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ABSTRACT 

Methyleugenol is a component of essential oils and is found in many foods and consiuier 

products. Structurally similar to safrole, a known rodent carcinogen, methyleugenol has 

been shown to be a potent rodent hepatocarcinogen in a National Toxicology Program 

two-year bioassay. The mechanism by which methyleugenol causes tumors is suspected 

to mimic that of safirole. However, it is unknown if methyleugenol produces metabolites 

analogous to the proximate carcinogens of safrole. The hypothesis of this study is that 

methyleugenol is a genotoxicant after metabolic activation. The data presented show that 

methyleugenol is rapidly excreted firom the body of rodents after oral and IV dose, 

primarily in the urine. Metabolites found in the urine include hydroxylated derivatives 

that are subsequently conjugated. The same basic pattern of metabolites is produced in 

isolated hepatocytes and microsomes firom both rodents and humans. Mice produce more 

of these metabolites and at a faster rate than do rat or human derived systems. Among 

the metabolites identified in microsomes is I'-hydroxymethyleugenol, the analogous 

metabolite to the proximate carcinogen of safirole. Results of the Unscheduled DNA 

synthesis assay in hepatocytes show that methyleugenol is positive (genotoxic) in both 

rats and mice but possibly much less so in human derived hepatocytes, and that that 

genotoxicity can be blocked by preventing sulfation in rodent hepatoctyes. Thus 

methyleugenol is capable of forming the proximate carcinogenic molecule (1'-

hydroxymethyleugenol) and the subsequent sulfation of that molecule may lead to the 

moiety responsible for DNA damage and potentially eventual tumorigenesis. 
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CHAPTER ONE 

Introduction, Hypothesis, and Aims 

The allylbenzene and alkenyibenzenes are a class of congeners that contain a 

benzene ring with an attached allyl or alkenyl chain; thus the most basic member of the 

class is allylbenzene (1). Various fimctional groups on the benzene ring make the 

number of congeners of this class quite large, but some are more commonly found 

naturally. These include methyleugenol, safirole, isosafirole, eugenol, isoeugenol, 

myristincin, estragole, anethole, and allylbenzene (Figure 1.1). The compounds are 

found naturally in many foods, plants, vegetables, spices, and essential oils, (2-11), with a 

different distribution depending upon the congener. The enormous variety and extensive 

distribution of these compounds is clear from Table 1.1, indicating the occurrence of the 

congeners in natural products. 

Uses 

The uses for these compounds are as varied as their sources. For example, as well 

as being a natural component of foods and oils, methyleugenol is also added as a food 

flavoring, flavor adjuvant, and a fragrance additive (3). Use of methyleugenol has a long 

history as a natural product, but was recorded officially in 1920 and approved by the 

FDA for food use. Methyleugenol is incorporated, as a component of a spice or as the 

pure compound itself, into such diverse food items as meat and meat products, relishes, 

soups and gravies (3), chewing gum (12), frozen dairy desserts and ice creams, pudding, 

candy, condiments, baked goods, and some beverages (3,2). It received Generally 

Recognized As Safe (GRAS) status by the Flavor and Extract Manufacturer's 
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Association of the United States (FEMA) in 1965. As a fragrance it is used in such 

products as soaps, detergents, lotions, creams, and of course, perfumes (13). For 

example. West Indian Bay oil can be used up to a maximum level of 1.5 % (3). Among 

its more unusual uses is that of a powerful chemoattractant for male fruit flies; when 

combined with pesticides such as malathion and sprayed on citrus fruits it increased the 

efficacy of control and eradication programs (14). 

Safrole is also found in soaps, creams, lotions, detergents, and perfumes as a 

component of various essential oils, as well as in the baked goods, relishes, condiments, 

candies, gelatins, and puddings containing these oils (2). Safrole itself can not be legally 

added directly to foods in the US, having been banned as a food additive by the FDA in 

the early 1960s (7,15). Nevertheless, sassafras can still be purchased if labeled "not for 

internal use", and was available in grocery stores in the Ozarks and Appalachians in the 

early 1990s for making "spring tonic" (3). Sassafras tea without safrole can be made by 

extraction with alcohol, concentration under vacuum, diluting the concentrate with water, 

and separating and discarding the oily fraction (3), and commercial teas may be prepared 

this way. However, one strong cup of sassafras tea, prepared by steeping the root of the 

sassafras plant, is thought to contain as much as 200 mg of safrole (2). The related 

compound isosafrole is used in perfume (10). 

Eugenol and isoeugenol are added to many of the same products, such as 

condiments, baked goods, gelatins, puddings, relishes, and some candies (2,3,10). 

Eugenol is also added to beverages, meat and meat products, and frozen dairy desserts 

(10). Eugenol and isoeugenol are also used, as part of sweet myrtle and other essential 
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oils, in soaps, creams, lotions, perfumes, and detergents (3). Isoeugenol is also used in 

the manufacture of vanilla (10). 

Nutmeg, and thus myrisiticin, is used in most types of food products including 

beverages, frozen dairy desserts, candy, gelatins, puddings, breakfast cereal, meat and 

meat products, condiments, relish, soups, snack foods, gravies (3), as well as being used 

in breath mints using anise (11), Estragole, as a component of tarragon, and anethoie, as 

a component of sweet basil, are found in beverages, candy, frozen dairy desserts, backed 

goods, gelatins, puddings, meat and meat products, condiments, relishes like vinegar, 

fats, oils, and gravies (3). Anethoie is also used as an ingredient in perfumes, soaps, hair 

creams, dental creams, mouth washes (3) and as a flavoring aid (10), while estragole is 

used in perfumes and in foods and beverages as a flavoring (10). 

Actions and Effects 

Being found in or added to so many products and foods, human exposure to the 

compounds of the allylbenzene group is common at low levels. As natural products used 

for centuries, a variety of actions or effects have been documented for these congeners, 

and a variety of non-food uses have resulted. While it is beyond the scope of this 

discussion to document these endpoints exhaustively, a brief discussion is warranted to 

demonstrate the diversity of effects these structurally similar compounds possess. 

Many of the members of this group have been shown to have central nervous 

system (CNS) effects. Methyleugenol, safrole, and eugenol have been shown to act as a 

central nervous system depressant (3,10). Methyleugenol has analgesic actions 

(13,16,17), as well as being a skeletal muscle relaxant (3). Safrole and methyleugenol 
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have hypothermic properties (10), and safirole and eugenol can act as anticonvulsants 

(3,10). Methyleugenol has also been suggested to have sedative and narcotic properties 

(3), while both eugenol and methyleugenol have spasmolytic activities (3,10). In 

sufficient amounts myristicin (as the major component of nutmeg) is thought to have 

hallucinogenic properties, and cause euphoria, unreality, and delusions as well as nausea, 

vomiting, stupor, tachycardia, dry mouth, flushing, and death (3). This is thought to be 

due to the conversion of myristicin into amphetamine by enzymatic processes in the body 

(2). 

Eugenol has been attributed with local antiseptic and anesthetic properties (3) 

especially in dentistry (10). Clove bud oil, which has a 60 - 90 % eugenol content, is 

used for toothaches and as a component of dental cements and fillings (3). In addition, 

methyleugenol and eugenol have antimicrobial properties (13). The antimicrobial 

properties of eugenol include broad spectrum activity against fimgi, gram positive and 

negative bacteria, and acid fast bacteria (3,10,18,19). Eugenol and estragole also have 

insecticidal (3), larvicidal, and antihelmintic properties (3). 

Several different effects on enzymes have been reported with this group of 

compounds. Eugenol has been reported to enhance trypsin activity (3). Safirole, 

isosafirole, and anethole are known P450 inducers (10,20). Myristicin and safirole inhibit 

platelet aggregation, while safirole also inhibits monoaminoxidase (10). Safirole has been 

shown to act as an inhibitor of prostaglandin synthesis in the human colon. 

Several of the compounds of this congener group have been shown to act in ways 

that implicate them in interactions with DNA or in possible progression steps of 
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carcinogenesis, and some but not all members of the class cause hepatic tumors. Eugenol 

is a skin irritant and sensitizer in humans (3), (which can lead to a proliferative response) 

and is found as a component of cigarette smoke and as a tobacco additive (21,22), but 

tumor formation has not been unequivocally documented. Isoeugenol is also foimd in 

cigarette smoke (22), but alone has not been shown to cause tumors. Isosafrole has been 

shown to stimulate liver regeneration (10). Estragole can produce tumors in mice (2,3), 

and methyleugenol has been reported to bind to DNA (10) and to cause hepatic tumors in 

both rats and mice (23). Safrole has been shown to bind DNA and stimulate liver 

regeneration in rats (10), and has been tested in mice and rats for its ability to cause 

hepatocarcinogenesis. It was found to cause hepatic tumors in both species (23), and is 

an irritant and a weak promoter of tumors on mouse skin (3,10). 

Safrole 

Sairole has been the most extensively studied compound of the allylbenzene 

group. The first basic acute pharmacological and animal data concerning safrole were 

reported in 1894 by Heffter (24,25), and the first metabolism study on saiirole was 

conducted the next year (26). Between 1894 and 1957, several reports appeared 

concerning human poisoning with safrole (15). These reports prompted a review of 

safrole in 1958 (27,28). Included in that review was evidence that safrole caused liver 

damage after acute exposure in dogs and rats. The Food and Drug Administration (FDA) 

therefore began a series of studies concerning the chronic toxicity of safrole (15). 

Several reports stenmiing from that and related studies indicated that cellular changes in 

the liver consistent with the early stages of liver carcinomas (29) and a high level of 
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hepatic adenomas developed in rats fed high doses of safirole chronically (30,31). As a 

result, the FDA prohibited the use of safiole in foods in 1960 (7,15). 

In 1963 Long et al. published the definitive study on the carcinogenicity of safirole 

(15). Osbome-Mendel rats were fed safirole at 100, 500, 1000, or 5000 ppm in the diet 

for two years. Non-carcinogenic changes included retarded growth, reduced survival, 

and anemia at the highest dose. No significant changes in organs other than the liver 

were reported. The liver was damaged at all dose levels. Evaluation of the liver revealed 

necrosis with evidence of fibrosis, bile duct proliferation, and hypertrophy and 

hyperplasia of hepatic cells. Frank cirrhosis was sporatically observed at the two highest 

dose levels. Nodules of hyperplasia provided the foci for progression to neoplasms. 

There was a dose dependent increase in primary tumors. Thus, this study showed that 

safrole caused cancer in the livers of rats, and was in the opinion of the authors, "....the 

first example of a naturally occurring food flavor proving carcinogenicity for any species 

of animal by the oral route,..."(15). 

When the carcinogenicity of safirole was established, interest developed in safrole 

metabolism and in the mechanism by which safirole caused cancer. The first study to 

examine the metabolism of safrole was conducted in 1895, when safiole was 

administered orally to dogs and rabbits (26). The authors reported the study found only 

one urinary metabolite, piperonylic acid. It was assumed that the majority of safirole was 

excreted unchanged into the expired air. Subsequent studies, conducted in the mid 1960s 

to mid 1970s, have clearly established that safirole is metabolized extensively and 

similarly to other compoimds in the congener family (26). Safirole is rapidly cleared firom 
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the body of mice, primarily by renal elimination of metabolites within 12 hours. 

Cleavage of the methylenedioxy moiety of safrole is a major pathway of metabolism both 

in vivo and in vitro and leads to catechol derivatives, which are subsequently conjugated 

and excreted. Allylic hydroxylation also occurs to a measurable extent, producing a 1'-

hydroxysafrole. In mice, this derivative is then conjugated mainly with glucuronide. 

Interestingly, this glucuronide conjugate of safrole was not seen to any great extent in 

other species. In the rat only 1-3% of the dose appeared in the urine as a glucuronide 

conjugate. None was found in human urine (26). This was the first indication that the 

metabolism of the allyl benzene compounds may differ substantially between species. 

Subsequently sulfated metabolites of safrole were identified. Additional metabolites 

include epoxides, which were subsequently reduced to diols and a-hydroxy acids (26). 

Mechanism of Safrole Carcinogenicity 

Having established the carcinogenicity of safrole in animals and the extensive 

metabolism of the compound, attention was directed to establishing a mechanism by 

which the compound had its carcinogenic effect. Borchert et al., in collaboration with 

James and Elizabeth Miller, looked specifically for a strongly electrophillic metabolite of 

safrole (32). Safrole itself is not reactive, so the authors postulated a mecham'sm based 

on the activation of pyrrolizidine alkaloids. A similar conversion of safrole to its allylic 

alcohol, 1 '-hydroxy safrole, was proposed. In a series of metabolic studies in rats (CD 

random bred) and mice (CD-I), the conjugated form of this metabolite was found as I-

3% of an IP dose of safrole in urine samples. This was increased 10 fold if the animals 
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were dosed previously with phenobarbital or 3-methylcholanthrene, implicating P450 in 

the conversion of the parent to the metabolite (32). 

However, Stillwell et al. suggested that epoxidation of the allylic side chain was a 

more likely route of activation, since epoxides are well known as having carcinogenic 

activity and are in and of themselves more reactive than the 1-hydroxy metabolite (33). 

Both the 2',3'-dihydroxy and the 2',3'- epoxide of safrole were found in the urine of rats 

following IP administration of safrole, indicating both the presence and stability of the 

epoxide of safrole (33). Wislocki showed an increase in papillomas when mice were 

treated with rhydroxy-2',3'-epoxy safrole, attributing the effect to the epoxide moiety 

(34,35,43). Evidence that epoxides of safrole were present in incubations of rat hepatic 

microsome preparations and rat epithelial liver cell cultures exposed to safrole (35) led to 

in vitro mutagenicity assays. Salmonella typhimurium strains were used to demonstrate 

that epoxides of allylbenzene compounds were mutagens (34,36). The 2',3'- epoxides of 

these compounds, including safrole, were later confirmed to be more mutagenic than their 

parent molecules in the Ames test, in the absence of an activating system (36-38). Thus 

two possible activation pathways had been proposed, with seemingly clear evidence for 

both. 

Swanson, in collaboration with the Millers, examined the actual rates of formation 

of the allylic chain hydroxylation and epoxidation reactions in both rat and mouse hepatic 

microsomes (39). This study indicated that more I-hydroxy metabolite was formed than 

epoxide (5-6 fold more in mouse, and 2-6 fold more in rat hepatic microsomes), with 

mouse microsomes producing 4 fold more 1-hydroxy metabolite than the rat Moreover, 
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both metabolites are dependent upon CYP450 for their production in microsomes. 

Significantly, the epoxides were shown to be highly susceptible to microsomal epoxide 

hydrolase. Thus while both metabolites were formed, more 1-hydroxy was formed and 

the epoxide was extensively detoxified if epoxide hydrolase was not inhibited by 

trichioropropylene oxide (39). Thus the biological relevance of the epoxides was called 

into question. Further, while at least 8 adducts to calf thymus DNA have been identified 

after incubation with safrole 2',3'-epoxide in vitro, when mice were treated with safiole 

2',3'-oxide, no adducts were identified (40,41). This could be due to the rapid 

detoxification of the epoxide by epoxide hydrolase (39,42) or glutathione-S-transferase 

(41). 

The 1- hydroxy metabolite, while implicated as a more powerful carcinogen than 

safrole (33,36), was recognized as not being sufficiently reactive in and of itself to cause 

mutagenicity. A proposed pathway of conversion of the I-hydroxy to its sulfuric acid 

ester and thus a reactive metabolite was first suggested and demonstrated in liver 

cytosolic fractions (43). Sulfotransferase activity toward 1-hydroxy safrole was 

demonstrated in mice from birth, and the use of pentachlorophenol (PCP), a known 

inhibitor of sulfotransferase activity, was shown to block the formation of the I-hydroxy 

safrole DNA adducts in the livers of mice (44). Boberg et al., using sulfotransferase 

deficient mice and pentachlorophenol, showed that formation of tumors caused by 1-

hydroxysafrole were strongly inhibited if sulfation of the metabolite was blocked (45). 

Another possible reactive metabolite produced by safrole was proposed in the 

early 1990s by Bolton and others (21,46-48). A compound related to the quinones, a 
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quinone methide complex, is an extremely reactive electrophillc compound. Quinone 

metbides contain a methylene or substituted methylene group in place of one of the 

carbonyl oxygens that would be found on a quinone. Safirole has been shown to form 

quinone methides after undergoing cleavage of the methylenedioxy moiety, leaving 

catechol derivatives (26,46,47). These catechol derivatives could be rapidly conjugated 

and excreted or form low levels of quinone methides (47). These quinone methides are 

electrophiles sufficiently reactive to bind to DNA or other cellular components (21,46-

48). The quinone methide of safrole has not been shown to be directly involved in the 

genotoxicity of safrole, nor has it been exhaustively investigated. It may be involved in 

other toxicities of this class of compounds. 

Model of Activatioii 

The possible mechanisms of activation proposed and investigated for safrole are 

shown in Figure 1.2, the starting model for the investigations of the activation of 

methyleugenol. The first pathway of activation possible for this class of compounds is 

the addition of an oxygen across the double bond on the allyl chain of the compound by a 

CYP450, forming an epoxide, a reactive molecule that is well accepted as being able to 

bind both protein and DNA. The second pathway is that of hydroxylation by CYP450 of 

the first carbon of the allyl chain. This carbon is both allyiic and benzyilic in nature and 

thus very reactive. If this I'-hydroxy derivative were subsequently sulfated by 

sulfotransferase, the resulting molecule is unstable. This would allow the loss of an O-

sulfate, which would dissociate from the molecule, leaving a carbonium ion that is 
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unstable and highly reactive. The third pathway is the formation of a quinone methide 

complex, an extremely reactive electrophilic compound related to quinones. 

Safrole and Effects on DNA 

Once the reactive metabolites of safrole were identified, studies focused on if 

those metabolites could interact with tissue macromolecules, particularly DNA. 

Genotoxicity, the ability to interact with DNA and damage it, is often a key event in 

mutagenesis. For example, the formation of DNA adducts can cause damage to the 

coding sequence of DNA and results in a mutation. When safirole was administered to 

adult female mice (IP injection), safrole-DNA adducts were formed at the rate of I 

adduct in 10,000-15,000 DNA nucleotides in the liver within 24 hours, as detected by 

postlabeling (49). The formation of these adducts was significantly diminished when 

PCP was administered prior to safirole administration. This observation provided strong 

support for the role of sulfation in adduct formation. The initial level of safrole derived 

adducts dropped significantly if the animals were allowed seven days to recover before 

the liver DNA was analyzed, suggesting that some but not all of the adducts were 

repaired. These remaining adducts persisted with minimal further loss up to day 140, 

where the level was estimated at 1 adduct in 140,000 bases, or 85,000 adducts per cell. 

The authors interpreted this as severe genomic damage (49). Eligh levels of persistent 

DNA adducts were also seen when safirole was given to newborn male B6C3Fi mice 

(50). As the dose of safirole administered to adult female CD-I mice increased, the level 

of persistent DNA adducts also increased (51). When 1-hydroxy safirole was 
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administered to B6C3FI male mice, DNA adducts to guanine were tentatively identified 

(4). 

The ability of hepatocytes to recognize and repair DNA damage, including 

adducts, can be measured by the in vitro unscheduled DNA synthesis (UDS) assay. 

Safirole has been shown to cause UDS as measured by incorporation of radiolabeled 

thymidine in a dose related matmer (52,53). Safrole causes a positive dose related 

increase in intrachromosomal recombination in yeast, another possible mechanism of 

cancer that requires interaction with DNA (54). However, sairole has produced negative 

results in the Ames assay (7,55). The Ames assay measures point and frameshift 

mutations in Salmonella bacteria, usually due to interactions with DNA. Why sairole is 

not positive in this assay, even with the S-9 activation system, is not clear. Taken 

together, however, the evidence that saiirole acts as a genotoxicant is strong both in vivo 

and in vitro. 

Related Congeners 

Only recently have the other members of the congener class been examined in 

detail regarding their bioactivation to genotoxic or carcinogenic moieties. Most have 

been studied as part of a structure activity relationship comparison with safrole. 

However, those studies have suggested that safrole may not be the only compound in the 

congener group capable of interacting with DNA and producing cancer. In the 1980s and 

1990s a series of compounds related to safrole were nominated for study in the cancer 

bioassay program of die National Toxicology Program/National Institute of 

Environmental Health Sciences (NTP/NIEHS). These compounds included eugenol. 
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isoeugenol, and methyleugenol. They were nominated because of their structural 

similarity to safirole and the potential for continuous exposure to humans. Eugenol was 

reported in 1983 to show no evidence of carcinogenicity in rats and equivocal evidence in 

mice (having caused increased incidences of carcinomas and adenomas in the livers of 

mice but at only one dose) (31). In vitro assays to predict carcinogenesis reported in the 

literature indicate that eugenol is negative in most bacterial mutagenicity and 

genotoxicity studies conducted (with scattered positives in some yeast assays), and 

equivocal in mammalian studies (with positives and negatives in the same assay system 

with different investigators) (56). Isoeugenol was nominated for a two year bioassay in 

1997, but testing has not yet begun (57). Bacterial mutagenicity and genotoxic studies 

for isoeugenol are negative (with one positive rec-assay using Bacillus subtilis), and 

negative in mammalian studies with the exception of a positive response in the sister 

chromatid exchange assay (56). 

Methyleugenol 

The results of the two year bioassay conducted on methyleugenol were released 

recently. The results of the studies in Fischer 344 rats (dosed by oral gavage at 0, 37, 75, 

and 150 mg/kg body weight, 5 days a week) and B6C3Ft mice (dosed by oral gavage at 

0, 37, 75, and 150 mg/kg body weight, 5 days a week) indicated that methyleugenol was 

a rodent carcinogen. The target tissues were the liver and forestomach (glandular 

stomach). Numerous abnormalities (other than tumors) in the liver, glandular stomach, 

kidney, and skin were also observed. These results were summarized in the draft report 

to include the statement "there was clear evidence of carcinogenic activity of 
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methyleugenol in male and female F344/N rats... and male and female B6C3Ft mice." 

This statement is the strongest level of evidence of carcinogenic activity used by the 

National Toxicology Program. Clear evidence of carcinogenic activity requires studies 

that show a dose related increase in malignant neoplasms, increase of malignant and 

benign neoplasms, or an increase in benign neoplasms if there is an indication that these 

will progress to malignancies. In the case of methyleugenol, this classification was due 

to an increase in the incidence of both malignant and benign neoplasms combined. This 

classification into the strongest category of evidence caused concern that methyleugenol 

could be a health concern for humans, and increased interest in how this compound might 

cause its toxic endpoints. 

Of first relevance is to establish that humans are indeed exposed to the compound. 

As a component of so many products, methyleugenol could be ubiquitous and exposure 

continuous. The Flavor and Extract Manufacturers Association (FEMA) estimates an 

intake of methyleugenol of 0.073 mg/day for each person from food sources (58), while 

the National Cancer Institute/SRI (NCI/SRI) estimates a higher level of exposure from 

ingestion of 0.26 mg /day per person (59). Based on a 70 kg adult, the daily dose for 

humans would be 0.0010 - 0.0037 mg/kg. This value exceeds the lowest dose tested in 

the rodent bioassay by approximately 1000 fold or more. 

A review of the in vitro data on methyleugenol indicates that like many members 

of this congener group, methyleugenol has been studied primarily as a structurally related 

compound to safrole. It is precisely this similarity to safrole that may be of significance. 

Safrole is known to be bioactivated to a reactive molecule, and it is the I'-hydroxy 
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metabolite that is thought to be responsible for the carcinogenicity of safirole. 

