proliferation by inhibiting protein synthesis. This result was also accordant with 

above results of decreased synthesis of amino acid in low dose treatment. However, 

the turnover of proteins was suggested to be improved by the up-regulation of Ctsb 

induced by medium dose treatment, which suggested that the cell regeneration 

process was activated. This observation may explain why autopliagy occurred with 

the in vitro PA exposure as demonstrated in chapter 1. 

5.3.4.4 Cluster 4: Stress Response 

Non-enzymatic antioxidants like GSH could prevent cellular damage from ROS 
i 

(Kiaiinig et al., 1995). Gluthathione peroxidase (GP), most abundant in erythrocytes, 

catalyses the oxidation of hydrogen peroxide into water by converting GSH to 

GSSG. The regeneration of GSH is catalysed by GR. Thus, GSH, GP and GR work 

together and deficiency in any of those is believed to be associated with an increased 

sensitivity of the cell to oxidative stress (Klaunig et al. 1995). It has been established 

in chapter 4 that retrorsine even at low dose could induce a disturbance of GSH 
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demonstrated in chapter 4. Changes in these sets of proteins are likely indicators of 

liver toxicity following different dose of retrorsine treatment. Hence, the degree to 

which these proteins are altered by specific doses may serve as a measure of toxicity 

associated with the treatment. 
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system and result in the oxidative stress and innammation process. Accordingly, 

several proteins associated with cellular stress were found being alTecled by 

retrorsine treatment in the present proteomic study. The expressions of Hspa9, Hspa5 

and Hspdl were down-regulated by low dose treatment; I lspa9 and HspbS were 

down-regulated by medium dose; whereas Hspa9 and Hspd I were up-regulatcd by 

high dose of retrorsine trealmenl. Since most of these proteins are responsible for 

reducing the oxidative stress, the increase of them only occurred after high dose 

treatment suggested a more severe degree of oxidative stress which siimulated the 

induction of the anli-oxidative molecules. Ftl, the major form of tissue ferritin in 

liver, was iip-iegulated in the low dose treated ral livers.*Ferritin was reported being 

degraded, with the release of iron, by autophagic vacuolar apparatus in macrophages 

during inflammation. Thus the up-regulation of Ftl implies thai less free irons can acl 

as a catalyst in the reactions generating free radicals, which may be also regarded as 

an index of oxidative stress caused by PA treatment. 

5.3.4.5 Cluster 5: Thrombosis 

A previous study demonstraled that the damage to SECs of liver resulting in 

disruption of vascular architecture and hemorrhage caused by PA was accompanied 

by activation of the coagulation system. This activation may advance the hepatic 

parenchymal cell injury through deposition of insoluble fibrin clots in the 

vasculature and ischemia and/or through other mechanisms, such as aclivalion of a 

cellular receptor for thrombin (Copper et al, 2002). In addition, detlbrotide, a 

single-stranded polydeoxyribonucleotide which is able to decrease thrombin 

generation (Zhou et al., 1994), has been proved to be a promising treatment of HSOS 

(Chopra et al., 2000; Richardson et al., 2002; Saviola et al., 2003). Thus, thrombosis 

is supposed to play an important role in the development of HSOS. However, how it 
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acts and the detail mechanisms remain largely unclear. In the present study, two ATP 

binding proteins, Pklr and Pebpl which inhibit thrombin were down-regulated by 

low dose treatment (Table 5.2), which might be due lo the reduced ability of the liver 

tissue for protein synthesis. Interestingly, as a slight loss of SECs occurred with the 

low dose re.trorsine, which should result in a slight hemorrhage due to the intact 

lining of sinusoids. Thus an activated thrombin as the result of up-regulalion of Pklr 

and Pcbp 1 should prevent or stop this slight hemorrhage. Accordingly, the ability of 

hepatic cells lor uptake ihrombin-anlithroinbin complexes was decreased because of 

the down-regulation of K-rtl8, which arc also helpful in protecting the liver tissue 

from ischemia liemorrhage. Similarly, in medium dose treatment, Spna2 and 

S100-A8 were up-regulated, which represented an increased ability of release of 

thrombin and regulation of fibrinolysis respectively. I his result was rational because 

most altered proteins began to be up-regulated at this dose and they should be 

responsible for reducing the decree of hemorrhage and clearing the formed fibrin. 

5.3.4.6 Cluster 6: Other Functions 

Several proteins taking part in cell signal transduclion were regulated by retrorsine 

treatment. For example, Itr was down-regulated by low and high and coronin, ad in 

binding protein. IB (Coro 1 b) was up-regulated by medium dose treatment. This 

result suggests thai some inherent pathway such as insulin signaling pathway may 

act in the pathogenesis of PA intoxication. Ho\ve\er, detailed information of the 

patliway are not available in these proteins profiles, hencc, how they play a role in 

the pathogenesis of PA toxicity need to be studied further. In addition, an interesting 

finding was found with the alteration to Alb, an important constituent protein of the 

blood for maintaining the normal colloidal osmotic pressure of blood. As the largest 

amount of protein in the blood. Alb has been proved to form the main conjugates 
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with pyrroles by our group (data not shown). Thus a larger amount of pyrroles may 

conjugate more Alb. Alb is synthesized in liver hepatocyte and then released into the 

circulation, thus the up-regulation of Alb found with low dose exposure suggests an 

activation of Alb synthesis. Differently, the down-regulation of Alb upon high dose 

treatment was supposed lo be due to more conjugation of Alb by more pyrroles 

produced. 

5.3.3 Cellular Mechanism of PA by Integration of the Six Clusters 

The six clusters can actually be integrated to form an "overview model" (Fig.5.3). 

At low dose exposure (Fig.5.3A), PA administration resulted in the decrease of 

enzymes involved in three of the primary metabolic pathways thai are involved in 

the production of basic materials and energy of the liver tissue (Cluster 1). As a 

result, the biosynthesis of cell organization related proteins was reduced (Cluster 2) 

and this led to a reduction of cell proliferation (Cluster 3). Accordingly, most 

proteins involved in oxidativ^stress which need A TP were inhibited and the proteins 

responsible for reducing oxidative stress were up-regulated, which corresponds lo 

the protective mechanism of the liver tissue lo the reduce oxidative stress as 

demonstrated in chapter 4 (Cluster 4). Similarly, ihe proteins involved in the 

formation of thrombosis were also down-regulated, which may aggravate the 

potential hemorrhage resulting from the slight loss of SHCs (Cluster 5). Besides, 

some proteins with other functions such as cell transduction were down-regulaled by 

low dose exposure (Cluster 6). Therefore, the low dose of retrorsine exposure 

exhibited a definite down-regulation of protein patterns, which was believed to be 

the preserving mechanism of the body to a relative low amount of PA exposure. A 

previous study demonstrated that in the hepalocytes, the immediate action of PA 

resulted in a rapid fall in cytoplasmic protein synthesis reaching 30% of control 
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levels at 15 min and 6% at I h (Harris et al.，1969). This is manifested as 

disaggregation of polyribosomes and is followed by failure of pyruvate oxidation, 

loss of glycogen, structural damage to the mitochondria, lysosomal activity, failure 

of mitochondrial nicotine-adenine-dinucleotide (NAD) systems and nuclear NAD 

synthesis, and necrosis (McLean, 1970). We are the first group lo identify these 

down-regulated proteins at cellular level. ''、Xj> 

However, for medium dose treatment, the pattern was a little different. Firstly, 

most of the metabolism proteins were up-regulated (Cluster 1), which were ascribed 、 

to the activation of the protective effect of body lo synthesize more nutrients and 

energy to antagonize the detrimental effect of PA. The rate of cell reorganization 

(Cluster 2) and cell proliferation (Cluster 3) were still low. Due to the larger amount 

of pyrroles produced by ihe medium dose administration that directly broke down 

more cytoskeleton protein and cannot meet the repairing rate of the liver. Similarly, 

the repairing mechanism via anti-oxidants was still not fully activated (Cluster 4). 

'However, the proteins involved in thrombosis inhibition were up-regulated, which 

should be the protective effect of the body to the increased hemorrhage by medium 

dose treatment as demonstrated in chapter 4 (Cluster 5). Similarly, some other 

proteins such as Corolb playing a role in cell signaling pathway was activated 

(Cluster 6). In contrast lo the previous studies, it is the first time to find that 

relrorsine can also activate the synthesis of hepatic proteins. Whether relrorsine acts 

as inhibitor or activator of protein synthesis is hypothesized to be determined by the 

exposure level. This hypothesis was partly confirmed by the regulation partem of 

high dose treatment, in which, all of the involved clusters of proteins (Cluster 1, 2 

and 3) were up-regulated. Thus, a dose-dependent manner of relrorsine on liver 

protein expression was established. 
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Thrombosis 
formation 

Metabolism 
enzymess 

Hemorrhage 

Low dose I Protein 
synthesis i Cell 

proliferation 
i N O 

Pvrrole 

1 Cell 
reorganization 

i Oxidative 
response 

SFC loss 

TGSH Oxidative Inflammation 
conjugate stress process 

Medium 
dose 

Cell 
reorganization 

mBmSm 

Inflammation 
process 

Fig.5.3. Mechanism models of acute hepatotoxicity induced by low A), medium B) 
and high C) dose of retrorsine treatment, T and i mean up- and down-regulation of 
process, respectively. 
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5.3.4 Selection of Candidate Biomarkers of Retrorsine-Induced Hepatotoxicity 

As summarized in Table 5.5, there were 11 proteins involved in five clusters were 

consistently regulated by two or three doses of retrorsine exposure. As shown in 

Fig.5.4, a remarkable down-regulation (9.1 folds) of Abhdl4b was found with low 

dose treatment, suggesting that it might have a great potential to be developed as a 

specific biomarker of PA intoxication. However, the regulation on Abhdl4b was not 

observed in both medium and high dose treatment. Thus in the present study, it was 

not regarded as a consistent candidate proteins and did not obtain further 

confirmation studies. Conversely, the expressions of Cpsl, Atp5b and HspaQ which 

relate to urea cycle, energy metabolism and stress response respectively, were 

consistently altered by three doses of retrorsine treatment. 

As demonstrated in Fig.5.5, urea cycle is the only non-dietary source of essential 

substrates (arginine or citrulline) for endothelial NO synthesis which occurs in the 

liver (Kallianpur et al.，2005). Cpsl catalyzes the rate-limiting step of the hepatic 

urea cycle, thereby controlling the availability of NO precursors. Impairment on both 

urea cycle function and NO production by intensive chemotherapy has been found to 

predispose patients to oxidative organ injury and HSOS (Pearson et al., 2001). 

Sustained endothelial NO production, which depends upon substrates generated by 

the urea cycle, may be important in limiting hepatocyte iron uptake and endothelial 

injury (Kim and Ponka, 2002，2003; Moncada, 1993; Summar et al., 2004). Along 

with the decline in hepatic flow in HSOS, NO levels in the hepatic vein and 

sinusoids are shown to decrease (DeLeve et al., 1999). A sub-toxic dose of PA has 

been proved to be able to aggravate HSOS by inhibiting NO synthesis and the 

decrease of NO production contributes to the development of rat HSOS (DeLeve et 
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al, 2003). Thus, Cpsl regulated NO depletion is hypothesized to be vital for the 

development of clinic HSOS. 

Atp5b is the major catalytic subunit of ATP synthase, which produces ATP from 

ADP in the presence of a proton gradient across the mitochondrial membrane. 

Regulated expression of hepatic Atp5b may explain ATP preserving effect of liver 

tissue toward drug-induced hepatotoxicity, an effect that was observed in recent 

studies but without detailed explanation. Cpsl and ATP5b may have an interaction 

in the regulation of NO production after PA exposure (Fig.5.5). 

Hspa9, a heat-shock cognate protein, is primarily localized to the mitochondria but 

it is also found in the endoplasmic reticulum, plasma membrane and cytoplasmic 
e 

vesicles. It plays a role in cell proliferation, stress response and maintenance of the 

mitochondria. However, detailed information of how it acts in any pathogenesis is 

absent. Since this protein was included in two cluster functions (stress response and 

cell proliferation) after PA treatment. We also used IHC and Western blot analysis to 

verify its expressions along with Cpsl and Alp5b. 
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Table 5.5 Potential biomarkers selected for retrorsine-induced hepatotoxicity in rat 

Protein ID 

Fold change 

Protein ID Low dose Medium dose High dose 

Cpsl -4.2 +2.3 +4.1 

Cluster 1 
AtpSb -3.6 -1.2 +2.5 

Ftcd + 1.7 + 1.8 

Pebpl -2.4 -1.8 

Actal -3.3 +3.3 

Cluster 2 Krt8 -1.5 -1.6 +2.0 

Ttr -2.5 -1.6 

Hspa9 -3.1 -1.4 4-2.2 

Cluster 4 Hspdl -3.1 +2.0 

Mdhl -2.0 + 1.3 

Cluster 6 Alb + 1.5 -1.5 

Low dose: 35 mg/kg, Medium dose: 70 mg/kg and High dose: 140 mg/kg of 

retrorsine. -: Down-regulated; +: Up-regulated comparing with vehicle control group. 

AbdMb 
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\ 
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Cpsl 
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-一玄. 类 、 

m 
Atp5b 
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、 
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Hspa9 
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A 瓶 、 麵 

Fig.5.4. Sections of 2D-gel images showing remarkable down-regulation (9.1 folds) 

of Abhd 14b by low-dose treatment, and consistent changes of Cpsl, Atp5b and 

Hspa9 observed at all doses of retrorsine treatment (C: vehicle control; L: low 

dosage; M: medium dosage; H: high dosage). 
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HC03 + NH4 + 2 A T P | 

QiSi 

Carbamyl phosphate 

OTC 

I Ornithine 

Urea — 

Citrulline 

NO 

NQS 
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Aspartate 

Arginine 

Arginosuccinate ) 
I 

, , M L 

‘ Fymarate 

Fig.5.5. The hepatic urea cycle - dysfunction of Cps-1 results in a fall in citrulline 

and NO and a rise in ornithine levels. Cps-1: Carbamyl phosphate synthetase 1 ； 

OTC: Ornithine transcarbamylase; ASS: arginosuccinate synthetase; ASL: 

Arginosuccinate lyase; ARG: Arginasc; NOS: Nitric oxide synthetase. 

5.3.5 Verification of Cpsl，Atp5b and Hspa9 as Potential Biomarkers 

5.3.5.1 Expression of Hepatic Cpsl 

In the liver from rats treated with saline, Cpsl staining was obviously and 

predominantly cytoplasmic with no apparent nuclear staining (Fig.5.6A and A’）， 

indicating that Cpsl antibody recognized Cpsl within the mitochondria of liver 

parenchymal cells. However, in livers obtained from rats treated with low or medium 

dose of retrorsine, Cpsl staining became less (Fig.5.6B, C and C，），whereas 

slightly more with high dose treatment (Fig.5.6D and【)，).In order to quantify the 

differential expression of Cpsl, Western blot analysis was performed. As shown in 

Fig.5.9，in low and medium doses treatment groups, the hepatic expression of Cpsl 

was significantly down-regulated when compared with that of control group {？ < 

0.01 and P < 0.05, respectively), which was consistent with the identification made 

by 2-DE and with above qualified validation by IHC analysis. Accordingly, hepatic 

Cpsl expression was increased to some extent (not significant) by high dose 
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treatment, which was also in agreement with the result obtained from IMC analysis 

and proteomic approach. However, in medium dose treatment, the expression, of 

Cpsl was down-regulated according to IHC and Western blot analysis, whereas 

up-regulated by proteomic analysis. The possible reason was supposed to be due to 

the significant individual variations in response to such dose as demonstrated in 

chapter 4. This regulation of Cpsl implied thai the inherent production of endothelial 

NO was disturbed by PA treatment. The possible resultant KO reduction was 

hypothesized to be the underlying mechanism of slight SEC loss as found in chapter 

4. However, the iip-regulation of Cpsl upon a higher dose of retrorsine exposure 

should be a repairing effect of the liver against a severe toxicity. 