Methyleugenol has the same allyl side chain as safroie and the I'-hydroxy metabolite has 

been identified (52,60). This I'-hydroxymethyleugenol could form a sulfate ester and 

rearrange to form a highly reactive moiety. Similarly, the 2',3' epoxide of methyleugenol 

could form. As with safirole, the potential free hydroxy groups of methyleugenol are 

"protected" (as methoxy functional groups on the ring) and unavailable for immediate 

conjugation. This structural feature may promote the I'-hydroxyl metabolite formation, 

since the parent molecule caimot be readily conjugated and excreted without either 

hydroxylation (an active pathway in hepatocytes) or demethylation (a minor pathway). 

In Vivo Methyleugenol Studies 

The only in vivo study of the metabolism of methyleugenol was reported in 1976 

by Solheim and Scheline using Wistar male rats dosed both orally and IV (6). No 

absorption, disposition, or excretion data were reported, other than the identification of 

several metabolites in the bile. Metabolites were identified by GC-MS from urine 

collected 24 hours after dosing. The urine was treated with Glusulase, a mixture of P-

glucuronidase and sulfatase from snail {Helix pomatia) intestinal juices (61). This 

treatment removed the non-volatile glucuronide and sulfate conjugated groups, allowing 

GC analysis. The urine was then extracted with ether before injection. Using GC-MS, 

22 separate compounds "accounting for 1% or more of the dose" were identified as 

metabolites; remaining peaks were not analyzed. Most of the metabolites identified 

appeared to result from metabolic conversion of the allylic side chain. Three metabolites 

accounted for the majority of the identified compounds. These metabolites were 3,4-
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dimethoxybenzoylglycine (32%), 3,4-dimethoxycmnamoy[glycine (22%), and 2-

hydroxy-3-(3,4-dimethoxyphenyl)-propionic acid (20%) as a percent of a 200 mg/kg 

dose. The authors suggested a proposed metabolic pathway including ail 22 metabolites 

and three transitional compounds that had not been detected. The first two metabolites, 

both glycine conjugates and accounting together for 54% of the dose, appeared to arise 

through a branch of the pathway that started with the hydroxylation of the side chain at 

either the first or the third carbon of the chain. The remaining metabolite, an a-hydroxy 

acid, came &om a pathway that suggested an epoxide precursor. Minor metabolites 

included a ring hydroxylated parent compound (2%). 0-demethylation of methyleugenol 

was shown to be a minor reaction (accounting for no more than 11% of the metabolites 

when both sites were considered). No mention of possible sulfate or glucuronide 

conjugates was made, due to the use of enzymatic hydrolysis in sample preparation. 

Thus the presence of the 1 '-hydroxymethyleugenol in its conjugated form would not have 

been detected, and the amount of 1'-hydroxymethyleugenol is difficult to ascertain. The 

statement was also made that the T-hydroxylation pathway and the 2',3'-epoxidation 

proceed at approximately the same rate, suggesting an equal role for both metabolites in 

possible toxicities. Methyleugenol metabolites in bile were seen to be substantially 

similar to those found in the urine (6). 

Animal studies involving methyleugenol (and other compounds similar to safiole) 

have been conducted to examine the structure activity relationship of the functional 

groups of allylbenzenes in carcinogenic endpoints and adduct formation. As such, 

methyleugenol and T-hydroxymethyleugenol were administered IP to male B6C3F| 
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preweanling mice four times prior to 22 days of age. Both were found to cause 

hepatomas in 93 - 96% of the mice surviving to 18 months (62). hi a second series of 

studies focusing on adducts, methyleugenol was administered IP to adult female CD-I 

mice (an outbred strain) and to newborn B6C3Fi mice, and the level of DNA adducts in 

the liver examined 24 hours later. Methyleugenol was found to bind to liver DNA as 

strongly as safirole (49). In newbom mice given methyleugenol in four IP injections prior 

to weaning (22 days), methyleugenol formed adducts at a level of 72.7 pmole/mg, over 

four times higher than safirole in the same study. The adducts appeared to be persistent 

and a third were not repaired by 43 days. Again, 96% of the mice bore tumors, with an 

average of three hepatomas per animal (50). 

In Vitro Methyleugenol Studies 

Methyleugenol has also been studied in a bank of genotoxicity and mutagenicity 

assays, with results similar to safirole. Like safrole, methyleugenol is negative in the 

Ames assay both with and without S-9 activation, the standard genotoxicity screening 

assay (7,55). Methyleugenol is positive in the Bacillus subtilis DNA-repair test (Rec 

assay) without S-9, as is safrole. This DNA repair test often detects carcinogens not 

detected by the Ames test (7). Methyleugenol, like safirole, induces intrachromosomal 

recombination in yeast (54) and has been shown to cause UDS in rat hepatocytes as 

measured by the incorporation of radioactive thymidine (53). Moreover, the I'-hydroxy 

metabolites of safiiole and methyleugenol are more genotoxic in the UDS assay than the 

parent molecules (52). 
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Some limited data are available on methyleugenol in the absence of safirole. A 

study of saturated and monofluoro analogues of methyleugenol was conducted, 

measuring the genotoxicity of the compounds in a yeast assay. Methyleugenol was 

positive in this assay, while the analogues, which were derivatives with modifications to 

the allyl side chain, were less genotoxic (63). Methyleugenol was also one of thirty 

chemicals evaluated in a matrix of predictive algorithms, in which It was predicted to be 

carcinogenic in 11 of 17 systems (64). 

Mechanism of Methyleugenol Activation 

A mechanistic study of methyleugenol has been conducted concerning the P4S0 

mediated metabolism of methyleugenol to I'-hydroxymethyleugenol in rat liver 

microsomes. Using a series of inhibitors of P450 activity, the authors found evidence 

suggesting that CYP 2E1 and possibly CYP 2C6 but not CYP 3A, IA2,2D1, or 2C11 are 

involved in the metabolic conversion of methyleugenol to I'-hydroxymethyleugenol. A 

high affinity and a low afBnity component of the reaction were suggested by the kinetics 

of the reaction. Five days of dosing male Fischer 344 rats with methyleugenol caused an 

increase in I'-hydroxymethyleugenol, suggesting autoinduction of the responsible 

CYP450. Human liver samples from 13 donors were also tested for their rate of 

converting methyleugenol to I'-hydroxymethyleugenol; there was a 37 fold variation in 

activity with the highest activities similar to rat microsomes (60). 

With so many of the same assays performed on safrole and methyleugenol, and 

with such similar results, it is natural to assume that methyleugenol acts by the same 

mechanism as safrole. However, it is this assimiption that has contributed to a less than 
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systematic evaluation of methyieugenol. When the in vivo metabolism of methyieugenol 

was examined I '-hydroxymethyleugenol was found to be a minor metabolite at best and 

could not be quantified. Further, no evidence of conjugation reactions like sulfation, 

presumably critical to the activation of the compound, were found, due in part to the 

method of analysis of the metabolites (GC-MS) used by the investigators (6). Thus, the 

metabolism data in whole animals as it exists either argues against the I'-hydroxy 

pathway (as too minor a component) or at the least provides no evidence to support it. 

While r-hydroxymethyleugenol has been found to be as carcinogenic (23) and more 

genotoxic (52) than the parent molecule, there is currently little evidence that it forms in 

vivo or in vitro. These metabolism questions must be resolved before any mechanistic 

studies can be viewed in the proper context. 

Statement of Purpose 

It seems clear, then, that while information on methyieugenol exists in the 

literature, a systematic evaluation of methyieugenol including metabolism in in vivo and 

in vitro systems has not been completed. A study that addresses possible conjugated 

metabolites of methyieugenol in any system has not been conducted, and is important to 

understanding the biological fate of the molecule. Moreover, the mechanism by which 

methyieugenol is potentially genotoxic have been largely inferred from sa&ole data. If, 

in fact, I'-hydroxymethyleugenol is involved in the genotoxicity and possible 

carcinogenicity of methyieugenol, is there any evidence for its formation either in vivo or 

in vitro? Is 1 '-hydroxymethyleugenol involved in the toxicity of methyieugenol, or is the 

formation of the epoxide on the alkyl chain of methyieugenol the significant reactive 
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metabolite? Can structurally related compounds such as safirole, eugenol, and isoeugenol 

be used to understand the possible contributions of various functional groups to the toxic 

endpoints (or lack thereof) of methyleugenol? Does methyleugenol interact with DNA as 

a genotoxicant or is there another mechanism of carcinogenesis thus far not discovered? 

Is the rodent data available in the literature sufficient to understand the toxicity of 

methyleugenol, or is human in vitro data necessary to more completely evaluate the risks 

to humans from this compound? Thus, a specific and focused study on methyleugenol, a 

compound common in our foods and cosmetics, is necessary to establish several key 

issues. 
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STATEMENT OF THE PROBLEM AND HYPOTHESIS 

The issues wiiich will be addressed concerning methyleugenol are: 

1. What happens to methyleugenol in the body of animals, specifically the 

models used in the NTP bioassay, and what metabolites, phase I and phase II, are 

produced? 

2. Is this in vivo fate of methyleugenol similar or different than what happens in 

the in vitro models that will be used to address specific endpoints? 

3. Does methyleugenol or a metabolite cause damage to DNA that could account 

for its carcinogenicity in the rodent models studied, or cause other effects in the systems 

studied that could shed light on its mechanism of carcinogenesis? 

To address these questions, the following hypothesis was formed: 

Methyleugenol acts as a genotoxicicant after metabolic activation. 

To investigate this hypothesis, the following specific aims were addressed: 

1. Determine the metabolic fate of methyleugenol in male Fischer 344 rats and 

female B6C3Ft mice. 

2. Determine the metabolic activity of isolated hepatocytes and microsomes firom 

male Fischer 344 rats, female B6C3Fi mice, and human donor livers exposed to 

methyleugenol. 

3. Determine the genotoxicity^ of methyleugenol and investigate the metabolic 

pathway or mechanisms by which this genotoxicity may occur. 



39 

Table 1.1 Distributioa of allyl and alkenylbenzene compounds in natural 
products and foods 

Methvleuyenol f3.4-dimetho3Rrallvlbenzene); 
basil (2,3) 
California and Mediterranean (sweet) bay (2,3) 
cinnamon leaf (2,3) 
citronella (2,3) 
nutmeg (3,6) 
laurel (2) 
cassie (2) 
rosemary (2) 
sassafras (2) 
mace (3) 
rose (3) 
allspice (3) 
West Indian Bay (anise scented variety) (3) 
calamus (sweet myrtle) (3) 
carrot oils (both the cultivated carrot and the related Queen Arme's lace) (3). 
magnolia flowers (3) 
ylang ylang oil (used in perfumes) (3) 
tarragon (3) 
clove oil (2,3) 
lemongrass (3) 
banana (6,7) 
pimenta (6,7) 

Safroie: 
sweet basil (2,3,8) 
camphor (2) 
cocoa (2) 
parsley (2) 
Dong Quai (herbal remedy) (2) 
black pepper (2,8) 
anise (2,8) 
cananga oil (2,3) 
cinnamon (2,3) 
ylang ylang oil (2,3) 
nutmeg (2,3,8,9) 
mace (2,3,8,9) 
tamarind (3) 
witch hazel (2,3) 
sassafras (in concentrations as high as 80 - 90% (2,3,8,9) 
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Isosafrole; 
ylang ylang oil (2,3,10) 
anise (2) 
Dong Quai (2) 

Eu^enol; 
allspice (as a major component) (2,3,7) 
cinnamon (as a major component) (2,3,7) 
clove oil (60-90%) (2,3,7) 
sweet basil (2,3) 
sweet, California, and West indian bay (2,3) 
witch hazel(2) 
cassie (2) 
daffodils (2) 
lantana (2) 
cascarilla (2) 
yarrow (2) 
flowers of the lime tree (2) 
myrrh (3) 
patchouly oil (3) 
rose oil (3) 
sassafras (3) 
Immortelle (a fragrance component in perfumes and a fruit flavoring) (3) 
ylang ylang oil (3) 
artichokes (a major aromatic component)(3) 
Boronia absolute (as a fruit flavor and fragrance)(3) 
maijoram (3) 
calamus (sweet myrtle) (3) 
cananga oil (3) 
carrot oils (3) 
laudanum (3) 
tarragon (3) 
vanilla (3) 

Isoeugenol; 
West Indian Bay (3) 
cananga oil (3) 
nutmeg (2,3) 
mace (2,3) 
ylang ylang (2,10) 
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Mvristiciii: 
nutmeg (2,3,10) 
mace (2,3,10) 
anise (11) 
black pepper(2) 
carrot seed (2) 
celery seed (2) 
cloves (2) 
parsley (2) 
dill (2) 

Estragole fmethvl chavicon; 
sweet basil (2,3) 
West Indian Bay (3) 
anise (11) 
clove oil (3) 
tarragon which is 70 -80 % estragole (2,3) 

Anethole: 
sweet basil (2,3) 
fennel (2) 
anise (2) 
sassafras (3) 
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Figure 1.1 Allyl and alkenylbenzenes Structures of selected members of the congener 
group: A: Methyleugenol, B: Mjrrisitcin, C: Estragole, D: Anethole, E: Safrole, F: 
Isosafrole, G; Eugenol, H: Isoeugenol, I: AUylbenzene 
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Figure 1.2 Pathways of activation for the compounds of interest. A CYP450 
could add oxygen across the double bond to form an epoxide. CYP4S0 could 
hydroxylate the CI carbon, which could be sulfated, producing a good leaving group. 
Compounds with a para hydrojqfl group (Ri = OH, prior to or after biotransformation) 
could be converted to quinone methides. 
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CHAPTER TWO 

Investigation of the In Vivo Metabolic Fate of Methyleugenol 

Specific Aim One 

Determine the metabolic fate of methyleugenol in male Fischer 344 rats and female 

B6C3Fi mice 

Introduction 

The metabolism of methyleugenol was examined by Solheim and Scheline (6). 

At the time this study (1976) was conducted, the carcinogenicity of methyleugenol had 

not been determined. With the mechanism of safrole carcinogenicity well examined and 

the I-hydroxy metabolite implicated, the presence of I'-hydroxymethyleugenol or its 

conjugated derivative excreted from the whole animal was of obvious interest. However, 

the initial study did not identify the presence of any conjugated metabolites (other than 

glycine conjugates), due to the use of a crude glucuronidase/sulfatase mixture, and did 

not identify T-hydroxymethyleugenol as a major component of the metabolite mixture, 

as discussed in Chapter I. Further, no basic information on the distribution or pattern of 

excretion is available on methyleugenol in the literature. 

Therefore, the first set of issues to be addressed concerned the distribution and 

excretion patterns of methyleugenol in the species used in the National Toxicology 

Program (NTP) bioassay. The importance of this data in interpreting the carcinogenicity 

and other toxic endpoints is obvious. Differences in the distribution of the chemical and 

its excretion from the body of different species and strains of animals would help to 
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explain different sensitivity of various organs or animal species. Similar patterns of 

distribution and excretion would lend credibility to the extrapolation of results between 

species. It is especially important to establish both the rate and the route of excretion of 

the compound. The rate of excretion will give a sense of how long the compound is 

retained in the body (potentially causing toxicities) and give a measure of exposure of the 

target to the reactive metabolite. The route of excretion provides information on the best 

source of metabolites and some preliminary sense of what metabolites might be found. In 

addition, while the liver is the major target organ of methyleugenol carcinogenicity, other 

tissues were affected as seen in the NTP bioassay. Without a clear determination of the 

biological fate of this compound, these endpoints caimot be put in their proper 

perspective. 

Determination of bioavailability data following oral and IV routes of 

administration, as well as basic pharmacokinetic parameters, is an additional goal of these 

studies. This information can be helpful in determining how long methyleugenol remains 

in the bloodstream of the animal and how long the target orgaoCs) may be exposed to the 

toxic metabolite. 

Of major importance, however, is to establish a profile of the metabolites of 

methyleugenol. In order to evaluate the biological relevance of T-

hydroxymethyleugenol in the toxicities of methyleugenol, it is critical to establish that 1'-

hydroxymethyleugenol is a product of methyleugenol metabolism in the whole animal. 

Specifically, the animal models used in the NTP bioassay, the Fischer 344 rat and the 

B6C3Ft mouse, have never been used in a whole animal metabolism study of this 
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compound. These species and strains were selected to establish a metabolic profile for 

methyleugenol that will link the NTP bioassay results with the results of this 

investigation and with some in the literature. As I'-hydroxymethyleugenol is 

theoretically subject to conjugation, particularly sulfation if the model of activation is 

correct, an analytical method that allows the detection of conjugated metabolites is 

necessary. 

Therefore, studies were undertaken to establish the biological fate of 

methyleugenol in Fischer 344 rats and B6C3F1 mice and to establish a metabolic profile 

for methyleugenol in these species and strains. 
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Materials and Methods: 

Chemicals 

Radiolabeled [''*C]-methyleugenol was obtained from NEN Life Science Products 

(Boston, MA) and was greater than 99 % pure as stated by the manufacturer and as 

determined by both normal and reverse phase High Pressure Liquid Chromatography 

(HPLC) radiochemical analyses. After the initiation of the in vitro studies, radiochemical 

purity checks were performed on ['''C]-methyleugenol using a reverse phase HPLC 

system. Radiochemical purity of previously unopened stock ampoules of [''^C]-

methyleugenol ranged between 93.9 and 96.3% for the short time point pharmacokinetic 

and the vehicle study. These data suggest that there may be minimal degradation of 

methyleugenol occurring over time. The specific activity was reported to be 6.98 

mCi/mmol by NEN Life Science Products. Unlabeled methyleugenol was obtained from 

Aldrich Chemical Company, Inc. (Milwaukee, WI). Its chemical purity was greater than 

99%. l-(3,4 dimethyloyphenyl)-3-propen-l-ol (I'-hydroxymethyleugenol) was 

synthesized by Dr. Mash of the SWEHSC Synthetic Core as described in Appendix A 

and was used as a standard in these assays. All other reagents used in these experiments 

were either of analytical or HPLC grade. 

Animals 

Male Fischer 344 rats (175-250 gm) with and without jugular vein cannulation (JVC) 

were obtained from Hilltop Lab Animals, Inc. (Scottdale, PA). Female B6C3F| mice 

(17-22 gm) were obtained from Harlan (Indianapolis, IN). The animals were acclimated 

for at least 7 days in a temperature controlled (25 ° C) 12-hr light/12 hr dark cycle 
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facility. The animals were provided food (Teklad 4 % Mouse-Rat Diet, Harlan Teklad, 

Madison, WI) and water ad libitum. 

Experimental design 

Absorption, Distribution, Metabolism, and Excretion (ADME) Studies 

For oral and intravenous routes of administration in rats and the oral route for mice, the 

animals were housed in airtight glass metabolism cages. Male Fischer 344 rats were 

dosed orally by gavage with ['''C]-methyleugenol (118 mg/kg, 50 ^iCi/kg) in com oil (5 

ml/kg) or intravenously via an indwelling jugular vein cannula with ['''C]-methyleugenol 

(11.8 mg/kg, 120 ^Ci/kg) in Emulphor/ethanol/saline (10:10:80, 2 ml/kg). Female 

B6C3Fi mice were dosed orally by gavage with [''^C]-methyleugenol (118 mg/kg, 50 

fiCi/kg) in com oil (5 ml/kg). After dosing, various biological samples were collected. 

Exhaled ['''C]-methyleugenol radiolabeled equivalents were collected for 72 hr by 

trapping with 2-methoxyethyl ether (Mallinckrodt Chemical; Paris, KY) to trap 

equivalents associated with exhaled organics and with CarboSorb (Packard; Meriden, 

CT)/ethylene glycol (Mallinckrodt Chemical; Paris, KY), 2:1 (v/v) to trap ['"^CJ-COi. 

Trapping solvents were changed at 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 48, and 72 hr following 

administration of [''*C]-methyleugenoi. Each sample was then measured for total 

radioactivity by scintillation counting. Urine (6, 12, 24, 48, and 72 hr) and feces (24, 48, 

and 72 hr) were collected and measured for radioactivity. At the end of the experiment, 

animals were killed by CO2 inhalation, and various tissues were collected and stored at 
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-80°C until analysis. Blood, feces, and tissue samples were analyzed for total 

radioactivity using liquid scintillation counting of oxidized samples. Urine was also 

analyzed for the presence of parent and metabolites by HPLC. 

Oral Bioavailability Studies in the Fischer-344 Rat (Oral dose blood studies) 

['''C]-Methyleugenol (118 mg/kg, 50 |iCi/kg) in com oil (5 ml/kg) was administered 

orally by gavage to male Fischer 344 rats, which were purchased with an indwelling 

jugular vein cannula (JVC) to facilitate blood sampling. The animals were then placed in 

Nalgene metabolism cages to allow collection of urine (6, 12,24,48, and 72 hr) and feces 

(24, 48, and 72 hr) throughout the 72-hr experiment. Blood samples (250 nl) from JVC 

Fischer 344 rats were collected via the jugular cannula at 0, 15, 30, 45 min, as well as 1, 

2,4,6,8,12,24,48, and 72 hr. The samples were either counted for radioactivity (25 |il) 

or extracted with ethyl acetate and analyzed immediately by normal phase HPLC (150 

, (il). Previous analysis had shown that three extractions with ethyl acetate resulted in a 

97% extraction efficiency when Fischer 344 rat blood was spiked with methyleugenol. 

At the end of 72 hr, the animals were subjected to carbon dioxide euthanasia. Blood was 

collected immediately from the posterior vena cava into a heparinized syringe and the 

major tissues were excised, weighed and stored at -80°C until analyzed (65). Blood, 

feces, and tissue samples were analyzed for total radioactivity by sample oxidation (66). 

Body composition estimates of 11 % for adipose tissue, 9 % for blood, 50 % for muscle, 

and 16 % for skin were used (67;68). Urine was also analyzed for the presence of parent 

methyleugenol and metabolites by HPLC. 
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An additional study was conducted to determine if any blood metabolites could be 

detected if a large volume of blood was extracted was conducted by administering 

methyleugenol (118 mg/kg, 50 |iCi/kg) in com oil (5 ml/kg) orally to one male Fischer-

344 rat. One hr following dose administration, the animal was euthanized by CO2 

inhalation and 7 ml of blood was collected from the posterior vena cava. The blood was 

extracted with ethyl acetate or with ethanol and the samples were analyzed by HPLC 

after concentration by roto-evaporation in vacuo. 

To establish the effect of an aqueous vehicle on blood levels of methyleugenol, 

[''*C]-methyleugenol (118 mg/kg, 50 nCi/kg) in com oil or methylcellulose (5 ml/kg) 

were administered orally to male Fischer-344 rats, purchased with an indwelling jugular 

vein caimula. Rats were housed and samples collected and processed as above. 

Intravenous Administration Studies in the Fischer-344 Rat 

['''C]-Methyleugenol (11.8 mg/kg, 120 nCi/kg), in Emulphor/ethanol/saline, 10:10:80 

(v/v/v), 2 ml/kg, was admim'stered via a jugular vein cannula to male Fischer 344 rats 

(over 5 seconds). The injection was followed by an equal volimie of normal saline to 

flush the cannula. The animals were then placed in Nalgene metabolism cages to allow 

collection of urine (6, 12, 24, 48, and 72 hr) and feces (24,48, and 72 hr) throughout the 

72 hr experiment. Blood samples (250 |iL) were collected via the jugular cannula at 0, 1, 

4, 8, 12, 15, 20, 30, 40, 50 min, and I, 6, 12, 24, 48, and 72 hr). An equal volume of 

sterile sah'ne was administered to the rat after blood removal. The samples were either 

extracted with ethyl acetate and analyzed immediately by normal phase HPLC (150 |xl) or 

counted for radioactivity. At the end of 72 hr, the animals were euthanized by carbon 
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dioxide inhalation. Blood was collected immediately from the posterior vena cava into a 

heparinized syringe and major tissues were excised, weighed and stored at -80°C until 

analyzed (65). Blood, feces, and tissue samples were analyzed as described. Urine was 

also analyzed for the presence of parent (methyleugenol) and metabolites by HPLC and 

for total radioactivity by scintillation counting. For the pharmacokinetic analysis, parent 

compound was extracted from blood at each time point up to 6 hr with 100% ethyl 

acetate (extraction efficiency determined to be 97%), reconstituted in methanol and 

analyzed for total radioactivity by HPLC with a (3-ram detector. The study was repeated 

with blood samples collected at 0,1, 5, 10, 15, 30, and 45 min, as well as 1,1.5,2,2.5, 3, 

3.5,4, 5, and 6 hr to allow more accurate determination of pharmacokinetic parameters. 