^HHH^H 
B B H H H H H m m m i M B M B I 

Fig.5.6. Effects of retrorsine on hepatic Cpsl expression assessed by 

immunostaining. Liver sections were obtained from rats treated with saline (A and 

A'), 35 mg/kg (B and B'), 70 mg/kg (C and C ) and 140 mg/kg (D and D') retrorsine 

A-D: Double immunostaining with Cpsl (shown in red and indicated with white 

arrow) and DAP丨（shown in blue). A，-D，： Immunostaining of Cpsl (indicated with 

white arrows). Scale bar in (A-D and A'-D') = 25 f-im. 
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5.3.5.2 Expression of Hepatic AtpSb 

As shown in Fig.5.7, Atp5b staining was obviously present in the cytoplasm of 

hepatocyte of the liver. However, Atp5b staining became less in livers obtained from 

rats treated with low or medium dose (Fig. 5.7B, B'; C and C ) , whereas a little more 

with high dose of retrorsine treatment (Fig. 5.7D and I)，）. Such expression pattern 

was in agreement with the proteomic results. Western blot analysis confirmed thai 

the hepatic Atp5b was down-regulated in some extent (P > 0.05) by low, while 

up-regulated by high dose treatment (P < 0.05) (Fig.5.9). However, the up-regulation 

of AtpSb by medium dose revealed by the Western blot analysis was not consistent 

with that proved by either 2-DH or IHC analysis. Tlie possible reason was also 

ascribed to the large individual variations as discussed earlier. The down-regulation 

of Atp5b observed at relative lower dose treatment suggested thai the decreased 

expression of Atp5b may be an fundamental reason for the down-regulation of many 

metabolic enzymes of liver tissue, which need the ATP to exert their metabolic 

activity. However, the up-regulation of Alp5b was supposed to be caused by the 

preserving effect on ATP with more ATP production induced by the ischemic 

condition caused by a severe hemorrhage as demonstrated in chapter 4. 
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Fig.5.7. Effects of retrorsine on hepatic Atp5b expression assessed by 

imniunostaining. Liver sections were obtained from rats treated with saline (A and 

A’），35 mg/kg (B and B,)，70 mg/kg (C and C ) and 140 mg/kg (D and D,) 

retrorsine. A-D: Double immunostaining with AtpSb (shown in green and indicated 

with white arrow) and DA PI (shown in blue). A ' -D' : Immunostaining of Cpsl 

(indicated with white arrows). Scale bar in (A-D and A ' -D ' ) = 25 |Am. 5.3.5.3 Expression of Hepatic Hspa9 

As shown in Fig.5.8，the positive staining of Hspa9 was not seen in the livers 

obtained from control, which meant that Hsp9 was not evenly expressed in the 

normal liver section. Upon low dose treatment, a little amount of positive staining 

was seen along the sinusoids. However, the staining of the liCs of large vessels at 

medium dose became more concentrated to the lining of sinusoids at high dose 

treatment. This expression pattern was confirmed by Western bloi analysis with a 

significant increase observed since low dose treatment {P < 0.05 comparing with 

vehicle control) (Fig,5.9). However, such expression pattern was not fully in 

agreement with the proteomic results, in which. Hspa9 was found down-regulated by 

retrorsine at both low and medium doses treatment. The lack of agreement in 

medium dose treatment can also be explained by the large individual variations in 

response to this dose as that demonstrated in Cpsl and AtpSb confirmation studies. 
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However, as demonstrated in chapter 1, the rats in response to low dose retrorsine 

show low individual variations in biochemical and histological changes. Thus, this 

discrepancy upon low dose treatment should not originate from the individual 

variation. By IHC analysis, the expression of Hspa9 was found to be locally which 

was different from that of Cpsi and AtpSb which showed an even staining through 

the section. Thus, some portion of tissue may present more 1 ]spa9 expression, but 

other tissues may have none. As the proteomic study and Western blot analysis were 

performed in parallel and thus the samples for these two studies were different, 

which made it possible that the samples used in proteomic study'Nviih a lower I Ispa9 

expression, whereas used in Western blot and 11IC analysis possessing a higher level 

of expression. 

Fig.5.8. Effects of 

immunostaining. Liver 

assessed by 

saline (A and 

retrorsine on hepatic Hspa9 expression 

sections were obtained from rats treated with 

A'), 35 mg/kg (B and B'), 70 mg/kg (C and C：} and 140 mg/kg (D and D') 

retrorsine. A-D: Double immunostaining with Hspa9 (shown in red and indicated 

with white arrow) and DAPI (shown in blue). A'-D": Immunostaining of Hspa9 

(indicated with white arrows). Scale bar in (A-D) = 25 nm; scale bar in (A'-D') = 55 

jim. 
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Fig. 5.9. Eft eel of rclrorsine on ihc hcpalic Cpsl. I lspa9 and Alp5b expression 

determined hy Western blot analysis. Ihc expressions of hepatic Cpsl. Ilspa9, 

Atp5b and Gapdh were analyzed using the inlcnsilics of separate bands, and the 

expressions of Cpsl, ilspa9, Atp5b were normalized agaiiisi that of (iapdh. ” ) < 

0.05 and < 0.01 comparing with the corresponding vehicle control. 

5.3.5.4 Use of. The Three Proteins as Candidate Bioniarkcrs 

When considering ihe regulation trend, both IIIC and Western blot analysis 

demonstrated a similar pattern of changes in hepatic Cpsl and Atp5b expressions to 

the proteomic analysis upon low and high dose relrorsiiie ircaimeni. Overall, the 

results supported thai it is promising to use these proteins as potential biomarkcrs 
署 

which warranted i'urllier development and should be evaluaied against more I)As to 

characlcrize Ihe specificity of these bioniarkers for predicting PA-induced 

hepatotoxicity. While the exact mechanism of response of these proteins to the I)A 

tested is not known, and therefore tlirther deep studies are needed. In addition, to 

verify whether changes in protein expression correlated with transcript level, 

quantitative PCR is often used. However, low niRNA-protein correlations were 
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found in several other studies (Nie et al.，2006a. 2006b; Ciygi et al., 1999) and one of 

the underlying reasons is proved to be the existence of postlranscriptional 

mechanisms which control the protein translation rale (1 lartbrd and Morris. 1997) 

and tlie halt-lives of specific proteins or mRNAs (Varsliavsky, 19%). Thus, in the 

present study, quantitative PC'R was not applied for tiirther verification of the 

sclectcd candidate biomarkers. 

5.4 Siimniiiry 

rhe combinations of clinical pathology data and histojxuhological changes wiih 

llndings of proieomic sludy olTer new insiglils and understanding of the mechanisms 

of toxicity, and alterations relevant to toxicity (haI have not previously reported 

might be tbuiid (Kennedy, 2002). We have in previous chapter defined a 

characteristic rat model of hepatim^xkity induced by PA with a definite 

dose-depcndence using several conventional technologies of biochemistry and 

liisiopalhology. In this model,- the low-dosc efleet with a slight regulation to hepatic 

biochemistry was regarded as a slight toxic response; whereas the high-dose olTect is 

due to changes of circulatory biochemistry and liver histology, which was 

characterized as severe PA toxicity. The large variable injury caused by medium 

dose was believed to be a mild toxicity. The detected dilTcrciUial expressed pro(eins 、 

involved in di Tie rent se\'eiil\ of PA intoxication were meaningful lor predicting the 

toxicity prim, to the appearance of morphological changes or analytic convcniional 

bioniarkers. When comparing the consistence and discrepancy of proteins profiles al 

different severity of the pathogenesis, the pathway that mainly conlribute to the 

progression of PA intoxication can be identified. By integrating the proteomic study 

and conventional loxicological .studies, an "overview model”, a specific protein 
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signature pattern and candidate biomarkers which could be of value to future PA 

intoxication screening was generated. 