Analytical Methods and Evaluation of Data 

HPLC system for analysis of Methyleugenol Purity 

Reverse phase: Methyleugenol (50 nl of a 0.1% stock in EtOH) was injected onto a 

Whatman Partisil ODS-2 10 micron column. The sample was eluted from the colunm by 

a gradient mobile phase system consisting of methanol and water with 0.1% acetic acid. 

The gradient ran from 100% water and 0% methanol initially to 0% water and 100% 

methanol over 30 min at a flow rate of Iml/min before returning to initial conditions. 

Normal Phase: Methyleugenol (50 nl of a 0.1% stock in EtOH) was injected onto an 

AUtech Econosil silica 10 micron column. The sample was eluted from the column at 1 

ml/min by an isocratic mobile phase consisting of a 95:5 mixture of hexane and 2-

propanol. 
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Reverse phase purity check: Methyleugenol (50 jil of a 0.1% stock in acetonitrile) was 

injected onto a Whatman Partisil ODS-2 10 micron column. The sample was eluted from 

the column by a gradient mobile phase system consisting of acetonitrile and water with 

0.1% acetic acid at a flow rate of Iml/min. The gradient ran from 95% water and 5 % 

acetonitrile initially to 80 % water and 20 % acetonitrile over 45 minutes. The gradient 

ramped to 0% water and 100 % acetonitrile over the next 10 minutes and stayed at that 

proportion for 10 minutes more. Finally, the system was ramped back to the initial 95% 

water and 5% acetonitrile over 10 minutes and held at that proportion for 10 minutes to 

end the run. 

Scintillation counting of urine, cage rinse, feces, and organics-cumulative excretion: 

Samples of urine and methanol/water cage rinses were weighed at time of collection. 

Ten to 100 (il of sample were weighed out into clean scintillation vials, the vials filled 

with Universal scintillation cocktail, and samples counted on a Beckman TD5000 

scintillation counter. Total radioactivity in the sample was then calculated by multiplying 

the counts in the sample by the total volume of the sample. Exhaled organic counts 

trapped in known and recorded volumes of 2-methoxyethyl ether (Mallinckrodt 

Chemical; Paris, KY) and ['''C]-C02 counts trapped in known and recorded volumes of 

CarboSorb (Packard; Meriden, CT)/ethylene glycol (Mallinckrodt Chemical; Paris, KY), 

2:1 (v/v) were quantified. This was done by pipetting 1 ml of each sample into a clean 

scintillation vial and adding Universal scintillation cocktail, then counting on the 

scintillation counter. Total radioactivity in the sample was then calculated by multiplying 

the counts in the sample by the total volume of the sample. Feces were placed in 



54 

preweighed centrifuge tubes and the tube and feces weighed before sample preparation. 

The weight of the feces was calculated and the same volume of MilliQ water (water that 

has been purified by osmosis and filtering) was added to the centrifuge tubes. The 

samples were refrigerated overnight, then vortexed vigorously to produce a slurry of 

feces. Approximately 0.25 to 0.40 grams of this slurry (the exact weight was recorded) 

was placed on a pad (Combusto-pad) inside a burning cone (Combusto-cone) for 

oxidation in a Packard Model 306D (Meriden, CT) oxidizer and subsequent 

quantification of radioactivity using liquid scintillation counting of oxidized samples. 

(Figures 2.1 -2.4,2.7,2.8) 

Calculations for tissue distribution of radioactivity: 

After necropsy, tissues were frozen at -80° C. For tissue distribution, tissues were 

weighed, diced, and approximately 200 mg (exact weight was recorded) weighed out into 

Combusto-cones for oxidation in a Packard model 306D oxidizer and subsequent 

quantification of radioactivity using liqm'd scintillation counting of oxidized samples. 

(Table 2.1,2.2) 

HPLC Analysis of Methyleugenol and its Metabolites in Blood 

Blood samples were measured for total radioactivity by scintillation counting (2 x 25 fxl 

of whole blood). 150 |il of blood collected via the jugular cannula at each time point was 

extracted with 300 |il of ethyl acetate. The samples were vortexed, centrifliged, and 

organic extracts removed. The extraction procedure was repeated two more times and the 

extracts pooled. Samples evaporated to dryness by vacuum centrifligation, and 

reconstituted with 150 ^1 ethanol. One htmdred ^1 of the reconstituted samples were 
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injected onto a 4.6 x 250 mm C18 (10 fi) column (Partisil 10 ODS-2, Whatman) and 

eluted with a gradient of 0.1% acetic acid in MilliQ water and 0.1% acetic acid in 

acetonitrile at a flow rate of 1 ml/min with a run time of 80 min. The gradient was run at 

100% water/0% acetonitrile for 5 minutes, ramped to 80% water and 20% acetonitrile 

over the next 20 minutes, ramped to 70% water and 30 % acetonitrile over the next 10 

minutes, and then ramped to 0% water and 100% acetonitrile over the next 20 minutes. 

The system was then ramped back to 100% water and 0% acetonitrile over 10 minutes 

and held at 100% water for 15 minute, for a total time of 80 minutes per run (Table 2.3). 

The HPLC (Spectra Physics, SP 8800, San Jose, CA) with an autosampler (Thermo 

Separation Products-Spectra Systems, AS 3000, Fremont, CA) was used; the column 

output was measured with a UV/visible detector (Spectra Physics, Spectra 100) at a 

wavelength of 254 nm and with a P-RAM monitor (IN/US Systems Inc., model 2 with 

WinFlow, Tampa, FL) for radioactivity (Figures 2.5, 2.6, 2.9). Pharmacokinetic 

parameters were calculated and are shown in Table 2.5. 

Calculation of % total radioactivity and % methyleugenol present in blood samples 

after IV dose of methyleugenol (Figures 2.10 and 2.11) 

Samples of blood were counted directly by placing 25 p.1 into universal cocktail, which 

was then counted on the scintillation counter. Amount of radioactivity was converted 

into percent of dose based on the total radioactivity introduced into the animal at dose 

and the estimated blood volume of the animal (67,68). Methyleugenol was separated 

firom other radiolabeled constituents in the blood by HPLC analysis as described above. 

Determination of the presence of l*-hydroi^methyleugenol as a blood metabolite 
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[''*C]-Methyleugenol (11.8 mg/kg, 120 uCi/kg) in ethanol:Emulphor:saline (10:10:80, 2 

ml/kg), was administered intravenously to male Fischer-344 rats via an indwelling 

jugular vein cannula. Rats were housed in Nalgene metabolism cages for the duration of 

the experiment. At 8 minutes following dosing, 6 ml of blood was removed from the 

animals that had been subjected to euthanasia by CO2 inhalation. This time point was 

chosen because previous data showed peak levels of metabolite present at this time. The 

blood was extracted three times in ethyl acetate and stored at -20 °C until analysis. 

Samples were analyzed by HPLC-DAD using Phenomenex Luna 5 micron column 4.6 x 

250 mm and a gradient system of acetonitrile and water as seen in Table 2.6. The 

injected volimie was 50 |al and the wavelength of the measurement was 203 nm. (Figure 

2.12-2.14, Table 2.6) 

HPLC Analysis of Methyleugenol and its Metabolites in Urine: Initial profiles at 

each timepoint 

Urinary metabolite profiles (Figures 2.15, 2.16, and 2.17) were generated by collecting 

urine from each animal (rat or mouse) at 6, 12, 24, 48, and 72 hours during the course of 

the experiments discussed above. Samples from individual animals were pooled for each 

time-point, the pH adjusted to 4 with acetic acid, and the samples spun at 12,000 rpm in 

an Eppendorf 5415C tabletop centrifuge for 4 min to remove particulate matter. One 

hundred ^il were injected onto a HPLC column (4.6 x 250 mm C18 (10 ^) colimm 

(Partisil 10 ODS-2, Whatman)) and eluted with a gradient of 0.1% acetic acid in MilliQ 

water and 0.1% acetic acid in acetonitrile at a flow rate of 1 ml/min with a run time of 80 

min. The gradient was run at 100% water 0% acetonitrile for 5 min, ramped to 80% 
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water and 20% acetonitrile over the next 20 min, ramped to 70% water and 30 % 

acetonitrile over the next 10 min, and then ramped to 0% water and 100% acetonitrile 

over the next 20 min. The system was then ramped back to 100% water and 0% 

acetonitrile over 10 min and held at 100% water for 15 min, for a total time of 80 min per 

run (Table 2.7). The HPLC (Spectra Physics, SP 8800, San Jose, CA) with an 

autosampler (Thermo Separation Products-Spectra Systems, AS 3000, Fremont, CA) 

was used; the column output was measured with a UV/visible detector (Spectra Physics, 

Spectra 100) at a wavelength of254 nm and radioactively with a p-RAM monitor (IN/US 

Systems Inc., model 2 with WinFlow, Tampa, FL). 

HPLC Analysis of Methyleugenol and its metabolites in Urine: Secondary profiles 

of pooled samples for metabolite identification 

Urine samples from both rats and mice dosed orally and rats dosed IV with 

methyleugenol were prepared for analysis. The 6 and 12 hours urine samples from ail 

three animals per study were pooled, adjusted with acetic acid to pH 4, and samples spun 

at 12,000 rpms in an Eppendorf 5415C tabletop centrifuge for 4 minutes to remove 

particulate matter. One hundred samples were injected and separated by a reversed 

phase HPLC system. The colimm used was a Phenomenex Luna 5 fom ODS (2) colunm, 

250 X 4.6 mm with a 5p. spherical silica packing. The samples were eluted from the 

colunm with a gradient of 0.1% acetic acid in MilliQ water and 0.1% acetic acid in 

acetonitrile at a flow rate of 1 ml/min with a run time of 150 min. The gradient was 

initiated at 100% water and held there for five min. It was then ramped to 85% water and 

15% acetonitrile over the next 90 min, then to 75% water and 25% acetonitrile over the 
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next 30 min. The gradient was then ramped to 0% water and 100 % acetonitrile over the 

next 5 min and held there for 10 min. The system was then ramped back to 100% water 

and 0% acetonitrile over the next 5 min, for a total time of 150 min per run (Table 2.8). 

An HPLC (Spectra Physics, SP 8800, San Jose, CA) with an autosampler (Thermo 

Separation Products-Spectra Systems, AS 3000, Fremont, CA) was used. The column 

output was measured with a UV/visible detector (Spectra Physics, Spectra 100) at a 

wavelength of 254 nm and with a p-RAM monitor (IN/US Systems Inc., model 2 with 

WinFlow, Tampa, FL) for radioactivity. 

Metabolite Identification Using Mass Spectropiiotonietry 

Urinary metabolic profiles for methyleugenol are shown in Figure 2.18 (oral and I.V.). 

Fractions corresponding to the major metabolites and some minor components were then 

collected, neutralized with ammonium hydroxide, concentrated by Speedvac centrifugal 

concentration to remove most, but not ail, of the mobile phase, and subjected to LC-MS 

analysis using an electrospray source with negative ionization. Mobile phase consisted of 

75% acetonitrile, 25% water with 1% methylmorpholine and a flow rate of 0.3 ml/min. 

Samples were analyzed on a Finnigan TSQ 7000 triple quadrupole mass spectrometer 

(Finnigan MAT, San Jose, CA) equipped with an electrospray source and operated in 

negative ion mode. Samples were injected by flow injection at 0.5 ml/min. Ions with 

mass to charge values corresponding to possible metabolites were subjected to collision-

induced dissociation (CID) with Ar gas and the subsequent product ion signal masses 

analyzed to produce a product ion mass spectrum. 



59 

Results 

Disposition of methyleugenol following oral administration - male Fischer 344 Rat 

Following oral administration of a single dose of [''*C]-methyleugenol, approximately 

72% of the total administered radioactivity was excreted into the urine by 72 hr (Figure 

2.1). By 72 hr, about 13% was recovered in the feces and less than 0.1% as CO2 or 

expired organics. ['''C]-equivalents were also determined in tissues. These accounted for 

less than 0.4% of the administered dose. The amount of [''*C]-equivalents in specific 

tissues and the tissue to blood ratios are summarized in Table 2.1. 

Disposition of methyleugenol following intravenous administration -Male Fischer 

344 Rat 

Following intravenous administration of a single dose of ['''C]-methyleugenol, 

approximately 85% of the total administered radioactivity was excreted into the urine by 

72 hr (Figure 2.2). About 8 % was recovered in the feces, and less than 0.3% was 

recovered as CO2 and expired organics. ['''C]-Equivalents were also determined in tissues 

and accounted for less than 0.5% of the administered dose. The amount of ['"*0]-

equivalents in specific tissues and the tissue to blood ratios are summarized in Table 2.1. 

Disposition of methyleugenol following oral administration -Female B6C3Fi Mouse 

Following oral administration of a single dose of [''^Cj-methyleugenol, about 85% of the 

total administered radioactivity was excreted into the urine by 72 hr (Figure 2.3). 

Approximately 6% was recovered in the feces, and less than 0.1% was recovered as 

[''*C]-C02 or expired ['''C]-organics. [''*C]-Equivalents were also determined in tissues 
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and accounted for less than 0.3 % of the administered dose (Table 2.2). Blood collected at 

72 hours and oxidized contained less than 0.02 % of the administered dose. 

Disposition of methyleugenol following oral administration - male Fischer 344 Rat 

blood studies 

Following oral administration of a single dose of ['"^Cl-methyleugenol, approximately 

85% of the total administered radioactivity was excreted into the urine by 72 hr (Figure 

2.4). About 8% was recovered in the feces, and less than 0.1% as [''*C]-C02 or expired 

[''*C]-organics. ['''CJ-Equivalents were also determined in tissues and accounted for less 

than 0.6% of the administered dose. Blood collected at 72 hours and oxidized contained 

approximately 0.1% of the administered dose. To determine the blood concentration of 

methyleugenol and any metabolites that might be produced following a single oral dose 

of [''*C]-methyleugenol, blood was collected at numerous timepoints following oral 

administration. Blood (2 x 25 (xl) was counted directly for total radioactivity at each 

time point; less than 0.6% of the administered dose was recovered at any time point. 

Blood (150 ^1) was also extracted and subjected to HPLC analysis. Neither 

methyleugenol nor metabolites were detected in the blood at any of the time-points 

analyzed. When 7 ml of blood was extracted, concentrated, and subjected to HPLC 

analysis, no significant peaks were identified. This suggests that if parent methyleugenol 

or metabolite is present, it is present below the level of detection. (Figures 2.5 and 2.6). 

When a suspension of methylcellulose was used as the vehicle (to promote absorption), 

about 92% of the total admim'stered radioactivity was excreted into the urine by 72 hr 

(Figure 2.7). Approximately 7% of [''*C]-equivalents were recovered in the feces by 72 
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hours. Blood samples were counted for radioactivity at each time point; less than 0.001% 

of the administered dose was recovered at any time point. Extracted blood was subjected 

to HPLC analysis. No methyleugenol or metabolites were detected in the blood at any of 

the time-points analyzed. A comparison of the amounts of radioactivity as percent of 

dose between the com oil and methylcellulose study is shown in Table 2.4. As expected, 

there were no fundamental changes in the pattem of excretion or the distribution or 

binding of the compound. 

Intravenous Pharmacokinetic Studies in the male Fischer-344 Rat 

Following intravenous administration of a single dose of [''*C]-methyleugenol, 

approximately 86% of the dose was excreted into the urine and 9% in the feces by 72 hr 

(Figure 2.8). ['''Cl-Equivalents remaining in tissues accounted for less than 0.4% of the 

dose. Less than 0.1% of the dose remained in the blood at 72 hr. Blood samples were 

also counted for radioactivity at each time point. Radioactivity was present in the blood 

immediately and diminished rapidly. From 12 to 48 hours only very low levels of 

(e.g. 200-400 dpms total) were detected. Extracted blood was also subjected to HPLC 

analysis. Parent methyleugenol was detected in blood for the first 6 hours only. Possible 

metabolites were detected in the blood for the first 50 minutes but were not detectable by 

HPLC after that time. The metabolite never exceeded 2.5% of the administered dose at 

any of the time-points analyzed. Maximimi metabolite recovery occurred at 8 minutes 

(Figure 2.9). Less than 10% of the administered dose was recovered in the blood at any 

time point. Levels of total radioactivity and methyleugenol present in the blood over 

time are shown in Figure 2.10. As can be seen, the curve is not well defined between 60 
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minutes and 360 minutes. Therefore, the study was repeated with sufQcient timepoints in 

this range to accurately determine pharmacokinetic parameters. In this second study, 

total radioactivity was present in the blood for the 6 hour duration of the experiment. 

Extracted blood was subjected to HPLC analysis. Parent methyleugenol was detected in 

blood for the first 3.5-4 hours and was not detectable after that point. Possible 

metabolites were detected in the blood through 30 min but never exceeded 0.1% of the 

administered dose at any of the time-points analyzed. Maximum metabolite recovery 

occurred at 5 min (Figure 2.9). Less than 11% of the administered dose was recovered in 

the blood 1 minute after dosing; this was the highest level measured in the blood. Levels 

of total radioactivity and methyleugenol present in the blood over time are shown in 

Figure 2.11. Pharmacoiunetic parameters for methyleugenol are shown in Table 2.5. The 

half life of methyleugenol is approximately 50 minutes in the body, indicating that half 

the concentration of the parent is removed from the blood every 50 minutes. The mean 

residence time, or the weighted average amount of time a molecule of parent 

methyleugenol will reside in the body, is slightly over one hour. The clearance of 

methyleugenol is 0.15 L/min/kg of body weight, and indicates a rapid removal of the 

compound from the body by all processes. Taken together, the pharmacokinetic 

parameters indicate that methyleugenol is rapidly removed from both the blood and the 

body of the animal. 

Blood metabolites: similarity to I'-hydroi^methyleugenol 

Due to the interest in I'-hydroxymethyleugenol, and the fact that the metabolites in the 

blood eluted in a portion of the HPLC gradient that was consistent with a hydroxylated 
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metabolite, the I'-hydroxymethyleugenol standard was used to attempt to identify the 

blood metabolite. The results are shown in Figures 2.12 - 2.14. As can be seen from the 

figures, the synthetic standard I'-hydroxymethyleugenol does not co-elute with the peaks 

seen in the blood of rats (Figure 2.14). The sample peaks may be structurally similar to 

the metabolite based on the similarity in the elution times. 

Results of urinary profiles 

Rat urinary metabolic profiles for methyleugenol are shown in Figures 2.15 (oral) and 

2.16 (I.v.). Mice urinary metabolic profiles for methyleugenol are shown in Figure 2.17. 

With either route of administration or species, the majority of the metabolites were 

excreted in the urine within 12 hr of dosing with methyleugenol. For characterization of 

the metabolites, the 6 and 12 hour timepoints were used. 

Chromatography system for metabolite identification (Table 2.8) 

As can be seen from the results presented in Figure 2.18, 10 to 11 peaks containing ['"*€]-

methyleugenol equivalents were separated using the chromatography produced by elution 

of the urine samples from the Phenomenex Luna column using the gradient system 

shown in Table 2.8. 

Results of Mass Spectral Analysis 

Logical firagmentation patterns observed in the mass spectrometry (MS-MS) spectra 

provided evidence as to metabolite identity. Putative structures were assigned based on 

mass-spectral data for each metabolite, when possible. This putative identification was 

based on mass-spectral data primarily from rat oral dose samples. Urinary metabolites 



64 

from the rat I.V. and mouse oral studies were identified primarily through co-elution of 

urinary metabolites identified from the rat oral study and LC-MS data when available. 

Using a second chromatography system with the Phenomenex Luna colunm, ten 

mass spectra were produced whose fragmentation patterns were consistent with 

metabolites of methyleugenol. These figures (2.19 - 2.28) show spectra that are 

consistent with the identities of the compounds as found in Table 2.9. Classification of 

the metabolites is found in Table 2.10. 

The first metabolite peak in the chromatogram was tentatively identified as a 

glycine conjugate of a metabolite of methyleugenol, with the metabolism taking place on 

the ally I chain prior to conjugation. The largest fragment peak of 113 is consistent with a 

fragmentation shown in Figure 2.19. Smaller peaks seen throughout the spectrum, 

including 45, 59, 75, 86, 140, 152, 176, and 223, are consistent with various 

fragmentations of the molecule, primarily along the conjugated remnant of the ally chain. 

The peak elutes first off the colunm, and may coincide with the first peak from the first 

chromatography system that remained unidentified. 

The next five peaks in the chromatogram have been identified as various sulfated 

metabolites. The fact that these metabolites elute near each other, and in a group, is 

fiirther support that they are similar in their polarity and structure. Figures 2.20 - 2.24 

show the fragmentation patterns and some fragments suggested by the spectra. Peak 2 

showed a clear fi:agmentation pattern for a hydroxylated and sulfated metabolite of 

methyleugenol. From the firagmentation pattern it is not possible to assign the location of 

the hydroxylation. Peak 3 produced a spectrum that was suggestive of a sulfated 
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metabolite, but the high level of background in the sample and lack of a peak at 80 makes 

this identification less than definitive. The location of the peak in the midst of other 

sulfated derivatives of methyleugenol is somewhat supportive. Peak B also produced a 

spectrum suggestive of a sulfate ester of a hydroxylated metabolite. Peak 4 produced a 

spectrum that is consistent with a sulfated metabolite, with the sulfation probably but not 

definitively on the ring. This metabolite has a clear fragmentation pattern for a sulfated 

metabolite. Finally, peak 5 gave a spectrum that is consistent with a sulfate ester of an O-

demethylated metabolite of methyleugenol. This demethylation could occur at either 

methoxy group; the spectrum is not definitive concerning the location. 

Peak C produced a spectrum suggestive of a glucuronic acid conjugate of an 

hydroxylated metabolite of methyleugenol. This is based on its elution in the 

increasingly polar gradient, and the diagnostic loss of 176 fi-om the parent ion with the 

remaining 193 (methyleugenol with the attached oxygen from the hydroxylation). Very 

low levels of background signals were seen in this MS-MS spectrum. Peak 6, the next 

peak in the series, is consistent with a mercapturic acid of methyleugenol. This 

assignment is consistent with the expected elution pattern of the conjugate. The loss of 

129 from the parent 356 is diagnostic for a mercapturic acid, representing the 

fragmentation of the n-acetylcysteine at the sulfur. 

The identification of the last two metabolites is tentative. Both appear to be phase 

one metabolites, possibly a diol and a hydroxylated derivative of methyleugenol. In 

addition they elute late in the HPLC run, consistent with the decreased polarity that 

would be expected of non-conjugated metabolites, and in a similar location to the phase 



66 

one I'-hydroxymethyleugenol standard, particularly peak 7, which co-elutes with the 

standard. The spectra of both metabolites, while showing the expected fragmentation 

patterns consistent with the metabolites identified, had a high level of background that 

could not be eliminated despite attempts to do so. Thus the identification of these 

metabolites is much less definitive than other metabolites in these samples. 

To summarize, sulfated metabolites were a significant portion of the metabolites 

identified, and a glucuronide conjugate was also present. This indicates extensive 

conjugation reactions do occur with this compound. Most of these metabolites had been 

hydroxylated prior to conjugation, indicating a high level of CYP450 activity. A 

mercapturic acid conjugate was identified in the urine, indicating that glutathione 

conjugation is another pathway of detoxification. In addition, a glycine conjugate of a 

methyleugenol metabolite was tentatively identified, agreeing with previous metabolism 

studies (6). The presence of a methyleugenol diol (suggesting the epoxide pathway of 

activation was present) and a hydroxylated metabolite were also suggested. 
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Discussion: 

Although methyleugenol has been used in a variety of consumer products as an 

individual component or as part of essential oils, little is known concerning its biological 

fate. The purpose of the studies reported here was to provide a basic understanding of the 

disposition and metabolism of methyleugenol, particularly after oral administration, to 

the F344 rat and B6C3Fi mouse. These species were chosen because they were the 

animal models used in the NT? chronic cancer bioassay. 

After a single oral dose of methyleugenol, the majority of the compound was 

eliminated from the body of both rats and mice within 24 hr, and the majority of the dose 

was eliminated in the urine. These data are suggestive of a compound diat is rapidly 

absorbed, extensively metabolized, and excreted with little or no retention in the body 

either in fat stores or as bound compound. After the administration of the oral dose, very 

little radioactivity was seen in the blood of the rats. HPLC analysis of the blood showed 

no parent or metabolite peaks. Even when the majority of the blood volume of a rat was 

extracted, concentrated, and analyzed, no parent methyleugenol could be detected. Some 

small peaks associated with ['''C]-methyleugenol were detected in these concentrated 

blood samples, and most likely do represent metabolites. However, they were present at 

a level too low for practical separation and identification. 

A clarification of why orally administered methyleugenol does not appear in the 

blood of dosed rats can be obtained from the results of the IV studies. Blood levels of 

methyleugenol after an IV dose show that methyleugenol is rapidly cleared from the 

blood, with a half life of approximately 50 minutes in the blood and a mean residence 
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time in the body of approximately 60 minutes. Both of these measures indicate that the 

compound is removed from the blood rapidly. A clearance of 150 ml/min/kg of body 

weight fruther indicates that the compound is rapidly eliminated from plasma and 

removed from the body of the animal by all processes. The metabolic fraction of 

methyleugenol, i.e. total radioactivity less parent compound, also disappeared from the 

plasma with a similar decay curve to parent. Only one measurable metabolite peak was 

found in blood after I.V. administration of methyleugenol. Its concentration decreased 

rapidly and was not measurable by 30 - 50 minutes after dosing (depending upon the 

experiment). Elimination rate and route of methyleugenol after IV administration (a route 

that would eliminate all absorption issues) was similar to oral dose. 

Taken together, these results suggest that following oral administration of 

methyleugenol in an oil vehicle, the rate of absorption of methyleugenol into the blood is 

probably slower than its rate of elimination from the plasma. The compound would be 

absorbed from the stomach, metabolized by the liver, and readily removed from the blood 

by the kidneys. Thus, detectable levels of parent or metabolite would never be present. 

Even when a non-oil based vehicle (methylcellulose) was used to promote absorption, 

methyleugenol could not be detected in plasma. Com oil can serve as a depot for 

lipophilic compounds, slowing their absorption (69). Methylcellulose, which is not a 

lipid matrix, would allow faster absorption of methyleugenol. However, when 

methyleugenol was administered in methylcellulose, this did not meaningfully alter either 

the route of elimination, the rate of the elimination, or the level of the compound in the 
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blood after oral dose. This indicates that the elimination processes for methyleugenol 

were substantially the same regardless of vehicle composition. 

Another factor that could contribute to the failure to observe methyleugenol in the 

plasma is the rapid and extensive metabolism of the compound, most likely by the liver. 

At least ten metabolite peaks were found when urine was subjected to HPLC analysis, 

and these metabolites were largely formed and eliminated in the first 12 hours following 

administration of the compound. Considerable effort was expended in separating and 

identifying these metabolites. The primary approach was to subject samples of urine to 

EiPLC analysis and collect the resolved peaks separately for mass spectral analysis. 

The bulk of the metabolites identified were hydroxylated derivatives of 

methyleugenol that were subsequently conjugated and excreted in the urine. These 

hydroxylations were likely mediated by CYP450 enzymes. In the rat following oral 

dosing, approximately 43% of the metabolite peaks appeared to be various sulfated and 

glucuronidated metabolites. By all routes and species tested in these studies, sulfation 

was the most extensive conjugation reaction as measured by percentage of metabolites. 

This metabolic profile is consistent with this class of compounds, including safrole (26). 

The formation of another product of CYP450, a diol derived firom the epoxide, is 

suggested by one MS/MS spectrum. The diol was further suggested by the presence of 

its conjugated form in the mercapturic acid peak identified. 

With the large number of hydroxylated and conjugated metabolites tentatively 

identified, the possibility of the I'-hydroxymethyleugenol as the precursor to those 

metabolites must be considered. The spectrum of one metabolite eliminated in the urine 
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was suggestive of I'-hydroxymethyleugenol, but this spectrum is not definitive. It is 

possible and even likely that I'-hydroxymethyleugenol is the precursor of at least some 

of the conjugated metabolites identified, but the amount and purity of the samples would 

be insufficient for NMR to confirm the location of the added hydroxyl group in the 

metabolites. An attempt to identify the blood metabolite as I'-hydroxymethyleugenol by 

co-elution with the standard indicated that the metabolite in the blood was not I'-

hydroxymethyleugenol. However, as will be shown later, I'-hydroxymethyleugenol has 

been identified in both hepatic microsome and hepatocyte incubations. Thus, it is likely 

1 '-hydroxymethyleugenol forms in vivo, but is rapidly conjugated. The sulfated ester of 

this metabolite is considered reactive and thus labile, interacting with cellular 

components and binding (52). Therefore, it is possible that the proximate metabolite (the 

I '-hydroxymethyleugenol) would not be found in the urine. 

One additional metabolite found in the urine, the single largest metabolite peak 

following an oral dose in rat, is a metabolite representing extensive metabolism of the 

allyl side chain to a benzoic acid derivative, which is then conjugated with glycine. 

Solheim and Scheline (6) previously identified this metabolite. These investigators 

reported the glycine conjugate as one of two major metabolites, as well as 22 other 

metabolites produced by numerous biotransformation pathways. No conjugated 

metabolites (other than glycine conjugates) were identified in their study, due to the use 

of extensive en^rme hydrolysis to prepare their urine samples for GC analysis (6). 

The lack of free hydroxy groups on methyleugenol may have a significant impact 

on its metabolism. Compounds that have a free hydroxy group can be more rapidly 
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eliminated; isoeugenol has a half life of only 12 minutes, for example (70). Lacking these 

hydroxy groups, a similarly rapid conjugation and excretion of methyleugenol is 

prevented. At least one of the two methoxy groups on the benzene ring would have to 

undergo 0-demethylation, a minor biotransformation pathway for this compound. A 

major route of biotransformation, as suggested by these studies, is hydroxylation by 

CYP450. This provides the opportimity to activate the compound by hydroxylation on 

the allyl chain or to form an epoxide. Safrole, with the methylenedioxy moiety on its 

ring, has the same protection from immediate conjugation as methyleugenol. Thus it 

seems likely that safrole would serve as a good model for the activation of methyleugenol 

to the 1'-hydroxy or epoxide metabolites, which are thought to be the genotoxic 

metabolites responsible for the carcinogenicity of these two compounds. 
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Figure 2.1 Cumulative Excretion of Total Radioactivity in Urine, Feces, and 
Expired COj and Organics Following Oral Administration of ['''C]-methyleueenol 
to Male Fbcher 344 Rats. Rats were administered a single oral dose of l C]-
methyleugenol (118 mg/kg, 50^Ci/kg) and then monitored for excretion of PC]-
equivalents for 72 hr. Data represent n=3, ± SD. 



73 

100, 

75-
0 
CD 

& urine 
feces 
C02/0rganics 

"S 

s 
u 

Q. 

50-

25-

Time (hours) 

Figure 2.2. Cumulative Excretion of Total Radioactivity in Urine, Feces, and 
Expired CO2 and Organics Following Intravenous Administration of ['''C]-
methyleueenol to Male Fischer 344 Rats. Rats were administered a single intravenous 
dose of [' C]-methyleugenol (11.8 mg/kg, 120 ^Ci/kg) and then monitored for excretion 
of ['''C]-equivalents for 72 hr. Expired CO2 and organics represented less than 0.3% of 
the dose. Data represent n=3, ± SD. 
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Table 2.1 Tissue Distribution of Dosed Radioactivity in Male Fischer 344 Rats 72 
Hours Following a Single Oral Dose of [*''C]-niethyleugenol at 118 mg/kg or a Single 
IV Dose (11.8 mg/kg) of [''*Cl-methyleugenol. 

ORAL ADME IV ADME IV PK 
Tissue % Dose'' T/B" % Dose" T/B" % Dose" T/B*" 
Blood 0.068 ±0.01 1.00 0.096 ±0.01 1.00 0.078 ±0.01 1.00 

Brain 0.001 ±0.00 0.08 0.001 ±0.00 0.07 0.001 ±0.00 0.09 

Fat 0.049 ±0.01 0.49 0.050 ±0.00 0.36 0.054 ±0.00 0.50 

Heart 0.001 ±0.00 0.30 0.001 ±0.00 0.23 0.001 ±0.00 0.27 

Kidneys 0.007 ±0.00 0.95 0.013 ± 0.00 l.IO 0.012 ±0.00 1.38 

Large 
Intestine 

0.005 ± 0.00 0.66 0.004 ±0.00 0.44 0.005 ± 0.00 0.66 

Liver 0.104 ±0.00 2.54 0.114 ±0.01 2.00 0.089 ±0.02 2.18 

Lungs 0.003 ± 0.00 0.68 0.006 ±0.00 0.80 0.004 ±0.00 0.78 

Muscle 0.073 ± 0.02 0.17 0.078 ± 0.00 0.13 0.081 ±0.01 0.17 

Skin 0.064 ±0.01 0.47 0.066 ±0.01 0.34 0.064 ±0.01 0.42 

Small 
Intestine 

0.005 ± 0.00 0.38 0.0ll±0.00 0.62 0.005 ±0.00 0.41 

Spleen 0.001 ±0.00 0.36 0.001 ±0.00 0.36 0.001 ±0.00 0.33 

Stomach, 
Glandular 

0.000 ±0.00 0.29 0.000 ±0.00 0.33 0.00 ± 0.00 0.41 

Stomach, 
Muscular 

0.001 ±0.00 0.51 0.002 ±0.00 0.43 0.002 ±0.00 0.46 

Testes 0.002 ±0.00 0.22 0.002 ±0.00 0.12 0.002 ±0.00 0.14 

''Mean it standard deviation of dosed radioactivity for 3 rats. 
** T/B = tissue/body ratio. Mean ratio of [''^C]-methyleugenol equivalents in tissue to 
[^'*C]-methyIeugenoI in blood, calculated from dpm per gram of tissue divided by dpm 
per gram of blood. 
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Figure 2.3. Cumulative Excretion of Total Radioactivity in Urine, Feces, and 
Expired CO2 and Organics Following Oral Administration of ['''C]-methyleueenol 
to Female B6C3Fi Mice. Mice were administered a single oral dose of ^ C]-
methyleugenol (118 mg/kg, 50|iCi/kg: 5 ml/kg) and then monitored for excretion of 
['''C]-equivalents for 72 hr. Data represent n=3, ± SD. 
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Table 2.2 Tissue Distribution of Dosed Radioactivity in Female B6C3Fi Mice 72 
Hours Following a Single Oral Dose of [*''C]-methyleugenol at 118 mg/kg. 

Tissue % Dose" Tissue/Blood ratio'' 
Blood 0.013 ±0.01 1.00 

Brain 0.003 ±0.00 0.89 

Fat 0.093 ±0.02 6.65 

Heart 0.001 ±0.00 0.98 

Kidneys 0.005 ±0.00 2.36 

Large Intestine 0.003 ±0.00 1.71 

Liver 0.050 ±0.01 5.07 

Lungs 0.004 ±0.00 3.42 

Muscle 0.051 ±0.07 0.96 

Ovaries 0.003 ±0.00 100.15 

Skin 0.046 ±0.02 1.77 

Small Intestine 0.006 ±0.00 1.17 

Spleen 0.002 ±0.00 6.77 

Stomach, 
Glandular 

0.002 ± 0.00 8.60 

Stomach, Muscular 0.003 ±0.00 5.21 

"Mean ± standard deviation of dosed radioactivity for 3 mice. 
""Mean ratio of ['''C]-metliyieugenol equivalents in tissue to [''*C]-niethyieugenol in 
blood, calculated from dpm per gram of tissue divided by dpm per gram of blood. High 
value for ovaries is an abberation due to the extremely low weight of the ovaries. 
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Figure 2.4 Cumulative Excretion of Total Radioactivity in Urine, Feces, and 
Blood Following Oral Administration of [''*C]-metliyleugenol to Male Fisher 344 
Rats. -Blood study. Rats were administered a single oral dose of [''*C]-niethyleugenol 
(118 mg/kg, 50nCi/kg) and then monitored for excretion of ['''C]-equivalents for 72 hr. 
Data represent n=3, ± SD. 
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Table 2.3 HPLC gradient for extracted blood after administration of ['**€]-
methyleugenol to Male Fischer 344 Rats. 

Time 

(minutes) 

% A 

(Water witii 0.1 % Acetic Acid) 

% B 

(Acetonitrile witii 0.1 % Acetic Acid) 

0 100 0 

5 100 0 

25 80 20 

35 70 30 

55 0 100 

65 100 0 

80 100 0 
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Figure 2.5 Representative HPLC Radiochromatogram of extracted blood (with 
Ethyl Acetate) Following Oral Administration of [ C]-methyleugenol to a Male 
Fischer 344 Rat. Methyleugenol elutes at 54 minutes on this gradient and does not 
appear on this chromatogram. 
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Figure 2.6 Representative HPLC Radiochromatogram of extracted blood (with 
Ethanol) Following Oral Administration of ['^C]-methyleugenol to a Male Fischer 
344 Rat. Methyleugenol elutes at 54 minutes on this gradient and does not appear on this 
chromatogram. 
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Figure 2.7 Cumulative Excretion of Total Radioactivity in Urine and Feces 
Following Oral Adminbtration of [''*C]-niethyleugenol in methylcellulose to Male 
Fischer 344 Rats. Rats were administered a single oral dose of [''*C]-methyleugenol 
(118 mg/kg, 50|i.Ci/kg) in methylcellulose and then monitored for excretion of 
eqnivalents for 72 hr. Data represent n=3, ± SD. 
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Table 2.4 Comparison of Parameters - Methylcellulose and Com Oil Vehicle Studies 

Parameter being compared 

at 72 hours 

Methylcellulose 

Percent of dose 

Cora Oil 

Percent of dose 

['''C]-eqiiivalents excreted in urine 92.5 85 

['''C]-equivalents excreted in feces 7.1 8.3 

[''*C]-equivalents detected in blood by 

direct counting on scintillation counter: 0.001 0.006 

['''CJ-equivalents detected in blood by 

HPLC 

undetectable undetectable 

[''*C]-equivalents detected in tissues Not done 0.6 
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Figure 2.8 Cumulative Excretion of Total Radioactivity in Urine and Feces 
Following Intravenous Administration of ['''CJ-methyleugenol to Male Fischer 344 
Rats. Rats were administered a single intravenous dose of [''*C]-methyIeugenoi (11.8 
mg/kg, 120 |iCi/kg) and then monitored for excretion of ['''C]-equivalents for 72 hr. Data 
represent n=3, ± SO. 
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Figure 2.9 Representative HFLC Radiochromatogram of Extracted Blood (with 
Ethyl Acetate) 5 to 8 Minutes Following Intravenous Administration of ['**€]-
methyleugenol to a Male Fischer 344 Rat Peak levels of possible blood metabolites 
are seen at these time points, depending upon the experiment. 
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Figure 2.10. % Total Radioactivity and % Methyleugenol in the Blood Following 
an Intravenous Dose of Methyleugenol. Rats were administered a single intravenous 
dose of ['''C]-methyleugenol (11.8 mg/kg, 120 |iCi/kg) and then monitored for ['''C]-
equivalents and parent methyleugenol in blood for 360 min. Note the lack of data points 
between 60 and 360 minutes. 
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Figure 2.11 % Total Radioactivity and % Methyleugenoi in the Blood Following 
an Intravenous Dose of Methyleugenoi. Rats (n = 3) were administered a single 
intravenous dose of [''*C]-methyieugenol (11.8 mg/kg, 120 nCi/kg) and then monitored 
for ['''C]-equivalents and parent methyleugenoi in blood for 360 min. 



86 

Table 2.5 Pharmacokinetic Parameters of Intravenously Administered ['**€] 
methyleugenol (11.8 mg/kg, 120 uCi/kg) in Fischer 344 rat. 

Parameter v« tl/2 MRT AUC CLs 
(units) L/kg min Min ^g/min/ml L/min/kg 

Mean:k 9.02 ± 51.45 ± 61.76 ± 81.83 ± 0.15 ± 
Sem 1.36 5.18 7.95 5.65 0.01 

Where: 

Vgs is the steady-state apparent volume of distribution, the apparent volume into which 
the compound is distributed at steady state. 

t\n is the terminal half-life, the time it takes half the concentration of parent 
methyleugenol to be removed from the blood. 

MRT is the mean residence time, the average time the drug resides in the body. 

AUG is the area under the curve, an expression of the amount of compound in the blood 
over time. 

CLs is the systemic body clearance, describes the elimination of drug from the body by 
all processes. 
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Table 2.6. HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Blood of Rats - I'-hydroi^methyleugenol standard differentiation: 
Luna column 

Time 

(minutes) 

% A 

Acetonitrile 

% B 

90:10 Milli-Q water: Acetonitrile 

0 5 95 

10 10 90 

45 20 80 

50 100 0 

60 100 0 

70 5 95 
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Figure 2.12 Profile of r-hydroxymethyleugenol standard in buffer solution. 1'-
hydroxymethyleugenol elutes at 8.2 minutes. The shoulder seen on the spectrum could 
be the result of the instability of the standard. 



89 

OAOIK Slg^« RtMSOSO o<BLO_0201V13-ia01 J) 

140-

120-

100-

80-

60-i 

40-

20-

Figure 2.13. Profile of methyleugenol nietabolite(s) found in extracted rat blood 
sample. The presence of one or possibly two metabolites can be seen, eluting between 6 
and 7.5 minutes. 
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Figure 2.14. Sample of rat blood containing I'-hydroxymethyleugenol standard. 
The two samples do not co-elute, indicating that the metaboIite(s) of methyleugenol 
found in the blood do not co-elute with the synthetic I '-hydroxymethyleugenol standard. 
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Table 2.7 HPLC gradient system used for the analysis of methyleugenol and 
metabolites in urine: initial profiles (Partisil column) 

Time 

Cminutes) 

% A 

(Water with 0.1 % Acetic Acid) 

%B 

fAcetonitriie with 0.1 % Acetic Acid) 

0 100 0 

5 100 0 

25 80 20 

35 70 30 

55 0 too 

65 too 0 

85 100 0 
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Figure 2.15 Urinary Metabolic Profile for Methyleugenol Following Oral 
Administration to Male Fischer 344 Rats. Urine was collected from rats at 6, 12, and 
24 hours and then analyzed by reversed phase HPLC for separation of metabolites. The 
retention time for methyleugenol is approximately 56 min. 
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Figure 2.16 Urinary Metabolic Profile for Methyleugenol Following Intravenous 
Administration to Male Fischer 344 Rats. Urine was collected from rats at 6, 12, and 
24 hours and then analyzed by reversed phase HPLC. The retention time for 
methyleugenol is approximately 56 min. 
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Figure 2.17 Urinary Metabolic Profile for Methyleugenol Following Oral 
Administration to Female B6C3Fi Mice. Urine was collected firom mice at 6, 12, and 
24 hours and then analyzed by reversed phase HPLC for separation of metabolites. The 
retention time for methyleugenol is approximately 56 min. 
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Table 2.8. Chromatography system Two: HPLC Gradient System Used for the 
Analysis of Methyleugenol and Metabolites in Urine. 

Time 

(minutes) 

% A 

(Water with 0.1 % Acetic Acid) 

%B 

(Acetonitrile with 0.1 % Acetic Acid) 

0 100 0 

5 100 0 

100 85 15 

130 75 25 

135 0 100 

145 0 100 

150 100 0 
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Figure 2.18 Chromatography system two: Urinary Metabolic Profile for Methyieugenol 
Following Oral Administration to Male Fischer 344 Rats, Intravenous Administration to Male 
Fischer 344 Rats, and Oral Administration to Female B6C3Fi Mice. Urine was collected fi-om animals 
at 6 and 12 hours, pooled, and then analyzed by reversed phase HPLC for separation of metabolites. The 
retention time for methyieugenol is approximately 139 min. Identities are found ui Table 23 
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Figure 2.19 Representative MS-MS spectra of urinary metabolite 1. Peaic 1 
metabolite with [M-H]' ion of m/z 239. Gfycine conjugate. Possible stractures and 
masses of discemable firagmentatioa ions are also shown. 
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Figure 2.20 Representative MS-MS spectra of urinary metabolite 2. Peak 2 
metabolite with [M-H]' ion of m/z 273. Hydroxylated and sulfated methyleugenol. 
Possible structures and masses of discemable firagmentation ions are also shown. 
Location of hydroxy lation and sulfation are suggested, not definitive. 
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Figure 2.21 Representative MS-MS spectra of urinary metabolite 3. Peak 3 
metabolite with [M-H]~ ion of m/z 273. Hydroxylated and sulfated methyleugenol. 
Possible structures and masses of discemable fragmentadon ions are also shown. 
Location of hydroxylation and sulfation are suggested, not definitive. 
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Figure 2.22 Representative MS-MS spectra of urinary metabolite B. Peak B 
metabolite with [M-H]' ion of m^z 273. Hydroxylated and sulfated methyleugenol. 
Possible structures and masses of discemable firagmentatioii ions are also shown. 
Location of the hydroxylation is suggested, not definitive. 
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Figure 2.23 Representative MS-MS spectra of urinary metaiiolite 4. Peak 4 
metabolite with [M-H]~ ion of 273. Hydroxyiated and sulfated methyleugenol. 
Possible stiuctuies and masses of discemable fiagmentatioii ions are also shown. 
Location of hydroxy lation is suggested, not definitive. 
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Figure 2.24 Representative MS-MS spectra of urinary metabolite 5. Peak 5 
metabolite with |M-H]'ion of m/z 243. Demethyiated and sulfated methyieugenol. 
Possible structures and masses of discemable fragmentatioii ions are also shown. 
Location of hydroxylation is suggested, not definitive. 
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Figure 2.25 Representative MS-MS spectra of urinary metabolite C. Peak C 
metabolite with [M-H]' ion of m/i 369. Hydroxylated Giucuronide. 
Possible structures and masses of discemable firagmentation ions are also shown. 
Location of hydroxyiation is suggested, not definitive. 
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Figure 2.26 Representative MS-MS spectra of urinary metabolite 6. Peaic 6 
metabolite witii [M-H]' ion of m/z 356. Mercapturate of methyleugenol. 
Possible structures and masses of discemable fragmentation ions are also shown. 
Location of conjugation is suggested, not definitive. 
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Figure 2.27 Representative MS-MS spectra of urinary metabolite O. Peak D 
metabolite with [M-H]~ ion of m/z 211. Diol of methyleugenol. Possible structures and 
masses of discemable ̂ gmentation ions are also shown. 



106 

C.QtealibuittaVb990144itirpk7j9S 0406^903:3021 PW 

Ilb990144tftirpk7 t9S«32^ RT: tO0.l S2 M 14 NL 182E2 
T. .e£51mt219S00O2£00[m0O>1S0a00I 

I0(h 
95^1 
9O4 
85-1 
8(H 

65-i 

eo-i 8 
I I so-i 
H 
S. 40-: 

35^ 
3(hj 

2^ 
20-! 

isi 
lO-j 
ii 

7U 

735 
1757 

174,91 
174.2 

170.9! 