In addition, identification of these altered proteins provides critical insiglu into the 

mechanisms responsible for 八-induced liver dysfunction and reveals multiple new 

molecular targets that can be exploited for therapeutic investigations. Specifically, it 

is the first time that PA was found to have profound interactions on chaperone 

proteins as well as the proteins related lo cell proliferation and thrombosis. Novel 

observations of PA on pathways ol" urea cycle, stress response and ATP synthesis 

were reported and 1)八-mediated changes in several proteins, Cpsl, Atp5b and I lspa9 

were identified. These latter findings provide much needed insight into ihc precise 

molecular nature of the dose of 1)A that modulates liver function and slruclure. 

Retrorsine treatmciit also triggered allcratioiis in key enzymes of amino acid and 

carbohydrate metabolism, and was associated with changes in a heterogeneous set of 

cellular stress proteins involved in cytoskclelal structure, calcium homeostasis and 

protease activity (Steincr ct al., 2001). Il is suggested that the degree to which 

cellular stress proteins arc changed upon treatment may serve as a measure of 

toxicity induced by the PA. Toxicity protein markers selected in the present study 

may be used in the determination of PA intoxication. Future studies aimed at 

characterizing the urea cycle pathway needed to advance the concept lhal disrupted 

NO production contribute to the palliogenesis of PA intoxication in liver. Similarly, 

an understanding of how PA regulates mitochondrial function is required lo advance 

our knowledge of the mechanism of PA-indiiced hepatotoxicity. 

However, the current limited knowledge regarding liver protein identities, 

function, pathway interactions and ultimate biological outcomes (Abbott, 1999) 

constrained our interpretative ability; this protein data set provided little to further 

understanding the mechanisms or pathological consequences of this liver response. 
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Considerable challenges remain ahead in the definition of protein signatures and in 

the functional characterization of a broad assortment of proteins (Newsholme el al., 

2000). 

In summary, application of 2-DE to characterize the proteome of rat liver resulted 

in a successful characterization of a complex array of altered liver proteins. This 

study demonstrates that a systemic biology approach utilizing complementary 

proteoniics technologies is a valuable tool that can be used to enhance ongoing 

mechanism studies aimed at elucidating the molecular events and pathways altered 

in IISOS. We have shown for the first time that our proteomics data can be readily 

correlated and inlcgrated with the biochemical and pathological observations 

associated with PA-indiiced liver toxicity into an "overview modd”. 1 his model can 

now provide us and other investigators with the framework, for further experimenlal 

verification of the molecular basis of PA-induced hepatoloxicily. 
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Chapter 6 Comparative Proteomic Study of Cyclophosphomide-lnduccd 

Hepatotoxicity in Rats 

6.1 Introduction 

Proleomics can be used to detect response to toxic drugs and have been integrated 

with conventional endpoints to obtain better understanding of key mechanism of 

toxicity and identify specific safety biomarkers (Suler et al., 2011). By providing 

mechanistic insight, protein profiles may be used to classify compounds with respect 

to pathological phenotypes they induce upon Ireatment. It can be expected that 

compounds which elicit similar pathologies are affecting the same or related 

mechanism of pathogenesis and are therefore likely to regulate similar sets of 

proteins in a comparable manner. These protein signatures may tlien be employed in 

a diagnostic or predictive reasoning. 飞. 

PA-induced IISOS has perplexed human beings for more than 80 years, since it 
4 

was first described in South Africa (Mattocks. 1986). So tar. literature about 

PA-associated HSOS is only in the form of case reports, and the available reports do 

not provide sufficiently reliable data to be used in illustrating the accurate 

mechanism of this disease. At the stime time, HSOS is becoming a major medical 

complication of chemotherapy after SCT and acts as the main cause of death 

(Chojkicr, 2003; Poreddy and DeLeve, 2002). 

Cyc is a commonly used chemotherapy drug and is the most hepatotoxic. It is a 

nitrogen mustard alkylating agent which attaches the alkyl group to the guanine base 

of DNA to form DNA cross-link between and within DNA strands. This linkage is 

irreversible and leads to cell death by slowing or stopping cell growth and has been 

proved lo be able to elicit human HSOS (McDonald et al., 2005; McDonald et al.’ 

2003). However, the detailed mechanism underlying Cyc-induced HSOS is also not 
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clear. A sublethal damage to SECs and/or depletion of reduced GSH in hepatocytes 

and SECs caused by Cyc metabolites are believed to be the possible mechanisms 

(DeLeve, 1996; Deleve et al., 2011; McDonald et a l , 2005; McDonald el al., 2003). 

As demonstrated in chapter 4, the specific and early detectable damage to SECs is 

also involved in the pathogenesis of PA-induced hepatotoxicity. Thus, a comparable 

study of protein expression profile generated from rat liver after treatment with Cyc 

may provide mechanistic insight into the pathogenesis of HSOS. 

In short, because of the similarity of HSOS produced after chemotherapy and PA 

exposure, a comparable proteomic study of the Cyc-induced acute hepatotoxicity is 

important for the understanding what factors contribute to the initiation and 

progression of this disease. To make a contribution, a 2-D protein map for rat liver 

was established to indentify the proteins whose expression level was changed by Cyc. 

In addition, a toxicity signature was constructed from the combination of altered 

proteome profiles and conventional toxicological parameters, which may offer 

potentially useful information in regard to signaling pathways mediating the toxicity. 

6.2 Materials and Methods 

6.2.1 Materials 

Cyc was purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). 

6.2.2 Animals 

The details are described in section 4.2.2. 

6.2.3 Treatment Protocol 

Rats in treatment groups were orally treated with a single dose (56 mg/kg, n = 6) 

of Cyc, while the ones in vehicle control group were administered with normal saline 
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{n = 6) correspondingly. The dose of Cyc used is corresponding to its LDso in rats 

The gavages volume for all drugs was 1 ml/kg of rat. Rats were fasted overnight 

after drug exposure. 

6.2.4 Sample Collection 

This protocol is same as that described in section 4.2.4. 

6.2.5 Clinical Pathology and Liver Biochemistry 

The protocols for measurements of enzymatic activities of ALT, LDH, MPO and 

GR, levels of GSH and GSSG/GSH ratio are described in detail in chapter 4. 

6.2.6 Histological Examination 

The protocols of H&E staining and RECR-1 immunostaining are described in 

detail in chapter 4. 

6.2.7 Proteomic Study 

The protocols include those described in section 5.2.5, 5.2.6. 5.2.7 and 5.2.8. 

6.2.8 Validation of Candidate Proteins by IHC Analysis 

The protocols include those described in section 5.2.9. 

6.2.9 Statistical Analysis 

The method is same as that described in section 4.2.14. 

6.3 Results and Discussion 

6.3.1 Toxic Effect of Cyc on Clinical Pathology and Liver Biochemistry 

No death was observed during the period of drug exposure. As shown in Table 

6.1，no significant differences were observed on percentage of body weight decrease 
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between Cyc and control group. However, the relative liver weight was significantly 

increased by Cyc treatment, which correlated well with the observed significant 

increases of plasma ALT activity，LDH release and TB level. As discussed 

previously in chapter 4, these changes may demonstrate a liver injury. Among four 

parameters involved in GSH system, only hepatic GSH level was significantly 

increased by Cyc treatment, implying a reflective response of the liver tissue to the 

consummation of GSH by conjugating with Cyc metabolite. The unchanged plasma 

GSH level and hepatic GR activity suggested that the GSH system was not seriously 

disturbed and thus the oxidative stress marker, GSSG/GSH ratio, was not 

significantly affected. However’ MPO activity was significantly increased, 

suggesting that the inflammation process played a role in the pathogenesis of 

Cyc-induced hepatotoxicity. 