!95.4 

130 
mik 

ISO 170 

177 
HO/V 

137 

^|-^0CH3 

OCH3 

Figure 2.28 Representative MS-MS spectra of urinary metabolite 7. Peaic 7 
metabolite with [M-H]' ion of m/z 195. Hydroxylated Methyleugenol. Possible 
structures and masses of discemable fragmentation ions are also shown. Location of 
hydroxylation is suggested, not definitive. 
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Table 2.9. Putative Identities of Peaks from Urinary Metabolic Profile for 
Methyleugenol Following Oral Administration to Male F-344 Rats, Intravenous 
Administration to Male F-344 Rats, and Oral Administration to Female B6C3Fi 
Mice. Tentative identificatioii of labeled peaks based on mass spectrum analysis, co-
elution, and retention times of various peaks. % = Percent of radioactivity in sample. 

Peak Proposed Identity Rat Oral Dose 

(40%) 

Rat I. V. Dose 
(64%) 

Mouse Oral 

Dose 

(49%) 

Peak Proposed Identity 

Present % Present % Present % 

1 Glycine (mw 239) Yes 28 Yes* 20 Yes* 5 

2 Hydroxylated / sulfated ME Yes 12 Yes* 4 Yes* 4 

3# Hydroxylated / sulfated ME Yes 7 Yes* 4 Yes* 16 

B Hydroxylated / sulfated ME Yes 3 Yes* 3 Yes* 9 

4 Hydroxylated / sulfated ME Yes 8 Yes* 9 Yes* 8 

5 Demethylated/ sulfated ME Yes 7 Yes* 6 Yes* 17 

C Hydroxylated / Glucuronide Yes 6 Yes* 10 Yes* 14 

6 Mercapturate of ME Yes 18 Yes* 18 Yes* 11 

D# Diol No 00 Yes IS Yes 12 

7# Hydroxylated ME Yes 7 Yes* 9 No 00 

A Unknown Yes 4 Yes* 2 Yes* 4 

Total: 100 100 100 

* Identification based on co-elution with rat oral dose metabolite. 

# Identification tentative based on available data 

These metabolites suggest that methyleugenol can undergo demethylation, ring or side 
chain hydroxylation and that these hydroxylated metabolites are subjected to sulfation or 
giucuronidation. Hydroxylated metabolites refer to a metabolite hy^oxylated on the ring 
or side chain, but not conjugated. 
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Table 2.10 Classification of Putative Identities of Metabolites from Urinary 
Metabolic Profile for Methyleugenol Following Oral Administration to Male F-344 
Rats, Intravenous Administration in Male F-344 Rats, and Oral Administration in 
Female B6C3Fi Mice. Tentative identification of labeled peaks based on mass spectrum 
analysis, coelution, and retention times of various peaks. %= percent of chromatograph 
area this peak represents. 

Class of Metabolite Rat Oral 

Dose 

Rat I.V. Dose Mouse Oral 

Dose 

Various sulfated metabolites 37 26 54 

Glucuronide 6 10 14 

Mercapturic Acid 18 18 11 

Hydroxylated 7 9 0 

Glycine 28 20 5 

Diol 0 15 12 

Unknown 4 2 4 

Total 100 100 100 
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Table 2.11 Putative Identities of Metabolites and Fragmentations from Urinary 
Metabolic Profile for Methyleugenol. Following oral administration to male F-344 
rats, intravenous administration in male F-344 rats, and oral administration in female 
B6C3Fi mice, tentative identification of several peaks based on mass spectrum analysis 
was made. Peaks listed showed non-ambigous spectra. 

Peak Proposed Identity Fragment [M-H]*of Fragments 

2 Hydroxylated / sulfated ME 273 80,178, 193 

B Hydroxylated / sulfated ME 273 86, 187,193 

4 Hydroxylated / sulfated ME 273 80,96,178,193 

5 Demethylated / sulfated ME 243 80,162 

C Hydroxylated / glucuronide of ME 369 193,233 
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CHAPTER THREE 

Investigation of the Metabolic Activity of Hepatocytes and Microsomes Derived 
from Fischer 344 Rats, B6C3Fi Mice, and Human Donor Livers 

Specific Aim Two 

Determine the metabolic activity of isolated hepatocytes and microsomes firom male 

Fischer 344 rats, female B6C3Fi mice, and human donor livers exposed to methyleugenol 

Introduction 

The previous chapter addressed the biological fate of methyleugenol in the whole animal 

following oral administration. Parent methyleugenol never appeared in the plasma 

following oral administration. Methyleugenol was shown to be rapidly eliminated and 

excreted in the urine as metabolites. These numerous metabolites were formed quickly as 

methyleugenol was cleared rapidly firom the body and consisted of primarily conjugates 

of methyleugenol subsequent to metabolism, primarily hydroxylation by P450s. This 

rapid clearance and extensive metabolism suggest that methyleugenol undergoes a 

substantial first pass metabolism in the liver, the target organ for toxicity. Thus, the liver 

is the organ most likely to activate the compound, and most likely to be susceptible to its 

toxic effects. To continue the investigation of the hypothesis that methyleugenol is a 

genotoxicant after metabolic activation, and given that the liver is suspected to be the 

source of that metabolic activation, a model system that allowed both assessment of 

metabolic activation and genotoxicity was utilized. This system was primary cultures of 

hepatocytes. 
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Due to the preeminence of the liver in the biotransformation and detoxification of 

xenobiotics, it is tempting to simply assume that the sum total of the metabolism of a 

compound takes place in the liver, especially when the compound is quickly metabolized. 

However, some compounds undergo substantial biotransformation in extrahepatic tissue, 

such as 1-nitronaphthalene (l-NN) (activated in the lung) (71), and benzene (metabolized 

in the bone manow) (72). Therefore it is important to examine the metabolism of 

methyleugenol in the isolated hepatocytes themselves and compare that metabolism to 

that in the whole animal. 

While many models of liver metabolism have been employed, each with 

advantages and disadvantages (73-75), the isolated hepatocyte is one of the most 

convenient and useful models available for the study of the liver and its functions (76). 

These cells can be used to give an accurate picture of the in vivo situation, using an 

integrated model with the full spectrum of enzymes and processes of the cell. 

Hepatocytes contain the majority of the biotransformation enzymes found in the liver and 

in many cases are responsible for the complete range of metabolites produced by the 

whole animal. Questions of metabolism and quantification of metabolites are possible in 

hepatocyte culture, although the inherently low levels of metabolites produced in these 

systems can make accurate quantification difficult. Still, metabolic endpoints measured 

in hepatocytes include: kinetic parameters, identification of metabolites, interspecies 

comparisons, inhibition and or induction of en^mes, drug/drug interactions, and effects 

of chemoprotective agents (75,77-80). Other endpoints that can follow from metabolism 

of compounds include: cytotoxicity, metabolic perturbations such as changes in ATP 
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levels or changes the production of reactive oxygen species (80), cell death by necrosis or 

apoptosis, morphological changes, expression of stress genes (81), and genotoxicity 

(measured by several assays including the unscheduled DNA synthesis assay) (82). The 

ability to examine so wide a range of endpoints in one model system is of tremendous 

advantage. 

Hepatic microsomal fractions can be utilized to investigate phase one metabolism. 

Microsomal preparations lack most conjugation enzymes, which are found in the 

cytosolic fraction as opposed to the endoplasmic reticulum. It is just this limitation that 

can be exploited when microsomes are used to look at intrinsic endpoints. For example, 

to examine only phase one biotransformation (such as hydroxylation, or specifically the 

contribution of the I'-hydroxymethyleugenol) microsomes are the most logical choice to 

do quantifiable measurements of metabolites formed. The relative contribution of T-

hydroxymethyleugenol is critical to understanding the relevance of this pathway of 

activation with methyleugenol. 

Finally, the use of in vitro systems in general allows species comparisons between 

cells or cellular fractions derived from experimental animal models and those derived 

from human sources. This gives the investigator another level of information concerning 

the relevance of the animal data to human exposure and risk, and can be a valuable tool in 

establishing the contribution of known or suspected activation pathways in humans. 

Therefore, studies were conducted to establish the metabolic activity of 

hepatocytes and hepatic microsomal fractions when exposed to methyleugenol. These 

studies serve as a bridge between the NTP bioassay and the in vivo studies previously 
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reported, and the in vitro assays reported in chapter 4. Inclusion of hepatocytes and 

hepatic microsomal factions derived from human tissue as well as rodent tissue gave the 

first mdication of the contribution of species differences in methyleugenol metabolism. 

Identification of metabolites to confirm the similarity to urine metabolites and establish 

the contribution of the liver to the biotransformation of the compound were completed. 

Confirmation of the presence of the I'-hydroxymethyleuenol or diol of methyleugenol in 

hepatocytes and microsomes further established the relevance and potential involvement 

of these metabolites in the toxicities of methyleugenol. 
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Materials and Methods: 

Chemicals 

Methyleugenol (CAS # 93-15-2, 99% pure) was purchased from Aldrich Chemical 

Company, Inc., Milwaukee, WI. Eugenol (99%) was purchased from Acros Organics, 

Pittsburgh, PA. William's medium E (without vitamin E or phenol red). Hanks Balanced 

Salt Solution, and trypan blue were from Life Technologies, Inc., Grand Island, NY. 

Bovine calf serum and L-glutamine were purchased from Hyclone, Logan, UT. 

Collagenase D was from Boehering Mamiheim Pharmaceuticals, Indianapolis, IN. 

Dimethylsulfoxide (DMSO) was from Sigma Chemical Company, St. Louis, MO. All 

other reagents used in these experiments were either of analytical or HPLC grade. 

Animals 

Male Fischer 344 rats (175-250 gm) were obtained from Hilltop Lab Animals, Inc. 

(Scottdale, PA). Female B6C3Fi mice (17-22 gm) were obtained from Harlan Sprague 

Dawley, Inc. (Indianapolis, IN). The animals were acclimated for at least 7 days in a 

temperature controlled (25 ° C) 12-hr light/12 hr dark cycle facility. The animals were 

provided food (Teklad 4 % Mouse-Rat Diet, Harlan Teklad, Madison, WI) and water ad 

libitum. 

Hepatocyte isolation: Rats and Mice 

Animals were anesthetized with sodiimi pentobarbital (50 mg/kg, LP.) prior to the 

isolation of hepatocytes. Isolations were performed using a two step perfrision technique 

(83). Briefly, the portal vein was cannulated and the liver perfused with Hanks balanced 

salt solution (HBSS) buffered with EGTA and HEPES for 4 min followed by a 
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collagenase solution for 6.5 min for the rat, 5.5 min for the mouse. Flow rates for the rat 

perfusion were 40 ml/min and 20 ml/min for the HBSS solution and the collagenase 

solution, respectively. Flow rates for the mouse were 8 ml/min for each solution. The 

livers were removed from the animals and dissociated through sterile gauze. The 

hepatocytes were washed twice with media and counted. Only those cell preparations 

with 85% viability or greater (as determined by trypan blue exclusion) were used for 

primary culture. Cells were suspended in William's medium E supplemented with 

bovine calf serum (10% for rats, 1% for mice), and L-glutamine (200niM) at 5 x 10^ 

cells/ml. All incubations were done in humidified 95% air, 5% CO2 at 37° C. 

Human hepatocytes 

Human hepatocytes were received in suspension from Clonetics Corporation. Cells were 

isolated by perfusion and shipped in a cryopreservation solution, based on Wisconsin 

solution, to the laboratory. Upon receipt, the cells were checked for initial viability by 

trypan blue exclusion. They were then diluted in an equal volume of cold Williams E 

incomplete (no serum) and spun at 600 rpm for 5 minutes in a refngerated Beckman TJ-6 

centrifuge with TJ-R refrigeration unit. The supernatant was removed and the pellet of 

cells resuspended in an appropriate volume of room temperature complete Williams E 

mediimi (10% calf serum). The cells were again checked for viability by trypan blue 

exclusion and only shipments of cells with greater than 80% viability were used. Cells 

were suspended in William's medium E supplemented with bovine calf serum (10%), and 

L-glutamine (200mNQ at 5 x 10^ cells/ml. All incubations were done in humidified 95% 

air, 5% CO2 at 3r C. 
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Plating 

Cells were plated at 2 x 10*^ cells per T-25 tissue culture flask (4 ml of suspension). Cells 

were allowed to attach for two hours, the media removed, and the cell monolayer rinsed 

with William's media E without serum. The rinse was removed and 2 ml of William's 

media E without serum was added to each flask. 

Experimental design 

The purity of the methyleugenol used in the studies was determined by HPLC analysis 

prior to use. Hepatocytes isolated from rats, mice, and humans were incubated with 

methyleugenol (250 uM) for 6 hr and media was harvested for HPLC analysis. In the 

time course experiments, media was removed in 70 - US |il aliquots at dosing and at 

hourly intervals up to 6 hours. 

Microsomal incubations 

Microsomes were prepared as pooled samples of individual species, using livers from 4 

male F344 rats, 16 female BC63Fi mice, or 5 male human donors. A I mg/ml protein 

concentration of microsomes was used. Microsomes were incubated in the presence of 

[''*C]-methyleugenol (ImM) in 0.1 M potassium phosphate buffer (pH 7.4 in a final 

volume of 0.5 ml). The appropriate cofactors (1 mg/ml NADP+, 500 U/ml G6PDH and 

0.66mg/ml MgCh) were included in the reaction mixture. All time points were in 

triplicate. The reactions were initiated with 10 mM glucose-6-phosphate and stopped by 

the addition of 0.1ml ice cold acetonitrile after the appropriate amoimt of time. The 

samples were centrifuged at 12,000 rpm, and 100 ^l of supernatant was analyzed by 

HPLC. 
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Evaluation of data 

Analytical Methods 

HPLC Analysis of Methyleugenol and its Metabolites - Time course incubations of 

hepatocytes 

Hepatocytes were incubated for 6 hours. At hourly intervals 70 (j1 of media was removed 

from each of three flasks and pooled for the timepoint. Samples were pH adjusted to 4, 

spun for 4 minutes at 14,000 rpm on an Eppendorf 5415 C tabletop centrifuge to 

precipitate particulate matter, and loaded on an autosampler for injection. One hundred |il 

of the samples were injected onto a 4.6 x 250 mm C18 (10 column Partisil 10 ODS-2 

(Whatman), and eluted with a gradient of 0.1% acetic acid in MilliQ water and 0.1% 

acetic acid in acetonitrile at a flow rate of 1 ml/min with a run time of 85 min. (Table 

3.1). The gradient was run at 100% water 0% acetonitrile for 5 minutes, ramped to 80% 

water and 20% acetonitrile over the next 20 minutes, ramped to 70% water and 30 % 

acetonitrile over the next 10 minutes, and then ramped to 0% water and 100% acetonitrile 

over the next 20 minutes. The system was then ramped back to 100% water and 0% 

acetonitrile over 10 minutes and held at 100% water for 20 minute, for a total time of 80 

minutes per run. The HPLC (Spectra Physics, SP 8800, San Jose, CA) with an 

autosampler (Thermo Separation Products-Spectra Systems, AS 3000, Fremont, CA) 

was used; the column output was measured with a UV/visible detector (Spectra Physics, 

Spectra 100) at a wavelength of 254 nm and with a p-RAM monitor (IN/US Systems 

Inc., model 2 with WinFlow, Tampa, FL) for radioactivity. 
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Calculations for line graphs for hepato^e metabolites 

Amount of metabolite produced at each time point was determined by totaling the tagged 

areas of radioactivity (areas associated peaks above background) on the 

radiochromatogram and assigning that amount as 100%. Each peak area was then 

assigned a percentage of that total and the percentage was graphed. Figures 3.1-3.14. 

Metabolite Identification Using Mass Spectrophotometry: on column identification. 

Pooled hepatocyte samples were spun for 4 minutes at 14,000 rpm on an Eppendorf 5415 

C tabletop centrifuge to clear particulate matter, and loaded into vials for injection onto 

an Alphabond column in line with a Finnigan TSQ 7000 triple quadrupole mass 

spectrometer (Finnigan MAT, San Jose, CA). This chromatography system used an 

Alltech Alphabond 10 micron column (3.9 x 300 mm) and a mobile phase of acetonitrile 

and water as found in Table 3.2. Samples were injected directly onto the column and 

eluted into the instrument. This gradient system contained no acid, to facilitate the 

formation of ions. The UV trace is shown in Figure 3.15. Ions with mass to charge 

values corresponding to possible metabolites were subjected to negative electrospray or 

positive electrospray ionization and subsequent product ion signal masses analyzed to 

produce a product ion mass spectrum. 

Metabolite Identification Using Mass Spectrophotometry: collected peak 

identification of hepatocyte metabolites 

For metabolite isolation and identification, pooled hepatocyte samples were spun for 4 

minutes at 14,000 rpm on a eppendorf 5415 C tabletop centrifuge to clear particulate 

matter, and loaded on an autosampler for injection. HPLC peaks containing radioactivity 
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eluting off the Alltech Alphabond 10 micron column (3.9 x 300 mm) with gradient as 

described in Table 3.3 were collected. The chromatogram concurrently produced was 

used to assign numerical identities to the peaks visible on the UV trace (which was used 

to collect the peaks). Eight peaks, collected &om HPLC runs, were neutralized by adding 

ammonium hydroxide, concentrated by speedvac centrifugal concentration or 

lyophilization to remove the mobile phase, and subjected to LC-MS analysis using an 

electrospray source with negative ionization. Mobile phase consisted of 75% acetonitrile, 

25% water with 1% methyhnorpholine at a flow rate of 0.3 ml/min. Samples were 

analyzed on a Finnigan TSQ 7000 triple quadrupole mass spectrometer (Finnigan MAT, 

San Jose, CA). Samples were injected by flow injection at 0.5 ml/min. Ions with mass to 

charge values corresponding to possible metabolites were subjected to negative or 

positive electrospray ionization and the subsequent product ion signal masses analyzed to 

produce a product ion mass spectrum. Putative structures were then assigned based on 

mass-spectral data for each metabolite, when possible. 

Re-injection of identified hepatocyte peaks onto Partisil Gradient: 

The samples collected and identified as described above were individually injected onto 

the original gradient as described above. The column used was a 4.6 x 250 mm C18 (10 

H) colunm Partisil 10 ODS-2 (Whatman), and the samples eluted with a gradient of 0.1% 

acetic acid in MilliQ water and 0.1% acetic acid in acetonitrile at a flow rate of 1 ml/min 

and a gradient as described in Table 3.1. The identified peaks thus served as standards 

for the identification of the metabolites contained in the peaks in the original gradient. 

The 1 '-hydroxymethyleugenol standard was also used as a standard in this system. 
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HPLC systems for metabolite identification of microsomal metabolites 

Initial profiles 

The Partisil 10 ODS-2 column was used with the gradient system described in Table 3.5. 

Gradient to Establish Number of Microsomal Metabolites 

The Phenomenx Luna column was used with the padient system described in Table 3.6. 

1-Hydroxymethyleugenol, eugenol, and methyleugenol were used as standards on this 

gradient. 

Gradient to identify microsomal metabolites by GC-MS 

The Phenomenex Luna column was used with the gradient system described in Table 3.7, 

a slight modification of the previous gradient. 

Gradient to confirm purity of I'-hydroj^methyleugenol 

The Phenomenx Luna column was used with the gradient system described in Table 3.8. 

Gradient to establish the rate offormation of the I '-hydro)^methyleugenol 

The Phenomenx Luna column was used with the gradient system described in Table 3.9. 

Identification of Microsomal metabolites by GC-MS 

The chromatograms produced by the system described above (Table 3.7) are shown in 

Figures 3.41 - 3.43. Peaks 1 through 4 were collected from several runs, concentrated by 

speedvac centrifugal concentration to remove the mobile phase, reconstituted in ethyl 

acetate, and submitted for GC-MS analysis. 

HPLC with Diode Army Confirmation of Purity of I'-hydro^rmethyleugenol peak 

in microsomes 
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Mouse microsomes were used to generate three samples for the determination of the 

identity and purity of the I'-hydroxymethyleugeoi. The first sample consisted of mouse 

microsomes incubated with methyleugenol and spiked with 4 |il 1-OH standard, but 

without adding NADP (inactivated sample). The second sample consisted of mouse 

microsomes incubated with methyleugenol and spiked with 4 |il I-OH standard (active 

sample). The third sample consisted of mouse microsomes incubated with 

methyleugenol (active sample). These samples were eluted from the Luna column with 

the gradient system described in Table 3.8 on an HPLC with a diode array detector. 

1'-hydroxymethyleugenol Rate of Formation in microsomes 

Microsomal incubations were performed as described above. Reactions were stopped 

after 5, 10, IS, and 30 minutes. Samples were eluted &om the Luna column using the 

gradient shown in Table 3.9. 
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Results 

Metabolic Profiles of Methyleugenol in Hepatocytes - Time course 

Hepatocytes isolated from rats, mice, and humans were incubated with methyleugenol 

(250 uM) up to 6 hr. Medium was harvested for HPLC analysis immediately after dosing 

and at hourly intervals until the 6 hour final sampling. The media was injected onto the 

HPLC and metabolic profiles were generated. Patterns of metabolites were then 

compared. The Figures 3.1-3.9 show representative radiochromatograms of media from 

hepatocytes incubated with methyleugenol for the indicated time intervals. 

In all cases, there were two radiolabeled breakdown products present in the 

dosing solution at time zero (inunediately after dosing) at 52 and 55 minutes (Figures 3.1, 

3.4, and 3.7). The peak at 52 minutes increased over the course of the incubations in all 

three species when hepatocytes were present. The second breakdown product peak was 

seen at 55 minutes. In both rats and humans (but not in mice) this peak decreased and in 

fact, disappeared within several hours. 

In all incubations with hepatocytes from all three species, the metabolic profiles 

changed over time, indicating that the hepatocytes are metabolically active and produce 

multiple metabolites. In the rat (Figure 3.1), the two breakdown products were present in 

the dosing solution at time zero (immediately after dosing) at 52 and 55 minutes. After I 

hour the peak at 52 minutes was substantially greater, while two new peaks were 

apparent at 34 and 46 minutes. Interestingly, the peak at 55 minutes was reduced during 

the incubation. By 2 hours of incubation two additional peaks were observed at 36 and 

24 minutes. By 6 hours (Figures 3.2 and 3.3) there are five peaks, at 24, 34, 36, 46 
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(which could well contain more than one metabolite) and 52 minutes as well as the parent 

peak at 57 minutes. 

In mice, within 1 hour there were small peaks at retention times of 32, 37,46, 48, 

and 56 minutes, and a substantial increase in the peak at 52 minutes. At 4 hours a peak at 

31 minutes had appeared. All of these peaks steadily increased over the duration of the 

experiment. The peak at 55 minutes appeared to remain relatively unchanged throughout 

the time course of the experiment in mice (Figures 3.4 - 3.6). 

In human hepatocytes, within 1 hour a peak had appeared at 34 minutes and peaks 

at 46 and 52 minutes were increasing. By two hours these peaks had increased, and little 

change occurred throughout the remainder of the experiment. Once again, the peak at 55 

min decreased and in fact disappeared (Figures 3.7 - 3.9). Overall human hepatocytes 

formed three metabolites while rats formed five metabolites and mice formed seven 

metabolites. 

Figures 3.10,3.11, and 3.12 show the increase in metabolite amount (as percent of 

radioactive sample analyzed) over time in line graph form. Figures 3.13 and 3.14 show 

the gradual decrease in the concentration of methyleugenol and that of the compound 

with a retention time of 55 minutes over the course of the experiment. Data shown are 

representative graphs from three isolations each of mouse, rat, and human hepatocyte 

incubations. 