As expected, an acute toxic effect of LD50 of Cyc was elicited on rat. When 

considering the changes of plasma ALT, LDH, serum TB and hepatic GSH, the 

degree of damage upon Cyc treatment was comparable to that induced by medium 

dose of retrorsine. Similarly，inflammation was also induced by Cyc treatment as that 

seen in low and medium doses retrorsine treatment. However, the lack of oxidative 

stress suggested that there might be some differences in the detailed mechanism 

between these two compounds (Cyc and retrorsine). 

、 
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Table 6.1 Effects of Cyc on clinical pathology and liver biochemistry of rat 

Biochemical parameter Vehicle control Cyc 
24 BW post treatment (g) 
Percentage o f B W D (% BW) 
Relative LW (% BW) 

Plasma ALT activity (SF unit/L) 

Serum TB (mg/mL) 
LDH release (% control) 
Plasma GSH level (}iM) 
Hepatic GSH level (|amol/g liver) 
Hepatic GR activity (mmol/min-g liver) 
Hepatic GSSG/GSH ratio 
Plasma MPO activity (mU/mL) 

2 3 6 , 0 士 � 0 . 0 

8 . 2 士 0 . 8 

3.2 ±0.3 

28.6 ±8.7 

0.17 土 0.07 

1 0 0 . 0 ± 2 8 . 4 

1 7 0 . 5 ± 4 2 . 1 

9 . 5 土 1 . 7 

4 . 3 土 0 . 6 

0 . 2 5 土 1 

6 . 2 士 1 . 0 

2 3 5 . 3 士 1 0 . 1 

7 . 4 土 1 . 2 

3.5±0.1* 

9 7 . 9 土 1 0 . 5 * -

0 . 4 8 土 0 . 3 3 * 

136.6 ±25.2* 

186.2 ±30.4 

1 4 . 7 士 1 . 3 " 

3,6 土 丨.8 

0 . 3 8 土 0.14 

22.1 ±3.9** 

Cyc: cyclophosphomide; BWD: body weight decrease, BW: body weight, LW: liver 

weight, ALT: alanine aminotransferase, TB: total bilirubin, LDH: lactate 

dehydrogenase, GSH: glutathione, GR: glutathione reductase, GSSG: oxidized GSH, 

MPO: myeloperoxidase. *P < 0.05 and **P < 0.01 comparing with vehicle control. 

6.3.2 Toxic Effect of Cyc on Histopathology of Liver and Lung 

As indicated in Fig.6.1，the normal structure of lobule, central vein and sinusoid 

were seen in liver sections obtained from rats treated with control or Cyc. No 

obvious necrosis was detected within.the parenchymal cells after Cyc exposure. 
if 

However, the sinusoids of liver in animals treated with Cyc were slightly broadened 

when compared with that of control (Fig.6.1B' and B，，）. These lesions were 

accompanied by a slight loss of SECs in liyer sections exhibited by the decrease of 

immunostaining with RECA-1 antibody (Fig.6.2). These results implied that the 

increases of plasma ALT, LDH release and TB level should originate from the 

destruction of SECs, but not of parenchymal cells. No obvious lesions were observ ed 

in the lung after Cyc treatment (Fig.6.3)，which was similar to that observed with 

retrorsine treatment. These histological changes of liver referring to hepatocyte and 
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Fig.6.1. Effects of Cyc on the histology of liver. Representative hematoxylin and 

eosin staining images of the middle regions of liver section obtained from rats 

treated with saline (A, A，and A " ) and 56 mg/kg Cyc (B, B’ and B”）. Scale bar in 

(A and B) = 100 )am; (A，and B') = 50 |im; ( A ” and B”）= 25 ^im. The ccntral vein 

is abbreviated as CV and sinusoid is indicated in asterisk. 

6 CompgffSSve Proteomic Study of Cyc-Tnduced Hepatotoxicity 

SECs were similar as that developed with low dose of retrorsine treatment and 

comparable to that demonstrated in a previous study (Malhi et al., 2002). Taken 

together, a single oral LD50 of Cyc elicited a slight toxic effect on rat. The degree of 

toxicity was mostly similar to that elicited by low dose of retrorsine treatment. 
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Fig.6.3. Effects of retrorsine on the histology of lung. Representative H&E staining 

images of the lung section obtained from rats treated with saline (A, A’ and A”）and 

56 mg/kg Cyc (B, B, and B” ) . Scale bar in (A-D) = 100 ^m; (AM)，）= 50 pm; 

(A”-D”）== 25 \im. The blood capillary, alveolar sac and surrounding alveoli are 

indicated as asterisks, AS and black arrows, respectively. 
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Fig.6.2. Effects of Cyc on RECA-1 immunostaining of liver section. Liver sections 

were obtained from rats treated with saline (A, A’ and A " ) and 56 mg/kg Cyc (B, B' 

and B”）. The sinusoids are shown by green staining and indicated with red arrows. 

A and B: Immunostaining of RECA-1 (shown in green) for sinusoids. A’ and B，: 

Double immunostaining with RECA-1 and DAPI (shown in blue) for sinusoids. 

Scale bar in (A-B and A'-B') = 25 ^im. 
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6.3,3 Differential Expression of Liver Proteins after Cyc Treatment 

Fig.6.4 shows a representative image of protein 2-D gels of liver obtained from rat 

treated with Cyc. Based on the results of the image analysis using PDQuest software, 

and according to Student's /-tests, 65 protein spots were found to exhibit more than 

1.5-fold difference with statistical significance between the vehicle control and Cyc 

group {P < 0.05). Identification analysis revealed thai 19 proteins were 

down-regulated and 26 were up-regulated upon Cyc treatment. The majority of the 

identified proteins are enzymes or enzymatic subunits (approximately 20) with a 

wide spectrum of catalytic activities. Other major classes included about 10 heat 

shock proteins. Also, approximate 6 different spots of structural proteins were 

represented on the gels. In addition, a high percentage of the identified proteins were 

localized in the mitochondria or mitochondria membrane (33%), a little more in 

cytoplasma (36%) and fewer in endoplasmic reticulum (9%) and peroxisome (2%). 

Based on the common properties and functions, these differentially expressed 

proteins were categorized into five clusters which were similar to that caused by PA 

retrorsine treatment except that no thrombosis related proteins were detected. These 

proteins, together with their expression levels and the pathways they involved in 

were summarized in Table 6.2. 
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Fig.6.4. Representative 2-D gel of proteins in the liver of rat treated with 56 mg/kg 

Cyc Significantly changed protein expressions are indicated by circles and respective 

ID code. Red: up-regulated; blue: down-regulated comparing wiih vehicle. 
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Comprative Proteomic Study of Cyb-Induced ， 

6.3.3.1 Proteins Involved in Energy and Substancc Metabolism 

Among these regulated proteins, most are involved in the metabolism of energy 

and substances. For example, down-regulated Cpsl is involved in urea cycle to 

eliminate extra amrrtbnia. Up-regulated ATP synthase subunit alpha (AtpSal) and 

down-regulated Atp5b are essential for ATP synthesis. Cytochrome c oxidase 

subunit 5B (Cox5b) and NADH dehydrogenase (Ubiquinone) flavoprotein 1， 

isoform CRA a (Ndufvl) play important role in mitochondrial electron transport. 

Up-regulated serine hydroxymethyltransferase (Shmtl) and 

10-formyltelrahydrofolate dehydrogenase (Aldhl 11) are involved in one-carbon 

metabolism. Dihydrolipoyllysine-residue succinyitransferase component of 

2-oxoglutarate dehydrogenase complex (Dlst) and phenylalanine-4-hydroxylase 

‘ (Pah) act in the process of amino-acid degradation as well as tricarboxylic acid cycle. 

Up-regulated Otc protein (Otc) is involved in citmlline biosynthetic process. Two 

proteins, serine hydroxymethyltransferase (Pc) and fructose-1, 6-bisphosphatase 1 

(Fbpl), playing a role in carbohydrate biosynthesis were down-regulated, whereas 

phosphoglycerate kinase 1 (Pgkl), an important enzyme for carbohydrate 

degradation and glycolysis was up-regulated. Alpha-enolase (Enol) was also be 

up-regulated which is involved in gluconeogenesis and plays a role in plasminogen 

activation. Three up-regulated proteins, 3-mercaptopyruvale sulfurtransferase (Mpst) 

is involved in lipid metabolism and fatty acid metabolism; Idehyde dehydrogenase 

(Aldh2) is essential for ethanol degradation, and dihydropyrimidinase (Dpys) is 

responsible for thymine catabolic process. Interestingly, most of these enzymes 

involved in biosynthesis of energy and nutrients were down-regulated, indicating a 

decreased metabolic activity in liver tissues upon Cyc exposure, which was 

confirmed by the upregulation of Pgkl, Mpst, Aldh2 and Dpys and similar to 
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isoform 1 of endoplasmin (Hsp90bl), which is involved in ER-associated protein 

catabolic process. 

6.3.3.2 Proteins Involved in Cell Organization 

Six proteins involved in cytoskeleton organization and/or cell motility were 

affected. Except for actin, gamma 1 propeptide-like (LOCI00361457), other five 

proteins, Actb, Krt 10, Alpha-actinin-4 (Actn4), Beta-actin FE-3 (Fragment) (Actb), 

type II cytoskelelal 10 (Krt 10) were down-regulated. These down-regulations may 

come from two aspects: 1) the inhibition of syntheses of amino acids and 2) the 

destruction of SECs. 

6.3.3.3 Proteins Involved in Ceil Proliferation 

Abhdl4b was down-regulated, which was similar to that induced by low dose of 

retrorsine treatment. Additionally, prohibitin (Phb), which inhibits DNA synthesis 

and thus has a role in regulating cell proliferation, was up-regulated, confirming that 

an inhibition of cell proliferation was elicited by Cyc treatment. 

6.3.3.4 Proteins Involved in Stress Response 

Besides，five proteins involved in stress response were down-regulated, including 

Hspa9, Hspdl, Hspa5, heat shock cognate 71 kDa protein-like (LOG 100363133) and 

Malate dehydrogenase, cytoplasmic (Mdhl). This change pattern was similar to that 

of low dose retrorsine treatment. However, superoxide dismutase [Cu-Zn] (Sodl), 

catalase (Cat), and peroxiredoxin-4 (Prdx4) involved in oxidation-reduction were 

up-regulated. Two proteins catalyze the rearrangement of -S-S-bonds in proteins, 

protein disulfide-isomerase (P4hb) and protein disulfide-isomerase A3 (Pclia3) were 

also up-regulated and play a role in cell redox homeostasis. These simultaneously 

occurring down- and up-regulations of oxidative stress related proteins imply that 
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there was a balance between the oxidative stress and anti-oxidative mechanism in the 

pathogenesis of Cyc toxicity’ which may explain why the oxidative biomarker, ratio 

of GSSG/GSH was not significantly elevated as demonstrated earlier. 
» 

6.3.3.5 Proteins Involved in Other Functions 

Alb was also up-regulated as that observed at low dose of retrorsine treatment. 

Up-regulated guanine nucleotide-binding protein subunit beta-2-like 1 (Gnb2ll) 

plays a role in activation of protein kinase C by G-protein coupled receptor protein 

signaling pathway and proleasome subunit beta type-9 (Psmb9) possesses 

ATP-dependent proteolytic activity and is involved in antigen processing. Finally, 

four uncharacterized proteins were also found up-regulated by Cyc treatment. 

6.3.4 Proteins Consistently Regulated by Cyc and Retrorsine 

There were ten proteins belonging to four clusters were consistently regulated by 

both Cyc and retrorsine treatment (Table 6.3), which implied that these four 

pathways, metabolism, cell organization, cell proliferation and oxidative stress may 

play a role in the common pathogenesis of HSOS induced by both PA and Cyc. 

Especially Cpsl，Atp5b and Hspa9，they were consistently regulated by three doses 

of retrorsine as well as Cyc treatment (Fig.6.5). In addition, similar to that observed 

at low dose of retrorsine treatment, Abhdl4b was also down-regulated by Cyc 

treatment (Fig.6.5), indicating that Abhdl4b had a potential to be used for the 

detection of a slight toxic response during HSOS development. In summary, as both 

Cyc and PA are able to induce HSOS, the common regulations of proteins by the 

two compounds lead to a hypothesis that these three proteins may be specific 

biomarkers of HSOS and the pathways they are involved in maybe be responsible for 

the progression of HSOS. 
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Fig.6.5. Sections of 2D-gel images showing down-regulation of AbhdMb, Cpsl 

Atp5b and Hspa9 observed at Cyc treatment. 
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Table 6.3 Proteins regulated by both retrorsine and Cyc treatment 

Fold change 
Protein name Retrorsine 

Low dose Medium dose High dose 
Cyc 

Cluster 1 

Cluster 2 

Cluster 4 

Cpsl 
Atp5b 

Pc 

Actb 
AbhdHb 

Hspa9 
Hspdl 

HspaS 

Mdhl 

-4.2 
-3.6 

Cluster 6 

-9.1 
-3.1 
-3.1 
-1.9 
-2.0 

+ 1.5 

+2.3 
-1.2 

+1.5 

-1.7 

-1.4 

+4.1 
+2.5 

+2.2 

+2.0 

+ 1.3 

.5 

-2.3 
-1.5 
-1.7 

-2t3 
-2.5 
-1.7 
-1.9 
-1.7 
-1.7 

+ 1.5 

Low dose: 35 mg/kg, Medium dose: 70 mg/kg and High dose: 140 mg/kg of 

retrorsine. Cyc: 56 mg/kg cyclophosphomide. -: Down-regulated; +; Up-regulated 

comparing with vehicle control group. 

t. 

6.3.5 Cpsl and Atp5b Expression of the Liver 

As demonstrated in chapter 5, the proteomics study revealed regulation patterns to 

Cpsl and Atp5b, but not Hspa9，were consistently verified, IHC and Western blot 

analysis after retrorsine treatment. Thus in the present study, only Cpsl and Atp5b 

were selected as potential biomarkers to be further verified by IHC analysis. As 

shown in Fig.6.6 and Fig.6.7，the strength of staining showed that an apparent 

decrease of Cpsl, while slight decrease of Atp5b were induced by Cyc treatment, 

which was in agreement with the 2-D pattern. Interestingly, as demonstrated in 

chapter 5, down-regulation of these two proteins was also observed at low level of 

PA exposure. This consistency integrated with the similar degree of toxicity elicited 

by both kinds of compounds suggested that the down-regulation of Cpsl and Atp5b 
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‘ biomarkers of early phase of pathogenesis before HSOS is developed. 

,Eig.6.6. Effects of Cyc on liver Cpsl expression assessed by imniunostaining. Liver 

sections were obtained from rats treated with saline (A, A，and A，，）and 56 mg/kg 

Cyc (B, B，and B,，）. A and B: Double immunostaining with Cpsl (shown in red and 

indicated with white arrow) and DAP I (shown in blue). A’ and B,: Immunostaining 

of Cpsl (indicated with white arrows). Scale bar in (A-D and A，-D，) = 25 \xm. 
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Fig.6.7. Effects of Cyc on hepatic AtpSb expression assessed by immunostaining. 