Alphabond Chromatography for on Column Mass Spec Identification 

The UV trace from the HPLC-MS analysis, produced by elution of the hepatocyte 

samples from the alpha bond column, is indicated in Figure 3.15. All metabolites 
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associated with radioactivity, and thus sample related, elute between three and five 

minutes. Logical fragmentation patterns observed in the resulting MS-MS spectrum in 

this time frame were used to assign putative identities to metabolites found in the sample. 

These structures are shown in Figure 3.16. Individual mass spectra are shown in Figures 

3.17 - 3.21. All three species produce the 239 MW metabolite with a fragmentation 

pattern consistent with a glycine conjugate. All three species also produce a metabolite 

with fragmentation pattems consistent with a demethylated and sulfated metabolite of 

MW 243, as well as a metabolite with fragmentation pattems consistent with a 

hydroxylated and sulfated metabolite of MW 273. A metabolite with fragmentation 

pattems consistent with a sulfated diol metabolite of MW 291 was seen in mouse and 

human, but not in rat. This may be because the rat does not produce this metabolite, or 

that it was not detectable. Finally, a metabolite with fragmentation pattems consistent 

with a glucuronide of a hydroxylated methyleugenol of MW 369 was seen in rat and 

mouse but not human hepatocyte media. 

Alphabond Chromatography with Acid: 

A chromatogram revealing eight peaks for the rat hepatocyte incubations, in contrast to 

the five metabolite peaks previously reported, was seen when acid was added to the 

mobile phase (Figure 3.22). Mouse and human hepatocyte incubations were also run on 

the Alphabond chromatography system. Mouse hepatocytes produced 11 well separated 

but very small peaks (Figure 3.23), while humans produced 6 very small peaks (Figure 

3.24). Thus the Alphabond was able to separate more individual peaks than the Partisil 

system. 
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Mass Spectral Anatysis and Identification of Collected Peaks from Alphabond 

Column: 

Logical fragmentation patterns observed in the resulting MS-MS spectrum (Figures 3.25 

- 3.32) were used to assign putative identities to the metabolite peaks (Table 3.4). All 

eight peaks were identified in rat hepatocytes. 

Peaks identified included two glycine conjugates produced after some 

intermediate metabolism: a smaller conjugate with a molecular weight of 239 and a 

larger conjugate (MW 279) with less intermediate metabolism prior to conjugation. A 

hydroxylated and glucuronide conjugated metabolite was also seen, as was a glutathione 

conjugate. This metabolite would not be seen in urine as it would most likely be further 

metabolized to a mercapturic acid in the kidney. Its presence is not unlikely in 

hepatocytes where such metabolism would not take place. A hydroxylated and sulfated 

metabolite was also seen. The mass spectra are not sufficiently definitive to establish the 

site of the hydroxylation/conjugation. As a result, the initial modification of the molecule 

could take place on one of several places on the ring of methyleugenol, or on the side 

chain, including the benzylic first carbon of the side chain. Other metabolites included 

the sulfated diol and the diol itself resulting from the addition of oxygen across the 

double bond to form an epoxide which is subsequently opened to a dioL Finally, a 

metabolite with a firagmentation pattern consistent with a hydroxylation of the parent 

molecule was identified. The fragmentation pattem is not definitive enough to establish 

the location of the hydroxylation; the OH could be on the ring or on the chain, including 

the I'-hydroxy position. 
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Identification of Metabolite Peaics on Original (Partisil) Gradient By Co-elution 

after Identification on Mass Spec 

The eight peaks tentatively identified on the Alphabond column were used as standards, 

as well as the synthetic I'-hydroxymethyleugenol. The peaks separated on the original 

Partisil column were identified (Figures 3.33 - 3.35). For rat hepatocytes, 53% of the 

peak areas remained as unmetabolized methyleugenol, while 47% were metabolites. 6% 

was converted to the glycine conjugate of molecular weight 239, while a peak 

representing 12% contained a glycine conjugate of mw 279, a demethylated and sulfated 

metabolite, and a glucuronide, and a large peak (27%) co-elutes with the diol metabolite. 

The remaining two percent was not identified. 

In mouse hepatocytes, 30% remained as parent while 70% of the peak areas were 

metabolites. A peak consisting of 5% contained an apparent glycine conjugate of mw 

279, a demethylated and sulfated metabolite, and a glucuronide conjugate of 

hydroxylated methyleugenol. Again, a large peak of 36% contained the diol. The 

remaining 39% was not identified. 

In himian hepatocytes, 75% remained as methyleugenol, while only 25% of the 

radioactive peak area were converted to metabolites. 4% was a glycine conjugate of 

molecular weight 239. A peak consisting of 6% contained a glycine of MW 279 and 

demethylated and sulfated metabolite (glucuronide conjugates were not seen in the on-

column injections for human). The peak consistent with the diol was 14%. Other 

metabolites could be contained in the peaks as well, as peak purity was not established. 

The remaining 1% was not identified. 
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METABOLISM OF METHYLEUGENOL IN RAT, MOUSE AND HUMAN 

HEPATIC MICROSOMES 

Representative radiochromatograms of buffer fiom human microsomal incubations with 

['''C]-methyleugenol (1 mM) for 10 and 40 minutes are shown in Figure 3.37. At least 

four metabolites of methyleugenol are present after incubation. No metabolites were 

found in control (microsomes that were heat-inactivated). The major metabolite(s) eluted 

at 34 minutes with other metabolites eluting at 53, 54, and 55 minutes. 

Metabolism of ['"^CJ-methyleugenol after 30 minutes of microsomal incubation 

from rat, mouse and human were also compared. Based on the HPLC 

radiochromatographic analysis, the metabolism of methyleugenol appears to be similar in 

the rat and mouse (Figure 3.38) with major metabolites appearing at 53 and 54 minutes. 

For humans, the major metabolite at 34 minutes appears at a greater magnitude than in rat 

and mouse. 

Identification of Microsomal Metabolites by co-elution with known standards 

By means of co-elution with a synthesized standard, 1-3,4 dimethoxyphenyl-3-propen-l-

ol (Figure 3.40), the metabolite labeled B in the chromatograms in Figures 3.39 was 

determined to be I'-hydroxylmethyleugenol. Our data indicate that this compound is 

formed to the greatest extent in mouse, less in rat, and least in human microsomes. The 

metabolite labeled C corresponds to (co-elutes with) eugenol, which is formed as a minor 

metabolite in all three species. The metabolite labeled A is suspected to be a di-hydroxy 

molecule based on GC-MS data, though there may be more than a single compound 

present in the peak. This peak is present to the greatest extent in himian and mouse, and 
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only slightly in rat microsomes. Chromatograms of the standards are shown in Figure 

3.40. 

Identilication of Microsomal Metabolites by GC-MS 

Chromatograms of the microsomal incubations are shown in Figures 3.41 - 3.43. Peaks 

1 through 4 were collected and submitted for GC-MS. The resulting spectra from 

identified peaks are shown in Figures 3.44 - 3.46. These spectra show fragmentation 

patterns consistent with the structures indicated below the spectra. To sununarize these 

results. Peak 1 is consistent with the diol of methyleugenol (3-(3,4-dimethoxyphenyl)-

propane-l,2-diol) and consists of 4.1% of the radioactive peak area in human microsomal 

incubations. Peak 3 is consistent with the I'-hydroxymethyleugenol and consists of 

17.8% of the radioactive peak area. Peak 4 is consistent with eugenol and consists of 

4.1% of the radioactive peak area. Peak 2, consisting of 3.2% of the radioactivity in the 

peaks, remains unidentified at this time. Methyleugenol accounts for 70.6% of the 

radioactive peak area in these incubations. 

Having identified Peak 3 as the 1' hydroxy by GC-MS, a definitive purity and 

identification were made. The spectra of the peaks were compared to the spectra 

obtained by GC-MS of the standard and this is shown in figure 3.47. The spectra are 

identical. 

HPLC with Diode array detector confirmation of l*-hydroxymethyleugenol purity 

The chromatograms produced by the injection of the three samples described in the 

methods are shown in Figures 3.48 - 3.50. There was no I'-hydroxymethyleugenol 

formed when NADP was not added (sample 1), but was fonned in mouse microsomes 
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when NADP was included in the assay (sample 2). This was confinned when sample 3 

was spiked with the 1-OH-methyleugenol standard, the standard co-eluted with the 

metabolite peak. The superimposed chromatograms of sample 2 and 3 are shown in 

Figure 3.50. To see whether that peak is really a pure peak, not just two different 

compounds co-eluting with each other, the diode array detector on the HPLC was 

utilized. Spectra were collected across the peak in five different wavelengths and the 

purity of the peak was measured. The results are shown in Figure 3.51. By all measures, 

the peak was pure. 

Microsomal formation of r-hydroxymethyleugenol over time 

The data are shown in figure 3.52. By 30 minutes, mouse microsomes formed 

approximately 4 times more of the 1 '-hydroxymethyleugenol per unit time than human 

derived microsomes, while rats formed approximately 3 times more that the human 

derived microsomes. 
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Discussion: 

When incubated with hepatocytes methyieugenol is apparently converted to 

multiple metabolites in all three species that serve as sources of hepatocytes. In rodents, 

methyieugenol disappears firom the media rapidly as it is converted to numerous 

metabolites, and that this conversion begins within the first hour and begins to plateau 

toward the end of six hours. This ability of the hepatocytes to metabolize this compound 

has never been shown in the literature, and is critical to the accurate interpretation of in 

vitro endpoints, both in the literature and in subsequent assays in this study. As is clear 

from the line graphs, the mouse metabolizes methyieugenol most rapidly and extensively, 

while rats metabolize the compound to a lesser degree and humans less still. 

Metabolite identification in hepatocytes proved difficult and was further 

complicated by minimal amounts of material available for analysis. Several approaches 

were taken. First, on-column mass spectral identification using the Alphabond column 

was done. Secondly, the collection of separated peaks from the Alphabond column 

(eluted with acid in the mobile phase and then neutralized with base) and subsequent 

mass spectral analysis, was completed. Finally, these peaks were used as standards to 

allow identification of the peaks from the time course experiments. While the profile of 

hepatic metabolites identified at each step was slightly different based on the 

chromatography, the same general pattern of metabolites was established. As was seen 

with urinary metabolites, glycine conjugation is a major route of detoxification. 

However, hydroxylated and subsequently conjugated metabolites, including sulfated 

metabolites, were present in detectable amounts in on-column and collected peak 
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identifications. A glutathione conjugate, the correlate to the mercapturic acid seen in the 

urine, was also identified. Thus the hepatocytes are not only metabolically active, but 

produce the same kinds of hydroxylated and conjugated metabolites as were seen in the 

urine. 

The presence of both I'-hydroxymethyleugenol and the diol metabolite were seen 

in the hepatocyte incubations. The evidence for these metabolites was similar to that for 

urine, with suggestive mass spectra for the metabolites themselves, and clearer evidence 

of the conjugated derivatives produced from the precursor molecules. Additional 

evidence of the I'-hydroxymethyleugenol in hepatocytes was confirmed by co-elution 

with the synthetic standard. However, the relative amount of I '-hydroxymethyleugenol 

formed could not be accurately determined. This is simply because the metabolite is a 

hydroxylated compound, and as such is likely to be conjugated and eliminated from the 

system. Thus, the formation of the 1'-hydroxymethyleugenol over time was relevant 

only in microsomes, where this secondary metabolism would not take place. 

Hepatic microsomes were first incubated with methyleugenol to assure that the 

microsomes were metabolically active. When incubated with methyleugenol, hepatic 

microsomes firom all three species produced four major metabolite peaks. Three peaks 

were identified, including I '-hydroxymethyleugenol. The presence of I '-

hydroxymethyleugenol was established by co-elution with the standard and GC-MS 

spectra. A diode array detector on an HPLC system was used to confirmed the purity of 

the I'-hydroxymethyleugenol peak. A brief discussion of the advantages provided by the 

diode array detector, with literature examples, is found in appendix C. These data give 
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good confidence that I'-hydroxymethyleugenol is fonned in hepatic microsomes, as the 

major microsomal metabolite. Further, by 30 minutes, mouse microsomes formed 

approximately 4 times more I'-hydroxymethyleugenoI per unit time than human derived 

microsomes, while rats formed approximately 3 times more that the human derived 

microsomes. If in fact I'-hydroxymethyleugenol is the route by which methyleugenol is 

activated, as will be shown in Chapter 4, this suggests that rodents produce roughly 3 to 4 

times as much of the I'-hydroxymethyleugenol and may be at higher risk of the toxic 

effects than humans. 

The different amounts of metabolism and metabolites produced between species 

couid translate into different risks from the activated form of the compound; if mice make 

more of the activated compound (being more metabolically active overall regarding this 

compound) then mice may be more sensitive to the adverse effects of methyleugenol. 

However, if mice subsequently detoxify that compound more rapidly, they may have no 

greater risk than other less metabolically active species. Human hepatocytes are less 

metabolically active toward methyleugenol than the rodent species examined. Whether 

or not this decreased metabolic activity reflects a real difference in inherent metabolic 

capacity or relates to differences in procurement and processing of human hepatocytes 

can not be stated. The different method of obtaining human hepatocytes (isolated by an 

outside lab and shipped in a preservative solution, adding both a shipping/time delay 

factor and a preservative solution factor) cannot be ignored, especially in the light of their 

apparent lower metabolic activity. The same shipments of hepatocytes were used in our 

laboratory to examine the metabolism of Bisphenol A (BPA), and were found to 
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extensively metabolize that compound. The BPA metabolism is primarily conjugation 

(phase II) and does not address the CYP450 activity of the hepatocytes toward any 

compound. 



Table 3.1 HPLC gradient for hepatocyte metabolite profile, partisil column 

Time 

(minutes) 

% A 

(Water with 0.1 % Acetic Acid) 

% B 

(Acetonitrile with 0.1 % Acetic Acid) 

0 100 0 

5 100 0 

25 80 20 

35 70 30 

55 0 100 

65 100 0 

85 100 0 
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Figure 3.1 Representative radiociironiatogranis of media harvested from 
hepatoses isolated from Male Fischer 344 rats and incubated with 250 uM 
methyleugenol up to 6 hr. 0-2 hr. Hepatocytes from Fischer 344 rats were incubated 
with P'*C]-methyleugenol for 0, I hr, and 2 hr at a concentration of 250 uM. Media was 
harvested, the pH was adjusted 4 and analyzed by HPLC. Retention time of 
methyleugenol is approximately 57 min. 
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Figure 3.2 Representative radiociironiatogranis of media liarvested from 
hepatoQtes isolated from Male Fischer 344 rats and incubated with 250 uM 
methyleugenol up to 6 hr. 3-5 hr Hepatocytes firom Fischer 344 rats were incubated 
with ['''C]-methyieugenol for 3 hr, 4 hr, and 5hr at a concentration of 250 uM. Media 
was harvested, the pH was adjusted to 4 and analyzed by HPLC. Retention time of 
methyleugenol is approximately 57 min. 
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Figure 3J Representative radiochromatograms of media harvested from 
hepatocytes isolated from Male Fischer 344 rats and incubated with 250 uM 
methyleugenol up to 6 hr. Hepatocytes from Fischer 344 rats were incubated with 
[^''C]-inethyleugenol for 6 hr at a concentration of 250 uM. Radiochromatograms of the 
media immediately after dosing and after 6 hr incubation WITHOUT cells are also 
shown. Media was harvested, the pH was adjusted to 4 and analyzed by HPLC. 
Retention time of methyleugenol is approximately 57 min. 
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Figure 3.4 Representative radiochromatograms of media harvested from 
hepatocytes isolated from Female B6C3Fi mice and incubated witii 250 uM 
methyleugenol up to 6 hr. 0-2 hr Hepatocytes from mouse were incubated with 
methyieugenol for 0, 1 hr, and 2 hr at a concentration of 250 uM. Media was harvested, 
the pH was adjusted to 4 and analyzed by HPLC. Retention time of methyleugenol is 
approximately 57 min. 
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Figure 3.5 Representative radioehromatograms of media harvested from 
hepatoQtes isolated from Female B6C3Fi mice and incubated with 250 uM 
methyleugenol up to 6 hr. 3-5 hr Hepatocytes fiom mice were incubated with [''*€]-
methyleugenol for 3 hr, 4 hr, and 5 tu: at a concentration of 250 uM. Media was 
harvested, the pH was adjusted to 4 and analyzed by flPLC. Retention time of 
methyleugenol is approximately 57 min. 
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t 3.6 Representative radiochromatograms of media harvested from 
Dcytes isolated from Female B6C3Fi mice and incubated with 250 uM 
ieugenoi up to 6 hr. Hepatocytes firom mice were incubated with ['''C]-
leugenoi for 6 hr at a concentration of 250 uM. Radiochromatograms of the media 
iiately after dosing and after 6 hr incubation WITHOUT ceils are also shown 
. was harvested, the pH was adjusted to 4 and analyzed by HPLC. Retention time 
hyleugenol is approximately 57 min. 
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Figure 3.7 Representative radioeiiromatograms of media harvested from 
hepatoeytes isolat^ from human donors and incubated with 250 uM methyleueenol 
up to 6 hr 0-2 hr. Hepatoeytes from human donors were incubated with L C]-
methyieugenol for 0, 1 hr, and 2 hr at a concentration of 250 uM. Media was harvested, 
the pH was adjusted to 4 and analyzed by HPLC. Retention time of methyleugenol is 
approximately 57 min. 
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re 3.8 Representative radiociiromatograms of media harvested from 
itoqrtes isolated from human donors and incubated with 250 uM methyleueenoi 
o 6 hr. 3-5 hr. Hepatocytes from human donors were incubated with T^C]-
yleugenol for 3 hr, 4 hr, and 5 hr at a concentration of 250 uM. Media was 
isted, the pH was adjusted to 4 and analyzed by HPLC. Retention time of 
yleugenol is approximately 57 min. 
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Figure 3.9 Representative radiociironiatogranis of media harvested from 
hepatoses isolated from human donors and incubated with 250 uM methyleugenol 
up to 6 hr Hepatocytes from human donors were incubated with ['''C]-methyieugenol 
for 6 hr, at a concentration of 250 uM. Radiochromatograms of the media immediately 
after dosing and after 6 hr incubation WITHOUT cells are also shown. Media was 
harvested, the pH was adjusted to 4 and analyzed by HPLC. Retention time of 
methyleugenol is approximately 57 min. 
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Figure 3.10 Increase in metabolite amount over time in rat hepatocyte culture 
media, representative experiment. Amount of metabolite is measured as area under the 
curve, then converted to the percent radioactive sample analyzed. Retention times of the 
peaks (see Figure 3.6) are shown to the right of the graph. The amount of metabolite 
present increases over the course of the experiment. 
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Figure 3.11 Increase in metabolite amount over time in mouse hepatocyte culture 
media, representative experiment. Amount of metabolite is measured as area under the 
curve, then converted to the percent radioactive sample analyzed. Retention times of the 
peaks (see Figure 3.9) are shown to the right of the graph. The amount of metabolite 
present increases over the course of the experiment. 
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Figure 3.12 Increase in metabolite amount over time in human hepatocyte culture 
media, representative experiment. Amount of metabolite is measured as area under the 
curve, then converted to the percent radioactive sample analyzed. Retention times of the 
peaks (see Figure 3.12) are shown to the right of the graph. The amount of metabolite 
present increases over the course of the experiment. 
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Figure 3.13 Decrease in parent metiiyleugenoi from media wiien incubated witti 
human, rat, or mouse hepatocytes in culture, representative experiments. Amount 
of methyleugenoi is measured as area under the curve, then converted to the percent 
radioactive sample analyzed. The amount of methyleugenoi present decreases over the 
course of the experiment, most dramatically in mouse. 
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Figure 3.14 Decrease in peak with retention time of 55 minutes in human, rat, and 
mouse hepatocyte culture media, representative experiments. Amount of compound 
is measured as area under the curve, then converted to the percent radioactive sample 
analyzed. The amount of compound present at time zero as a component of the dosing 
solution decreases over the course of the experiment in human and rat, but remains 
relatively constant in mouse. This peak is likely a breakdown product of the dosing 
solution that is ftirther metabolized. 
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Table 3.2 HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Hepatocyte Media using Alphabond Column - connected to mass 
spec 

Time % A %B 

(minutes) (Water) (Acetonitrile) 

0 95 5 

5 75 25 

22 75 25 

25 0 100 

30 0 100 

33 95 5 

40 95 5 
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Figure 3.15. LC-MS UV trace, Alphabond column with no acid in mobile phase. 
Without acid present in the mobile phase, the metabolites all elute between three and five 
minutes, making individual peak identification virtually impossible. Peaks seen at 7 and 
27 minutes are not associated with radioactivity, and are thus not compound related. 



151 

(pOOH 

CpHz 

IjIH 

X 
OCH3 

OCH3 

/ / 

OSO3 

OCH3 

OSO3 

OCH3 

OCH3 

Glycine IVIW239 Demethylated and sulfated Hydroxylated and 

( all species) MW 243 (all species) sulfated MW 273 (all species) 

OH 

OH 00< 

OH 

OH 

Sulfated diol MW 291 Hydroxylated glucuronide MW 369 

(mouse and human) (rat and mouse) 

Figure 3.16. Metabolite Identification, Mass Spec - Alphabond on column injections 
- putative structures, molecular weights, and identities. Hepatocyte media was 
injected directly on column and into the mass spec. Figure shows putative structures, 
molecular weights, and possible identities and which species produced the metabolite. 
Position of hydroxylation or demethylation is not definitively determined by 
firagmentation pattern and may occur on ring or chain. 
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Figure 3.17. Representative MS-MS spectra of hepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]' ion of m/z 239 - Gtycine Possible structures 
and masses of discemable fogmentatioa ions are also shown. 