Liver sections were obtained from rats treated with saline (A, A ’ and A ” ) and 56 

mg/kg Cyc (B，B’ and B，，). A and B: Double immunostaining with Atp5b (shown in 

green and indicated with white arrow) and DAPl (shown in blue). A ' and B’： 

Immunostaining of AtpSb (indicated with white arrow). Scale bar in (A-D and 

A，-D，）二 25 jim. 

6.4 Summary 

The proteomic analysis revealed that Cyc exposure resulted in the alternation of 

metabolic enzymes, cellular organization, cell proliferation and stress response 

processes, which was also observed in retrosine treatment as demonstrated in chapter 

5. Among the differential expressed proteins, over half of them were found to be 

enzymatic proteins which are involved in amino acid, nucleotide or fatty acid 

metabolism and ATP synthesis. Heat shock proteins were another cluster of 

regulated proteins related to oxidative stress. Most of the affected proteins appeared 

decreased at 24 h after dosing with low dose of retrorsine or Cyc. This can be due to 

i 

I 

專
，
 

Lv 

1 

，.�A . 

：免. 

：書 



the decreased protein synthesis resulting in the reduced capacity of liver to generate 

and maintain sufficient levels of nutrition and ATP. The resultant decrease in 

bioenergetic capacity is thought to contribute to the decreased SEC viability and 

ultimately the pathological changes that occur before the developijient of HSOS. 

Especially, Cpsl and Atp5b were confirmed be consistently down-regulated by low 

dose of retrorsine and Cyc treatment. Identification of these altered proteins provides 

critical insight into the mechanisms of HSOS. Specifically, we show for the first time 

that both PA and Cyc have profound interactions with mitochondrial proteins, as 

well as metabolism enzymes. The novel observations of them on pathways of urea 

cycle and ATP synthesis suggest that these two pathways may contribute to the 

development of HSOS. 

Four distinct stages for the protein biomarker development process are identified 

as discovery, qualification, verification, and validation with verification being the 

rate-limiting step (Berna and Ackermann, 2009). By a series of discovery, 

qualification and verification studies, Cpsl and Atp5b were proved to have the 

potential to be used as specific biomarkers for the detection of pathogenesis of 

HSOS. Subsequently, validations need to be achieved by knockdown or knockout of 

these two proteins to appraise their contribution and involvement in the development 

of HSOS in the future study. 
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hapter? Discussion and General C o n c l u s i o n " . 

Chapter 7 General Conclusions 

7.1 In Vitro Study 

Hepatotoxic PAs present in a wide variety of plant species and can easily 

intoxicate human beings by contaminating food stuffs such as cereal, honey, eggs, 

and meats. In addition, with the rapidly-growing interest worldwide in the use of 

natural products as medical remedies and dietary supplements, PAs are becoming 

one of the most important reasons for natural products poisoning. Til l now, more 

than 8000 cases of HSOS induced by PA consumption have been reported over the 

world (Lin et al., 2010). However, due to a limited knowledge about the mechanism, 

no effective methods have been developed for the treatment of PA-induced HSOS. 

Under these conditions, prevention and restriction of PA exposure become a key 

strategy for controlling PA poisonings. Nowadays many Western countries have 

established some regulations for the use of PA-containing herb products. However, 

these regulations are based on case study and cannot be applied universally for all 

PAs due to the severities of toxicity of different PAs vary significantly. The different 

severity of toxicity as well as the diversity of PA types makes it difficult to set up the 

regulation for a universal threshold of toxic dose of individual PAs. Thus it is timely 

and important to develop an effective method to systematically and rapidly assess the 

severity of toxicity of different PAs. 

By in vitro study, a convenient and simple model has been developed to screen the 

cytotoxicities of PAs using HepG2 cells. In this model, the developed combinational 

use of MTT and BrdU assays were able to discriminate the cytotoxicity of different 

PAs. Among different types PAs tested，an otonecine-type PA representative is 

significantly more toxic than a retronecine-type one, while a platyphylliiie-type one 

is non-toxic. Moreover, by successfully detecting the cytotoxicity of a PA-containing 
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herb，the developed model appears to be also suitable for the assessment of 

PA-containing herbs intoxication. In conclusion, we have developed^ for the first 

time, a rapid and simple in vitro model for the detection of the severity of hepatic 

cytotoxicity of different types of PAs and also for the discrimination of toxic PAs 

from non-toxic one. This method has the potential to be used for the quick screening 

the toxicity of PA-containing natural products. 

7.2 In Vivo Study 

The toxicity of PAs is from the metabolic formation of pyrroles being catalyzed 

by hepatic CYP3A and CYP2B (Omiecinski et al.，1999; Yang et al., 2001a). 

Because of its limited metabolizing capacity as well as a lack of cell communication, 

the developed in vitro model cannot mimic the real pathogenesis of PA intoxication. 

Developing a reliable and reproducible animal model is thus fundamental for the 

delineation of underlying mechanisms of PA intoxication. In addition, the detailed 

events in the development of HSOS after PA exposure are largely unknown, 

resulting in the lack of specific methods for its diagnosis. Therefore, the aim of our 

in vivo study include two aspects: one is to develop a rat hepatotoxicity model and 
I \ 

\ 

the other is to investigate the mechanisms of PA intoxication upon this developed 

model. Through the mechanism study, a signature pattern of protein expression and 

several specific mechanism-based biomarke^s are proposed by using the integrated 
I > 

conventional toxicological studies and proteomic approach. 

7.2.1 Model Development 

By using retrorsine as the PA representative, we have developed a rat model that 

produces consistent and reproducible hepatotoxicity with minimal lethality. 

Furthermore, a definite dose-dependent toxic response has been elicited by the single 

oral administration of dose corresponding to 0.7，1.4 and 2.8 fold of LD50 of 
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retrorsine: low dose induced a slight injury with an elevation of ALT, GSSG/GSH 

and MPO; medium dose caused a mild injury referring to more damage including the 

elevation of RLW,, GSH and GR; whereas high dose resulted in severe damage 

referring to an elevation of ALT，RLW, GSH，GR, TB and LDH, but a slight 

decrease of GSSG/GSH and MPO. Thus the response to low dose retrorsine 

treatment can be characterized as a sub-toxic effect involving oxidative stress and 

inflammation activation; high dose represents a severe toxicity showing hepatoc>1e 

necrosis and the beginning of possible GSH depletion; whereas the degree of toxicity 

induced by medium dose showed significant specimen variations. This 

dose-dependent response was ascribed to the formation of different amounts of toxic 

metabolite of retrorsine. 

In addition, by using RECA-1 immunostaing, we have，for the first time, made the 

SECs and CVECs simultaneously visible, which is crucial for the accurate 

determination of which kind of cells, either SECs or CVECS, are primarily affected 

first. Ti l l now, there is only one study reporting the use of this method to visualize 

SECs (Deleve et al，2002). However, no dose-dependent and region distribution of 

damages to SECs has been reported. In the present study, we find, for the first time, 

that the severity of EC damage between the central and peripheral regions of liver 

lobe was largely different accompanying with an obvious dose-dependent character: 

a slight loss of SECs in central region of the liver lobe was caused by low dose; a 

mild loss of SECs as well a slight loss of CVECs in central region, whereas slight 

•r • 

loss of SECs in peripheral regions were caused by medium dose; and a severe loss of 

SECs and mild loss of CVECs in central region while mild loss of SECs and no 

obvious damage to CVECs in peripheral region were caused by high dose of 

retrorsine treatment. Thus the present study, for the first time, directly proves that 

SECs are more easily to being injured than CVECs by PA administration. More 
‘ 186 
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importantly, it is the first time to find that the central region of liver lobe is firstly 

affected, then the peripheral region, which may provide useful information for the 

众 biopsy in collecting specimen for early diagnosis. In addition, as oxidative stress and 

inflammation activation also occurred with low dose of retrorsine expose, they may 

be the underlying mechanisms of ECs damage. Similarly, the sinusoid hemorrhage 

and lobule disarray observed at high dose treatment are believed to be resulted from 

the severe damage of SCEs and CVECs. 