153 

100 

80 

243 
163 I 

60 

40 H 

20 H 

148 
I 

63 

31 
37 
144 60 n 

SI 
I 

95 
82 

.75 

97 111 12S 

214 

179 1J8 

193 

237 
22S 

50 ido 3? 
r  I 'f  ' i  r'i 'i |"i i"T 

23O 
I I I I 

250 

O-fSOs 

Figure 3.18. Representative MS-MS spectra of hepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]' ion of m/z 243 - Demethylated and Sulfated 
Methyleugenol. Possible structures and masses of discemable fi:agmentatioa tons are 
also shown. Demethylation could occur at either functional group. 
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Figure 3.19. Representative MS-MS spectra of hepato^e metabolite - Mass Spec -
Alpiiabond on column injections [M-H]~ ion of m/z 273 - Hydroxylated and Sulfated 
Methyleugenol. Possible structures and masses of discemable fragmentation ions are 
also shown. Location of hydroxylation is suggested, not definitive. 
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Figure 3.20. Representative MS-MS spectra of iiepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]' ion of m/z 291 - Sulfated Diol. Possible 
structures and masses of discemable fragmentation ions are also shown. Sulfation could 
take place at either hydroxyl group. 
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Figure 3.21. Representative MS-MS spectra of hepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-̂ ' ion of m/z 369 - Hydroxylated Glucuronide 
Possible structures and masses of discemable fragmentation ions are also shown. Actual 
location of hydroxylation is suggested, not definitive. 
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Table 3.3 HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Hepatocyte Media using Alphabond Column 

Time 

(minutes) 

% A 

(Water with 0.1 % Acetic Acid) 

%B 

(Acetonitrile with 0.1 % Acetic Acid) 

0 95 5 

5 75 25 

22 75 25 

25 0 100 

30 0 too 

33 95 5 

40 95 5 
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Figure 3.22 Representative ciiromatograms of media iiarvested from hepatocytes 
isolated from male Fischer 344 rats and incubated with 250 fiM methyleugenol for 6 
hr - UV and radiochromatogram. Hepatocytes ftom Fischer 344 rats were incubated 
with [''*C]-methyleugenoi for 6 hr at a concentration of 250 ^M. Media was harvested 
and analyzed by HPLC using the Alphabond column. UV allowed collection of peaks, 
but radiochromatogram did not provide clear separation. Acquisition of data was stopped 
at 30 minutes and the column equilibrated. 
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Figure 3.23 Representative chromatograms of media harvested from iiepatoeytes 
isolated from female B6C3Fi mice and incubated with 250 fiM methyleugenol for 6 
hr - UV and radiochromatogram. Hepatocytes from B6C3Fi mice were incubated 
with [''*C]-methyieugenol for 6 hr at a concentration of 250 ^M. Media was harvested 
and analyzed by HPLC using the Alphabond column. UV allowed collection of peaks, 
but radiochromatogram did not provide clear separation. Acquisition of data was stopped 
at 30 minutes and the column equilibrated. 
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Figure 3.24. Representative chromatograms of media harvested from hepatoses 
isolated from human donor and incubated with 250 fiM methyleugenol for 6 hr -
UV and radiochromatogram. Hepatocytes from a human donor were incubated with 
[''*C]-methyleugenol for 6 hr at a concentration of 250 ^M. Media was harvested and 
analyzed by HPLC using the Alphabond column. UV allowed collection of peaks, but 
radiochromatogram did not provide clear separation. Acquisition of data was stopped at 
30 minutes and the column equilibrated. 
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Figure 3.25 Representative MS-MS spectra of hepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]' ion of m/z 239- Glycine -Possible structures 
and masses of discemable fragmentation ions are also shown. Peak 1. 
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Figure 3.26. Representative MS-MS spectra of hepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]' ion of m/z 279 - Gfycine -Possible structures 
and masses of discemable firagmeatation ions are also shown. Peak 2. 
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Figure 3.27. Representative MS-MS spectra of hepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]* ion of m/z 369 - Hydroxylated Glucuronide 
-Possible structures and masses of discemable fragmentation ions are also shown. 
Location of the hydroxylation is suggested but not definitive. Peak 3. 
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Figure 3.28. Representative MS-MS spectra of iiepatocyte metabolite - Mass Spec -
Alpiiabond on column injections [M-H]* ion of m/z 498 - Glutathione -Possible 
structures and masses of discemable fragmentation ions are also shown. Location of 
conjugation is suggested, not definitive. Peak 4. 
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Figure 3.29. Representative MS-MS spectra of hepatoeyte metabolite - Mass Spec -
Alphabond on column injections [M-H]' ion of m/z 273 - Hydroxylated and sulfated-
Possible structures and masses of discemable fragmentation ions are also shown. 
Location of hydroxylation is suggested but not definitive. Peak 5. 
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Figure 3.30. Representative MS-MS spectra of iiepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]* ion of m/z 291 - sulfated diol-Possible 
structures and masses of discemable &agmentation ions are also shown. Sulfation could 
occur on either hydroxyl group. Peak 6. 
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Figure 3.31. Representative MS-MS spectra of iiepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]* ion of m/z 211- Diol-Possible structures and 
masses of discemable fragmentation ions are also shown. Peak 7. 
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Figure 3.32. Representative MS-MS spectra of iiepatocyte metabolite - Mass Spec -
Alphabond on column injections [M-H]* ion of m/z 195 - Hydroxylated 
Methyleugenol-Possible structures and masses of discemable fragmentation ions are 
also shown. Location of hydroxy 1 is suggested but not definitive. Peak 8. 
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Table 3.4 Metabolites identified from collected peaks ofT of Alphabond column and 
acid containing gradient, injected in to mass spec after collection 

[M-ff] 

Peak#l Glycine (MW 239) 239 
Peak #2 Glycine (MW 279) 279 
Peak #3 Hydrcxylated Gluciironide 369 
Peak #4 Glutathione conjugate 498 
Peak #5 Hydroxylated/sulfated 273 
Peak #6 Sulfated did 291 
Peak#? Diol 211 
Peak #8 Hydrcxylated Methyleugenol 195 
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Figure 3J3. Representative radiochromatograni of media harvested from 
hepatoQTtes isolated from Fischer 344 rats and incubated with 250 uM 
methyieugenol for 6 hr with peak identification. Hepatocytes from rats were 
incubated with [ '̂'C]-methyleugenol for 6 hr at a concentration of 250 uM. Media was 
harvested and analyzed by HPLC. Retention time of methyieugenol is approximately 57 
min, run on original partisil gradient and column used for short time point incubations. 
Percentages refer to percent of radioactivity in chromatogram. 
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Figure 3.34. Representative radiochromatograni of media harvested from 
hepatoqrtes isolated from B6C3Fi mice and incubated with 250 uM methyleugenol 
for 6 hr with peak identification. Hepatocytes from mice donors were incubated with 
[''̂ C]-methyieugenoi for 6 hr at a concentration of 250 uM. Media was harvested and 
analyzed by HPLC. Retention time of methyleugenol is approximately 57 min, run on 
original partisil gradient and colunm used for short time point incubations. Percentages 
refer to percent of radioactivity in chromatogram. 
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Figure 3.35. Representative radiochromatogram of media harvested from 
hepatoses isolated from human donors and incubated with 250 uM methyleugenol 
for 6 hr with peak identification. Hepatocytes from human donors were incubated with 
[''̂ C]-methyleugenol for 6 hr at a concentration of 250 uM. Media was harvested and 
analyzed by HPLC. Retention time of methyleugenol is approximately 57 min, run on 
original partisil gradient and column used for short time point incubations. Percentages 
refer to percent of radioactivity in chromatogram. 
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Figure 336 I'-hydroxymethyleugenol Metabolite elution on Partisil gradient 
(original). The I'-hydroxymethyleugenol metabolite standard elutes at 55 minutes on 
the Partisil gradient. The UV trace is shown since the standard is not radiolabeled. 
Fragment run on original partisil gradient and column used for short time point 
incubations. 
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Table 3.5 HFLC gradient for separation of microsome metabolites - initial profile, 

partisil column 

Time 

(minutes) 

%A 

(Milli-Q water with 0.1% acetic acid) 

%B 

(Acetonitrile with 0.1% acetic acid) 

0 95 5 

45 80 20 

55 0 100 

65 0 100 

75 95 5 

85 95 5 
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Figure 3 J7. Representative radiochromatograois of supernatant from human hepatic microsomes 
incubated with ImM ['''C]-methyleugenol. Human microsomes were incubated witli [''*€]-
methyleugenol (1 mM) for 10 and 40 minutes. The reaction was stopped with acetonitrile, the samples 
were centrifiiged and then analyzed by HPLC. Retention time of methyleugenol is approximately 60 min. 
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Figure 3 J8. Representative radiociironiatograms of supernatant taiten from rat, mouse and human 
hepatic microsomes incubated with 1 mM methyleugenol. Microsomes prepared from rat, mouse and 
hmnan livers were incubated with I mM ['''C]-methyIeugenol for 30 minutes. The reaction was stopped 
with acetonitrile, the samples were centrifiiged and then analyzed by HPLC. The retention time of 
methyleugenol is approximately 60 min. 
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Table 3.6 HPLC gradient used to establish number of metabolites present in 
microsomal incubations 

Time % A % B 

(minutes) (90:10 Milli-Q Water: Acetonitriie) (Acetonitriie) 

0 95 5 

2 95 5 

5 40 60 

16 0 100 

19 0 100 

20 95 5 

25 95 5 
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Figure 3.39. Representative radiochromatognims (modified gradient) of buffer taiten from rat, 
mouse and human liver microsomes incubated with 1 mM methyleugenol. Microsomes prepared from 
rat, mouse and human livers were incubated with I mM ['^C]-methyIeugenol for 30 minutes. The reaction 
was stopped with acetonitrile, the samples were centrifiiged and then analyzed by HPLC. The retention 
time of methyleugenol is approximately 14 min. Presumed metabolites are labeled; the retention time of 
peak A is 4, B (I'-hydroxymethyleugenol) is 9 and C (eugenol) is 12 minutes. 
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Figure 3.40. Representative chromatogmms (UV traces) of standards used for identification by co-
elution on modified gradient. 1-3,4 diinetbo}Qrphenyi-3-propen-l-oI, and eugenol, with methyleugenol 
for comparison. The retention time of the compounds are approximately 8,12, and 14 min. 
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Table 3.7 HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Microsomal Incubation Media using Luna Column - for 
identification 

Time % A %B 

(minutes) (90% water/10% Acetonitrile) (Acetonitrile) 

0 95 5 

10 90 10 

45 80 20 

50 0 100 

60 0 100 

65 95 5 

75 95 5 
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Figure 3.41. Representative radiochromatograms of buffer taicen from rat liver 
microsomes incubated with ImM methyleugenol (Luna column with modified 
gradient). Microsomes prepared firom rat livers were incubated with 1 mM 
methyleugenoi for 30 minutes. The reaction was stopped with acetonitrile, the samples 
were centrifuged and then analyzed by HPLC. The retention time of methyleugenol is 
approximately 54 min. Presumed metabolites are labeled; the retention time of Peak 1 
(del) is 11,2 is 17,3 (I'-hydroxymethyleugenol) is 25,and4(eugenol) is 53 minutes. 
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Figure 3.42. Representative radiochromatograms of buffer taken from mouse liver 
microsomes incubated with ImM methyleugenol (Luna column with modified 
gradient). Microsomes prepared from mouse livers were incubated with 1 mM 
methyleugenol for 30 minutes. The reaction was stopped with acetonitrile, the samples 
were centrifuged and then analyzed by HPLC. The retention time of methyleugenol is 
approximately 54 min. Presumed metabolites are labeled; the retention time of Peak 1 
(diol) is 11, 2 is 17, 3 (I'-hydroxymethyleugenol) is 25, and 4 (eugenol) is 53 minutes. 
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Figure 3.43. Representative radiochromatograms of buffer taken from human liver 
microsomes incubated with ImM methyleugenol (Luna column with modified 
gradient). Microsomes prepared from human livers were incubated with 1 mM ['''C]-
methyleugenol for 30 minutes. The reaction was stopped with acetonitrile, the samples 
were centrifuged and then analyzed by HPLC. The retention time of methyleugenol is 
approximately 54 min. Presumed metabolites are labeled; the retention time of Peak 
l(^ol) is 11,2 is 17,3 (I'-hydroxymethyleugenol) is 25, and 4 (eugenol) is 53 minutes. 
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Figure 3.44. Representative GC-MS-MS spectra of microsome metabolite Peak 1 -
[M-H]* ion of m/z 211 Diol-Possible structures and masses of discemable fragmentation 
ions are also shown. 
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Figure 3.45. Representative GC-MS-MS spectra of microsome metabolite Peak 3 -
[M-H]" ion of m/z 1941'-hydroxymethyleugenoi -Possible structures and masses of 
discemable fragmentation ions are also shown. 
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Figure 3.46. Representative GC-MS-MS spectra of microsome metabolite — Peak 4 — 
[M-H]" ion of m/z 164 Eugenol-Possible structures and masses of discemable 
fragmentation ions are also shown. 
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Figure 3.47 Mass Spectra of I'-hydroxymetiiyleugenol standard and Peak 3. Mass 
spectra of the standard is presented first. The Peak 3 mass spectra (figure 3.45) is 
repeated below for comparison purposes. 
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Table 3.8 HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Microsomal Incubation Media using Luna Column 

Time % A % B  

(minutes) (water) (Acetonitrile) 

0 95 5 

10 90 10 

45 80 20 

50 0 100 

60 0 too 

70 90 10 
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Figure 3.48. Sample 1: Mouse microsomes incubated witii methyieugenol and 1-
hydroxymethyleugenol standard, but without NADP r-Hydroxymethyleugenol 
elutes at about 6.5 minutes. No r-hydroxymethyieugenol is formed in the absence of 
NADP above the level added. 
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Figure 3.49. Sample Two: Mouse microsomes incubated with metiiyleugenoi and 1-
hydroxymethyleugenol standard. The r-hydroxymethyleugenol metabolite elutes at 
approximately 6.5 minutes. In the presence of NADP, this peak increases, indicating the 
I'-hydroxymethyleugenol metabolite is made by microsomal metabolism. 
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Figure 3.50. Superimposed spectra of Samples 2 and 3: Mouse microsomes 
incubated with methyleugenoi, and the same sample spiked with I-hydroxy-
methyleugenol standard. The T-hydroxymethyleugenol metabolite co-elutes with the 
standard peak. 
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Figure 3.51. Purity evaluation data of mouse microsomal incubation Peak 3. 
Traces show no evidence of impurity by either method. 



Table 3.9 HPLC gradient used for 1- hydros^methyleugenol rate of formation 

Time (min) 90:10 MUU-Q 

water:acetonitrile 

Acetonitrile 

0 95 5 

10 90 10 

45 80 20 

50 0 100 

60 0 100 

65 95 5 
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Figure 3.52 Formation of I'-hydroxymethyleugenol in rat, mouse, and human 
microsomes. I'-hydroxmethyleugenol produced over time is shown. Mouse 
microsomes produced four times more of this metabolite over time than human derived 
microsomes, while rat microsomes produced three times more than human derived 
microsomes. Metabolite is measured by peak area associated cpm counts. Data represent 
n=3,±SD. 
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CHAPTER FOUR 

Investigation of the Genotoxicity and Metabolic Mechanisms of Methyieugenol 
Toxicities 

Specific Aim Three 

Determine the genotoxicity of methyieugenol and investigate the metabolic pathway or 

mechanisms by which this genotoxicity may occur 

Introduction: 

Methyieugenol is an alkylbenzene compound that has been shown to be extensively 

metabolized in the body of rats and mice, as well as hepatocytes and hepatic microsomes 

derived from rats, mice, and human sources. A large number and variety of metabolites 

have been shown to form in the metabolism of methyieugenol. Two of those metabolites, 

the dioi and the I'-hydroxymethyleugenol, are structurally similar to the metabolites 

formed by safrole, a related compound that has also been shown to be a rodent 

carcinogen. The related metabolites of safrole have been implicated in possible 

pathways of activation that could lead to DNA damage and genotoxicity. While 

methyieugenol has been proposed to act in a similar manner, the contribution of the 

epoxide/diol pathway has never been examined and many of the relevant experiments 

concerning I'-hydroxymethyleugenol have not been conducted. Therefore, it is 

important to establish the mechanism by which methyieugenol, having been 

metabolically activated, may become a genotoxicant. 

The mechanism of genotoxiciQr for sa&ole has been the subject of extensive study 

(8). It is widely accepted that a CYP4S0 hydroxylates the ben^lic carbon of the alkyl 
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side chain, with subsequent sulfation of tliis T-hydroxymethyleugenol metabolite. The 

subsequent loss of SO4' results in a reactive moiety that can bind to cellular components, 

specifically DNA. The I'-hydroxyl metabolite of safirole has been shown to be more 

carcinogenic than safirole itself (23). An epoxide at the 2' and 3' carbons of safi'ole has 

been shown to form adducts with DNA (8,41). This epoxide of safirole has been shown to 

have carcinogenic potential (39). 

Methyleugenol is structurally similar to safi'ole, with the potential to form a 

1 'hydroxy metabolite and an epoxide on the alkyl side chain. Both methyleugenol and 

safirole lack fireely available functional groups for conjugation reactions. Isoeugenol and 

eugenol are structurally similar to methyleugenol, but because of firee hydroxyl groups, 

can undergo conjugation reactions directly. In addition, the position of the double bond 

in isoeugenol would form the V-T epoxide as opposed to the 2'-3' epoxide formed by 

the other three compounds. Based on the work done with safirole, it seems clear that 

metabolic activation of these compounds must occur if genotoxicity or cytotoxicity are to 

be observed. 

The unscheduled DNA synthesis assay (UDS) was used to examine the 

genotoxicity of methyleugenol and the structurally related compounds safirole, eugenol, 

and isoeugenol. Methyleugenol is negative in most in vitro genotoxicity assays, 

including the Ames salmonella assay and the E. coli reversion mutation assay (7), but has 

been shown to be positive in rat hepatocytes in the UDS assay (53). An objective of 

these studies was to determine the genotoxic potential of methyleugenol in the Fischer 

344 rat, B6C3Ft mouse, and the human derived isolated hepatocytes. By including 
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Structurally related allylbenzenes with specific functional group differences, the possible 

significance of these functional groups in the genotoxicity of methyieugenol could be 

better understood. In addition, using compounds to modify the possible metabolic 

activation pathways, the contribution of the various suspected activated metabolites could 

be determined. Thus, compounds that block sulfation or the formation of epoxides would 

be useful tools. Pentachlorophenol (PCP) is a known inhibitor of sulfation in vivo and 

has also been used in tissue culture experiments. Cyclohexane oxide (CHO) is an 

epoxide, and would thus compete for the cellular epoxide hydrolases for the 

detoxification of the 2'-3' epoxide. 
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Materials and Methods: 

Chemicals 

Methyleugenol (CAS # 93-15-2, 99% pure) and cyclohexane oxide (CHO, 98%) were 

obtained from Aldrich Chemical Company, hic., Milwaukee, WI. Safrole (98%) was 

from Fluka Chemicka, AG, Buchs, Switzerland. Eugenol (99%) and isoeugenol (99% 

racemic mixture) were purchased from Acros Organics, Pittsburgh, PA. William's 

medium E (without vitamin E or phenol red). Hanks Balanced Salt Solution, and trypan 

blue were obtained from Life Technologies, Inc., Grand Island, NY. Bovine calf serum 

and L-glutamine were obtained from Hyclone, Logan, UT. Collagenase D was from 

Boehringer Mannheim Pharmaceuticals, Indianapolis, IN. Lactate dehydrogenase (LOH) 

assay reagent, dimethylsulfoxide (DMSO), fluorene, 2-amino£luorene, and 

pentachlorophenol (PCP) were purchased from Sigma Chemical Company, St. Louis, 

MO. [^HJThymidine (specific activity 89.4 nCi/ml) was from NEN Life Sciences 

Products, Boston, MA. Autoradiography emulsion NTB-2, D-19 developer, and 

photographic fixer were obtained from Kodak, Rochester, NY. 

Animals and housing 

Male Fischer 344 rats (175-250 grams) were obtained from Hilltop Lab Animals, Inc., 

Scottdale, PA, and female B6C3Fi mice (21-27 grams) were obtained from Harlan 

Sprague Dawley, Inc., Indianapolis, IN. These species were selected based on the models 

used in the NTP bioassay. The animals were housed in a AAALAC-approved animal 

facility with a 12/12 hr Ught/dark cycle. Rats were fed a standard diet of Teklad 4% 

mouse/rat diet while mice received NIH 31 modified mouse/rat diet (Harlan Teklad, 
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Madison, WI). Food and water were provided ad libitum. Animals were acclimated for a 

minimum of 7 days prior to use in experiments. 

Experimental design 

The purity of the methyleugenol used in the studies was determined by HPLC analysis 

prior to use. 

Hepatocyte isolation 

Hepatocytes from rats and mice were isolated as described in Chapter 3. Human 

hepatocytes were obtained in suspension from BioWhittaker (Clonetics), as described in 

Chapter 3. A total of seven human donors were used in this study: a 2 year old male 

(anoxia), a 28 year old male (gimshot wound), a 51 year old female (intracranial 

bleeding), a 44 year old male (closed head Injury), a 58 year old female (anoxia), a 47 

year old male (intracranial hemorrhage), and a 22 year old female (anoxia). 

Only those cell preparations with 85% viability or greater for rodents and 80% or 

greater for humans (as determined by trypan blue exclusion) were used for primary 

culture. Cells were suspended in William's medium E supplemented with bovine calf 

serum (10% for rats and humans, 1% for mice), and L-glutamine (200mM) at 5 x 10^ 

cells/ml. 

Cytotoxicity assay measurements 

Plating: Cells were plated at 2 x 10^ cells per T-25 tissue culture flask (4 ml of 

suspension). Cells were allowed to attach for two hours, the medium removed, and the 

ceil monolayer rinsed with William's medium E without serum. The rinse was removed 
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and 2 ml of William's medium E without serum was added to each flask. All incubations 

were conducted in humidified 95% air, 5% CO2 at 37° C. 

Treatment and Lactate Dehydrogenase (LDH) determination: 

Hepatocytes were incubated for 18-20 hours with methyleugenol, safrole, 

eugenol, or isoeugenol over a wide range of concentrations as described in Figures 4.1 -

4.3. Following incubation, the medium was removed and the monolayer rinsed with 

phosphate buffered saline. The cells were then scraped into phosphate buffer containing 

0.5% triton-X 100. Medium and cell scrapings were analyzed for lactate dehydrogenase 

(LDH) activity. The LDH activity was expressed as the percent of LDH released into the 

medium (LDH in the mediiun divided by total LDH in cells and medium multiplied by 

100). Modulation experiments (Figures 4.4 and 4.5) were conducted at 10 |iM 

methyleugenol with either 15 PCP or 2000 |iM CHO (maximum non-cytotoxic 

concentrations of modulators) and cytotoxicity measured as described. 

Unscheduled DNA synthesis assay 

This assay was conducted as described by Williams (84) with some modifications. 

Briefly, isolated hepatocytes were plated at 5 x 10^ cells per well on Thermanox 

coverslips and allowed to attach for two hours. Hepatocytes were incubated for 18-20 

hours with dimethyl sulfoxide (DMSO), fluorene, or 2-aminoflorene or methyleugenol, 

safrole, eugenol, or isoeugenol over a range of concentrations as described in Figures 4.6 

- 4.8. The hepatocytes were simultaneously exposed to [^H]thymidine (1 mi of 89.4 

mCi/ml per 100 mi medium). Following incubation, ceils were evaluated under an 

inverted microscope for gross evidence of cytotoxicity to the hepatocytes. The cells were 



201 

treated with sodium citrate to swell the nuclei of the cells, fixed to the coverslips, and the 

coverslips exposed to photographic emulsion after being mounted to slides. The 

emulsion was developed after six days and the cells counterstained with a modified 

hematoxylin and eosin (H&E) stain to facilitate counting. Results were quantified using 

an Artek colony counter. Slides were examined under oil immersion. The number of 

silver grains per nucleus and three neighboring areas of cytoplasm in the same cell were 

counted. The difference between the number of silver grains in the nucleus and the 

highest cytoplasmic grain count was recorded. Twenty cells per slide, three slides per 

dose level were counted when possible. Results are expressed as mean grain counts per 

nucleus. Positive grain counts indicate unscheduled DNA synthesis. Compounds were 

considered positive if there was a dose related increase in positive grain counts. 

Modulation experiments (Figures 4.9 and 4.10) were conducted as above, except for the 

addition of2000 jiM of cyclohexane oxide (CHO) or 15 (iM pentachlorophenol (PCP) to 

wells containing the compounds. 

Metabolism modulation experiments 

Hepatocytes isolated from male Fischer 344 rats as described above were incubated in the 

presence of methyleugenol alone or with either 2000 jiM of cyclohexane oxide (CHO) or 

15 pentachlorophenol (PCP) for 6 hours. Media was collected, prepared, and 

injected onto an HPLC as described in Chapter 3. 
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Results 

Based on cytotoxicity data the test compounds can be divided into two distinct groups. In 

rats and mice, methyleugenol showed a relatively flat cytotoxicity curve. In rats, LDH 

leakage remained at 50% from 600 to 3000 ^M (Figure 4.1). Mice showed a similar flat 

curve up to 1000 |iM with an increase to 80 - 90% LDH leakage at 3000 and 5000 fjM 

(Figure 4.2). Human hepatocytes were similar to mice, with a flat curve up to 750 (iM 

and increasing to 80-90% LDH leakage at 3000 |iM (Figure 4.3). The concentration 

response curve for safrole was similar to methyleugenol in rodents, being relatively 

nontoxic at concentrations less than 1000 f^M. Isoeugenol and eugenol were more 

cytotoxic to the hepatocytes than methyleugenol and safrole. Isoeugenol and eugenol had 

LC50 values of ~300 (aM for rats and ~200 for mice, with both compounds showing 

relatively steep dose response curves (Figures 4.1 and 4.2). When methyleugenol (10 

fiM) was incubated with rat or mouse hepatocytes in the presence of either 2000 (iM 

CHO or 15 ^M PCP, cytotoxicity increased from 46% to 80% LDH released (Figures 4.4 

and 4.5). 