The above findings formed a solid foundation for the further proteomic study. It 

would be helpful in understanding and illustrating the proteomic data for 

investigating potential biomarkers and pathways of PA-induced hepalotoxicity. 

7.2.2 Proteomic Study 

7.2.2.1 Proteomic Study on PA-Induced Acute Hepatotoxicity 

Proteomic study allows the investigation on mechanisms of drug action at protein 

levels. It plays a very important role in the elucidation of molecular mechanisms of 

toxicity and developments of novel biomarkers which may contribute to high 

throughput safety screening. As the toxicity mechanism of PA is not clear and the 

formation of protein-adduct is generally considered as one consequence of PA 

exposure, specific proteins are thus believed lo be involved in the initiation or/and 

progression of PA-induced hepatotoxicity. The present study thus aims to investigate 

the expression changes of hepatic protein induced by PA using proteomic approach. 

Moreover, through analyzing and comparing the 2-D snapshots of protein expression 

from different doses, a signature pattern of protein expression and specific 

biomarkers of liver toxicity were established. 

Proteomic study revealed that the regulated proteins were mostly down-regulated 

by low, half down-regulated by medium and mainly up-regulated by high dose of 
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retrorsine treatment. These regulated proteins are involved in six classified functions: 

metabolism enzymes, cell organization, cell proliferation, stress response, 

thrombosis and other functions. By integrating above clusters with the conventional 

toxicological assessments, an "overview model" of PA intoxication is constructed. 

Low dose of PA exposure resulted in the decrease of enzymes involved in three of 

the primary metabolic pathways, which led to the decrease of the production of basic 

materials and energy of the liver tissue. As a result, the biosynthesis of cell 

organization related proteins were also reduced, which was accompanied by the 

inhibition of cell proliferation. Similarly, proteins acting in ATP-dependent oxidative 

stress response and formation of thrombosis were inhibited, resulting in an oxidative 

stress and potentially aggravated hemorrhage resulting from the slight loss of SECs. 

In summary, a low level of PA exposure resulted in a definite down-regulation of 

protein patterns. There are two possible reasons: one is due to the formation of 

DNA- or protein-adducts which interfere with the expression of proteins; the other 

possibility is due to a preserving mechanism of the body to a slight injury caused by 

a relative little amount of PA exposure. 

With medium dose of retrorsine treatment, most of the metabolism proteins were 

up-regulated, which were ascribed to the activation of the protective effect or 

feedback of the body to synthesize more nutrients and energy for antagonizing the 

damage effect of PA, However, the rates of cell reorganization and cell proliferation 

were still low. A possible explanation is that a larger amount of pyrrolic ester 

metabolite produced by the administration of medium dose of retrorsine directly bind 

and destroy more cytoskeleton proteins, which fail to overwhelm the repairing rate 

of the liver. Similarly, the repairing mechanism via anli-oxidants was also not fully 

activated. Interestingly, proteins for thrombosis inhibition were up-regulated, 

confirming that a repairing effect of the body has been activated to fix the increased 
• 188 
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degree of hemorrhage. In contrast to a previous report (Mattocks, 1986), PA was, for 

the first time, found to increase the expression of hepatic proteins. Whether it acts as 

an inhibitor or activator of protein expression was hypothesized to be determined by 

the exposure level. This hypothesis is confirmed partly by the regulation pattern of 

high dose treatment, in which, all of the involved proteins were up-regulated. 

Furthermore, three proteins, Cpsl，Alp5b and Hspa9 related to urea cycle, energy 

metabolism and stress response respectively were consistently altered by three doses 

of PA treatment. The confirmation studies consistently proved thai Cpsl and Alp5b 

were actually down-regulated by low dose, whereas up-regulated upon high dose of 

PA exposure. However, the regulating patterns of medium dose treatment to Cpsl 

and Atp5b were not fully consistent between two confirmation studies and proteomic 

analysis, which can be explained by the large individual variation upon this dose of 

retrorsine exposure as found with the conventional toxicological parameters. 

However, the expression pattern of Hspa9 revealed by confirmation studies was not 

in agreement with the proteomic results, which could be explained by the uneven 

distribution of Hspa9 in the livers. Thus, we believe that Hspa9 cannot act as a 

suitable biomarker of PA intoxication. 

In conclusion, Cpsl and Atp5b could be further developed as specific biomarkers 

of PA intoxication. Down-regulation of these two proteins may indicate a slight 

hepatotoxicity upon a low level of PA exposure; up-regulation of them suggested a 

severe toxicity occurred with a higher dose of PA exposure. Overall，the results 

support that these two biomarkers are warranted further development and should be 

evaluated against more PAs to characterize their specificity for predicting the 

severity of PA-induced hepatotoxicity. Since the detailed mechanism of response of 

these proteins to the PA tested is not known, and therefore further in-depth studies 

needed.' 
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7 Discussion and General Conclusion 

7.2.2.2 Comparative Proteoniic Study on Cyc-Induced Acute Hepatotoxicity 

A same class of compounds is expected to affect the same or related mechanism 

by eliciting similar pathologies and is therefore likely to affect similar sets of 

proteins in a comparable manner. These protein signatures may then be employed in 

a diagnostic or predictive way. 

Because both chemotherapy and PA exposure can cause HSOS with a specific 

pathogenesis, a comparable proteomic study of the Cyc-induced acute hepatotoxicity 

was thus believed to be helpful in understanding the mechanism of this disease. 

Hence, we established a 2-D protein map for rat liver to identify the proteins which 

were regulated by Cyc and to construct a pathway signature from a combination of 

altered proteome profiles and conventional toxicological parameters. 

As expected, Cyc at the dose corresponding to its LD50 elicited an acute toxic 

effect on rat. When considering all the changes in clinical pathology，liver 

biochemistry and histology, the degree of damage induced by Cyc is similar to that 

upon low dose of PA exposure. However, in these two hepatotoxicity processes, 

there were also some discrepancies such as a lack of oxidative stress in Cyc-induced 

hepatotoxicity, which suggests that the underlying mechanisms of these two kinds of 

compounds were not entirely the same. 

Proteomic study indicated that 19 proteins were down-regulated and 26 were 

up-regulated upon Cyc treatment. Similar to PA treatment, except for thrombosis 

related proteins, these altered proteins could be categorized into the same five 

clusters: enzymes or enzymatic subunits, proteins related to cell organization, cell 

proliferation and oxidative stress related proteins, as well the proteins with other 

functions. This result indicated that these four pathways, metabolism, cell 

organization, cell proliferation and oxidative stress, may take part in the common 
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pathogenesis of HSOS induced by both PA and Cyc. Specifically, Cpsl and Atp5b 

were consistently confirmed to be down-regulated upon low level of PA and Cyc 

exposure. This consistency integrated with the similar degree of toxicity elicited by 

two exposures, suggested that the down-regulation of Cpsl and Atp5b might be a 

character of the slight toxic response prior to the development of HSOS. In fact, a 

low level as well as chronic exposure lo the toxins is mostly common seen in the 

cases of human HSOS. Thus, the biomarkers and pathways contributed to the slight 

toxic response may be useful for the diagnosis of HSOS at the very beginning. In 

addition, the consistent involvement of the pathways of urea cycle and ATP 

synthesis suggested that these two pathways may contribute to the development of 

HSOS. 

In conclusion, Cpsl and Atp5b have the potential to be developed as useful 

biomarkers for the diagnosis of HSOS. A further study with the aim to assess the 

specificity of these two biomarkers is needed. 
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