The results of the UDS assay to assess the genotoxicity of the compounds again 

divided the compounds into two groups. In rat hepatocytes, methyleugenol caused UDS 

at concentrations between 10 and 1000 ^M. Methyleugenol did not demonstrate a classic 

dose response curve in rat hepatocytes, instead showing its highest incidence of UDS at 

10 ^M with 43 mean grain counts per nucleus. Mean grain counts then gradually fell as 

the concentration of methyleugenol increased. At the higher concentrations, counts of 

about 20 mean grains per nucleus were observed (Figure 4.6). In mouse hepatocytes. 
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methyleugenol caused UDS at concentrations between 5 and 1000 (xM, with peak UDS at 

10 |iM and with counts gradually falling as the concentration of methyleugenol increased 

(Figure 4.7). By the criteria of the assay, methyleugenol and safirole were positive in the 

UDS assay. When human derived hepatocytes were incubated with methyleugenol (10 -

500 |iM), marginally positive grain counts were observed in at least one sample at all 

concentrations tested. However, there was no significant dose related increase in net 

grain counts as concentration increased. The counts were also substantially lower than 

those observed with rodent hepatocytes. In three lots of human hepatocytes, 

methyleugenol did not meet the criteria of a positive compound (Figure 4.8). Safirole 

caused UDS at concentrations between 10 and 1000 |iM in a concentration dependent 

maimer in rats while in mice concentrations between S and 1000 |iM were positive with 

peak grain counts at 10 foM and counts gradually falling as dose increased. The apparent 

decline in net grain counts at increasing concentrations in both species is an effect often 

reported with this assay, and may be due to a decrease in the ability of the cell to repair 

DNA damage at increasing doses. These events may include damage to DNA repair 

en^^es or firank cellular death. Isoeugenol and eugenol were not genotoxic, showing no 

increase in mean grain counts at any of the concentrations tested in rats or mice (Figures 

4.6 and 4.7). 

UDS results with rat and mouse hepatocytes incubated with methyleugenol 

showed that the positive net grain counts seen with 10 ^M methyleugenol remained at 

similar levels in the presence of2000 jiM CHO. However, in the presence of 15 ^iM of 

PCP, mean grain counts were reduced to near control levels (Figures 4.9 and 4.10). The 
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concentrations of PCP and CHO were selected based in part on their cytotoxicity curves 

(Figures 4.11 and 4.12), showing that the doses used are not cytotoxic. 

Metabolism modulation results 

The standard profile generated by rat hepatocytes is shown in Figure 4.13. After 

treatment with 2000 ^M CHO, the area consistent with phase one metabolites is altered, 

although the precise identity of the altered metabolites is not known. This indicates that 

CHO is having an effect on the metabolism of the compound. After treatment with 15 

PCP, peaks in the area consistent with sulfated metabolites disappear, suggesting that 

the PCP is blocking sulfation in the hepatocyte cultures. However, since these peaks 

were not definitively identified, no ftirther conclusions can be made. 
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Discussion: 

The results of these studies indicate that methyleugenol and safirole cause UDS in 

rat and mouse hepatocytes over a range of concentrations, while isoeugenol and eugenol 

do not. The difference in the genotoxicity of the two groups of compounds may be 

related to the biotransformation of the compounds. Both safrole and methyleugenol lack 

free hydroxy groups on their rings that are present on isoeugenol and eugenol. The lack 

of these freely available hydroxy groups may allow both methyleugenol and safrole to 

avoid immediate conjugation and elimination, providing an opportunity for metabolism 

to take place on the allyl side chain. 

Two possible forms of this allyl chain metabolism would include the formation of 

the I '-hydroxymethyleugenol or the 2'-3' epoxide of methyleugenol (Figure 4.14). Based 

in part on the postulated activation of safrole (39,40,86,87), these metabolites are or 

could lead to reactive moieties as shown. Hydroxylation at the 1' carbon (allylic and 

benzylic) by CYP450, followed by subsequent sulfation, results in a molecule that is 

unstable. The sulfated ester would dissociate from the molecule, taking the oxygen of the 

I'-hydroxymethyleugenol with it and leaving a carbocation that is highly reactive. The 

formation of a 2'-3' epoxide creates a known reactive molecule capable of binding to 

DNA or causing cytotoxicity (21,46,47,48). 

The contribution of these pathways to the genotoxicity of methyleugenol was 

clarified by using compounds that blocked or enhanced the postulated metabolic fates of 

methyleugenol. These were pentachlorophenol (PCP), an inhibitor of sulfation (45), and 

cyclohexane oxide (CHO), an epoxide that competes for the detoxifying enzyme epoxide 
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hydrolase (88). These modulators were added to the incubations at the highest non-

cytotoxic dose possible. The use of PCP and CHO to modulate the biotransformation of 

compounds in biological assays is well documented. PCP has been used in in vivo and in 

vitro studies (45,89) to effectively block the sulfation of compounds. CHO has been used 

to inhibit epoxide hydrolase in in vitro assays, and is preferred to 1,1,1-trichloropropene-

2,3-oxide (TCPO) on the basis of the mutagenicity of TCPO. CHO does not totally 

eliminate epoxide hydrolase activity, having been reported to reduce total activity to 55% 

at a dose of 3 mM, but is considered an effective and non-mutagenic inhibitor of epoxide 

hydrolase (88). 

When CHO was added to UDS assay incubations, it did not significantly increase 

or decrease the level of UDS seen in either species. This suggests that while the epoxide 

may have other biological consequences, as suggested by the increase in cytotoxicity, it 

does not contribute to the genotoxicity of methyleugenol. The epoxide metabolites of 

safirole as well as epoxides formed by related allylbenzene compounds serve as substrates 

for epoxide hydrolase and glutathione S transferase (41,42). These enzymes could be 

expected to detoxify the epoxide of methyleugenol as well. 

In contrast, when methyleugenol was incubated concunently with PCP in UDS 

assays, net grain counts decreased nearly to control levels in hepatocytes isolated from 

both species. (Figures 4.4 and 4.5) This finding strongly suggests that a pathway 

involving sulfation is important in genotoxicity of methyleugenol. Based on studies with 

safirole and the finding of the I'-hydroxymethyleugenol metabolite, it is concluded that 
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the sulfate ester of I'-hydroxymethyieugenol is the proximate carcinogenic species of 

methyleugenol. 

The significance of the free hydroxy functional groups to the biological activity of 

this class of compounds is further indicated by the lack of genotoxicity but higher 

cytotoxicity seen with eugenol and isoeugenol. This may be due to rapid conjugation and 

elimination of the compounds, or to the ability of these compounds to form a quinone 

methide complex, an extremely reactive electrophilic compound related to quinones 

(Figure 4.14). Quinone methides contain a methylene or substituted methylene group in 

place of one of the carbonyl oxygens. Peroxidase and CYP450 both catalyze the 

formation of quinine methides, and safrole, methyleugenol, isoeugenol, and eugenol 

could all theoretically form this reactive moiety (47). However, the extent to which this 

happens for each compound would be expected to differ based on the routes of 

metabolism. Safrole, for example, would have to undergo cleavage of the 

methylenedioxy ring, yielding free hydroxyl groups. Methyleugenol would have to 

undergo demethylation of the para methoxy group, a reaction known to be minor and 

comprising only 7% of urinary metabolites 24 hours after an oral dose of 200 mg/kg (6). 

Isoeugenol and eugenol, however, could form this moiety easily, helping to explain the 

cytotoxicity of these compounds. 

Eugenol derived quinone methides have been identified and have been implicated 

in cytotoxicity in hepatocytes, liver slices, and the cellular damage in whole animal 

studies (21,48). In fact, the eugenol derived quinone methide was found to be extremely 

reactive but stable enough to resist immediate hydrolysis. It is thought to bring about its 
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cytotoxic effects when detoxification efforts, primarily GSH conjugation, are 

overwhelmed (21,90). When glutathione is depleted, within 2 hours, cytotoxicity was 

seen in hepatocytes. The authors of those studies speculated that this was due to the 

exhausting of glutathione and thus the build up of a reactive intermediate. They 

postulated that this would be the quinone methide, although they had no direct proof of it 

(90). While isoeugenol is capable of undergoing transformation to the quinone methide, 

that metabolite has not been isolated. However, Bolton (personal conununication) has 

indicated that isoeugenol would be very likely to form a quinone methide based on its 

structure. 

While methyleugenol and safrole induced UDS in both rat and mouse 

hepatocytes, those of the mouse appear to be more sensitive, showing UDS at lower 

concentrations. This may reflect differences in metabolism between the two species. 

The mouse hepatocytes may produce genotoxic metabolites at a greater rate than 

hepatocytes from rats. Studies with hepatic microsomes (Chapter 3) show that mice 

produce I'-hydroxymethyleugenol, and thus the precursor of the reactive sulfated ester, 

at a faster rate than rat derived hepatic microsomes. 

Human hepatocytes showed only a marginal increase in net grain counts over 

background and no clear dose related increase in net grain counts. Thus, the responses 

seen using human hepatocytes are not strictly positive in this assay using the working 

group criteria (82). Studies with human hepatocytes showed that they are metabolically 

active and produce T-hydroxymethyleugenol. In addition, when these same human 

hepatocytes were incubated with bisphenol A, they formed the glucuionide conjugate of 
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this compound at a rate similar to that seen with rat and mouse hepatocytes. Therefore, 

the low net grain counts are not due to metabolically incompetent cells. The low increase 

in net grain counts may indicate that human hepatocytes do not convert methyleugenol 

into an active metabolite to the same extent as rodent hepatocytes. This is supported by 

the lower amount of T-hydroxymethyleugenol made by human microsomal incubations 

as compared to rat and mouse microsomal incubations. Therefore, there may be a 

decreased sensitivity to the genotoxic toxicity of methyleugenol in humans as compared 

to rodents used in the NTP bioassay. However, additional studies with human 

hepatocytes are needed to confirm this suggestion. 
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Figure 4.1. Cytotoxicity Dose-Response Curves for Methyieugenol, Isoeugenol, 
Eugenol, and Safrole in Isolated Male Fischer 344 Rat Hepatocytes. Hepatocytes 
were isolated and then incubated with various concentrations of methyieugenol, 
isoeugenol, eugenol, and safrole. Toxicity to hepatocytes was estimated by the percent of 
LDH released into the medium relative to total LDH present (in medium and cells). Data 
represent n=3, ± SD. 
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Figure 4.2. Cytotoxicity Dose-Response Curves for Metiiyleugenol, Isoeugenoi, 
Eugenol, and Safrole in Isolated Female B6C3F| Mouse Hepatocytes. Hepatocytes 
were isolated firom female B6C3F1 mice and then incubated with various concentrations 
of safrole, methyleugenol, eugenol, and isoeugenoi for 18 hr. Toxicity to hepatocytes 
was estimated by the percent of LDH released into the medium relative to total LDH 
present (in medium and cells). Data represent n=3, ± SD. 
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Figure 43 Cytotoxicity Dose-Response Curve for Methyleugenol—Isolated 
Human Hepatocytes. Hepatocytes were isolated from five donor livers and then 
incubated with various concentrations of methyleugenol for 18 hr. Toxicity to 
hepatocytes was estimated by the percent of LDH released into the medium relative to 
total LDH present (in medium and cells). 
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Figure 4.4. Cytotoxicity of Isolated Male Fischer 344 Rat Hepatocytes to 
Methyleugenol in the Presence of PCP and CHO. Hepatocytes were isolated and then 
incubated with methyleugenol for 18 hr. Toxicity to hepatocytes was estimated by the 
percent of LDH released into the medium relative to total LDH present (in medium and 
cells): (n = 3). Data expressed as mean ± sem. 
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Figure 4.5 Cytotoxicity of Isolated Female B6C3F| Mouse Hepatocytes to 
Metiiyleugenol in the Presence of PCP and CHO. Hepatocytes were isolated and then 
incubated with methyleugenol for 18 hr. Toxicity to hepatocytes was estimated by the 
percent of LDH released into the medium relative to total LDH present (in medium and 
cells): (n = 3). Data expressed as mean ± sem. 
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Figure 4.6 UDS in isolated male Fisciier 344 rat hepatocytes caused by 18 hr 
incubation with increasing concentrations of safrole, methyleugenol, eugenol, and 
isoeugenol. UDS in hepatocytes was estimated by the mean number of silver grains in 
the nucleus relative to grains in the cytosol. Data expressed as mean ± sem. (n = 3). 
Control values are 94 ± 13 for positive control 2AF, -6 ± 2 for negative control DMSO. 
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Figure 4.7 UDS in isolated female B6C3F| mouse hepatocytes caused by 18 hr 
incubation with increasing concentrations of safrole, methyleugenol, eugenol, and 
isoeugenol. UDS in hepatocytes was estimated by the mean number of silver grains in 
the nucleus relative to grains in the cytosol. Data expressed as mean ± sem. (n = 3). 
Control values are 22 ± 5 for positive control 2AF, -14 ± 3 for negative control DMSO. 
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Figure 4.8 UDS in human hepatocytes (three donors) caused by 18 hr incubation 
with increasing concentrations of methyleugenoi. DDS in hepatocytes was estimated 
by the mean number of silver grains in the nucleus relative to grains in the cytosol. Data 
expressed as mean ± sem. (n = 3). Control values are 14 ± 8 for positive control 2AF, -6 
± 2 for negative control DMSO. 
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Figure 4.9 UDS modulation in isolated male Fischer 344 rat hepatocytes caused 
by 18 hr incubation with 10 ^iM of methyieugenoi and either PCP or CHO for 18 hr. 
UDS in hepatocytes was estimated by the mean number of silver grains in the nucleus 
relative to grains in the cytosol. 



219 

100 -I 

75 -

e 
a 
o 50 -
o 
B 
2 25 -
o 

S Iw 
1 0 -

-25 -

-50 
DMSO CHO PCP ME 10 

Compound 
ME/CHO ME/PCP 

Figure 4.10 UDS modulation in isolated female B6C3F| mouse hepatocytes caused 
by 18 hr incubation with 10 (iM of methyleugenol and either PCP or CHO for 18 hr. 
UDS in hepatocytes was estimated by the mean number of silver grains in the nucleus 
relative to grains in the cytosol. 
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Figure 4.11 Cytotoxicity curve at 18 hr of metabolic pathway modulator Penta 
Chlorophenol (PCP). A non toxic dose of IS ^M was used for the modulation 
experiments. Data represent n=3, ± SD. 
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Figure 4.12 Cytotoxicity curve of metabolic pathway modulator Cyclohexane Oxide 
(CHO). A non toxic dose of 2000 was used for the modulation experiments. Data 
represent n=3, ± SD. 
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Figure 4.13 Modulation of Metabolism with PCP and CHO: Rat hepatocytes as 
example. Metabolism of methyleugenol by rat hepatocytes. The standard profile is shown in A. 
After treatment with CHO, the area consistent with phase one metabolites is altered (B). After 
treatment with PCP, several peaks disappear in an area consistent with sulfated metabolites (C). 
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Figure 4.14 Pathways of activation for the compounds of interest. Compounds 
with a para hydroxyl group could be converted to quinone methides. A CYP450 could 
add oxygen across the double bond to form an epoxide. CHO would interfere with the 
conversion to a diol. CYP450 could hydroxylate the CI carbon, which could be sulfated, 
producing a good leaving group. PCP would block this reaction. 
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CHAPTER FIVE 

Summary, Conclusions, and Future Directions 

Methyleugenol is a compound found in and added to many products that are used 

on a daily basis. Due to this widespread use, it is important to establish the metabolism 

and biological fate of this compound. In addition, the mechanism of activation for 

methyleugenol, inferred from safirole data, must be validated for methyleugenol. 

To summarize the data reported in this document, methyleugenol is rapidly 

eliminated from both male Fischer 344 rats and female B6C3F| mice, with 85% and 94% 

of the administered dose respectively eliminated in the urine and feces by 48 hr following 

oral administration. Parent methyleugenol was not detectable in the blood following oral 

administration in the rat, nor were any metabolites. Therefore, oral bioavailability could 

not be determined. Dosing vehicle (com oil vs. methylcellulose) does not appear to 

significantly effect the disposition of the compound. Following IV administration in the 

rat, 93 % of the administered dose was eliminated in the urine and feces by 48 hr, and 

blood levels could be detected. The pharmacokinetic parameters of methyleugenol are: 

half life 51.45 ± 5.18 min, MRT 61.76 ± 7.95 min, and clearance of 0.15 ± 0.01 

L/min/kg, suggesting that methyleugenol is rapidly cleared from the body. Thus, 

regardless of species and route of administration, methyleugenol is metabolized and 

excreted quickly, likely undergoing substantial first pass metabolism in the liver. 

Metabolism studies indicated that in the male Fischer 344 rat a large number of 

metabolites were detected in the urine after oral or intravenous administration. These 

were comprised primarily of hydroxy lated (or demethylated) derivatives that were subject 
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to sulfation (or glucuronidation). One mercapturic acid and a glycine conjugate were also 

tentatively identified. After IV administration, possible metabolites were seen in the 

blood at levels that never exceeded 2.3% of the administered dose. The identity of these 

metabolites was not determined. However, none of the peaks correlated with the 1'-

hydroxymethyleugenol metabolite. In the female B6C3Fi mouse, the same relative 

pattern of metabolites was identified in the urine. These data indicate that methyleugenol 

is metabolized to a large number of metabolites, primarily conjugated derivatives. 

Hepatocyte metabolism studies showed hepatocytes from rats, mice, and human 

sources produced a variety of metabolites, indicating that the hepatocytes are 

metabolically active. These metabolites are substantially similar to the metabolites 

excreted in the urine following in vivo administration. This further supports the liver as 

the major site of metabolism of methyleugenol and confirms that hepatocytes are an 

appropriate model system for further study of this compound. Evidence of the 1'-

hydroxymethyleugenol and the diol was seen in hepatocyte metabolite profiles, but could 

not be reliably quantified due to conjugation reactions. 

Microsomal metabolism studies indicated that hepatic microsomes derived from 

rat, mouse and human sources, produce several metabolites of methyleugenol. Both the 

r-hydroxymethyleugenol and the diol were identified in microsomes, with 1'-

hydroxymethyleugenol being the major metabolite in all species. Particular emphasis 

was placed on formation of the I'-hydroxymethyleugenol. The identity^ and purity of the 

r-hydroxymethyleugenol peak was established by co-elution, mass spectrometry, and 

the use of a HPLC with a diode array detector. Mouse microsomes produce fourfold 
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more I'-hydroxymethyleugenol and rat microsomes producing threefold more l'-

hydroxymethyleugenol than human microsomes in a rate of formation study. These data 

further support the conclusion that the cells of the liver produce the relevant activated 

molecules that have been implicated in the genotoxicity of methyleugenol. 

Cytotoxicity results indicate methyleugenol displays little or no toxicity in the rat, 

mouse and human hepatocytes at concentrations up to 3000 ^M. However, 

methyleugenol caused UDS in both rat and mouse hepatocytes at levels similar to that of 

safrole. Sulfation appears to play a role in this UDS since inhibition of sulfation by co-

incubation with pentachlorophenol (PCP) decreases UDS to control levels. Based on 

experiments with three human hepatocyte samples, UDS appears to occur to a 

significantly lesser extent, if at all, in human hepatocytes than hepatocytes of rats and 

mice. Net grain counts in human hepatocytes were near background levels and no 

concentration dependent response was observed. These data confirm and extend the 

genotoxicity data in the literature (mouse and human hepatocytes had never been 

examined) and indicate that the T-hydroxymethyleugenol (after sulfation) is most likely 

the proximate carcinogen of methyleugenol. This confirms the stated hypothesis that 

methyleugenol is a genotoxicant (causing UDS) after a two stage metabolic activation. 

DNA and protein binding studies (70) further support the interaction of methyleugenol 

with tissue macromolecules both in vivo and in vitro. 

Whether or not UDS and/or DNA binding results in a mutational event was not 

established. The preliminary mutagenesis study reported here suggests that neither 

methyleugenol nor I'-hydroxymethyleugenol appear to cause a mutational event at levels 
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above background. This may mean that while DNA damage (binding) occurs, this 

damage is repaired and a mutagenicity event is rare. Thus methyleugenol may work by 

more than one mechanism, or its genotoxicity is necessary but not siifficient to cause 

cancer in rodents. However, this mutagenicity study is preliminary and the question 

deserves further examination. 

How do we put these data in perspective? Methyleugenol is a compound found in 

many foods and products, and humans are exposed to this and related compounds every 

day at low levels. Humans have been consuming methyleugenol for centuries as a 

component of natural products, without high levels of hepatic carcinogenesis. However, 

rodent studies have shown that while the compound is rapidly biotransformed and 

removed &om the body, in long term bioassays methyleugenol is a hepatocarcinogen. 

The first step is to understand the mechanism of rodent carcinogenesis for 

methyleugenol. The data presented here and in the literature suggest that methyleugenol 

is excreted quickly after oral administration in rodents, and that it is metabolized to a 

large number of metabolites. It appears that most of these metabolites are not reactive 

molecules and are excreted. However, if hydroxylation occurs on the benzylic carbon of 

the side chain and the T-hydroxymethyleugenol subsequently undergoes sulfation, an 

unstable molecule is formed. The sulfate ester dissociates yeilding a carbonium ion 

which is highly reactive and can bind to cellular components. This chain of events can 

lead to binding of both DNA and protein, which may lead further to unrepaired DNA 

damage and perhaps other precursor events to carcinogenesis. 
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Other than the direct binding and damage to DNA, other mechanisms may be 

involved in the final endpoint of liver tumors in rodents. Binding to liver proteins may 

lead to damage to the cell and subsequent cellular death. Indeed, evidence of hepatic 

damage was seen in the bioassay. In the regeneration of damaged areas of the liver, the 

accelerated proliferation of hepatocytes provides an opportunity to "set" genomic damage 

if the hepatocyte replicates before the damage is repaired. Further, repeated high doses of 

methyleugenol would likely cause induction of the CYP450 important in the 

biotransformation of methyleugenol (60). This increased activity could produce more of 

the critical I '-hydroxymethyleugenol, and thus increase the chance of hepatic tumors. 

Even with an understanding of the mechanism of rodent carcinogenesis, what 

does this data mean to the human population? The NTP bioassay identifying 

methyleugenol as a rodent carcinogen used extremely high doses. These bioassays are 

designed to discover what could happen in extreme circumstances, i.e. huge doses of 

methyleugenol, not what does happen following long term exposure to very low levels of 

methyleugenol. This is to provide a margin of safety when interpreting the results and 

extrapolating to himians. As a result, the lowest methyleugenol dose used in the bioassay 

was at least 1000 times the highest estimated daily exposure to humans from all sources. 

Under such extreme conditions, normal detoxification pathways may be overwhehned, 

and endpoints observed that would never occur under normal use conditions. Therefore, 

the rodents tested would have had much higher levels of any carcinogenic metabolite 

produced as a factor of the dose alone. 
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Even if the results seen in the rodent bioassay extrapolate to humans, species 

differences in the metabolism of methyleugenol suggest that hiunans may be at a lower 

risk than rodents. Hepatocytes derived from mice and rats make more metabolites than 

hepatocytes &om humans. Similarly microsomal data shows that the 1'-

hydroxymethyleugenol is made to a greater extent by rodents than by humans. If 1'-

hydroxymethyleugenol is the proximate carcinogen, rodents appear to produce more of it 

and thus would be at greater risk than humans of forming liver tumors. 

Additional data that suggest humans may behave differently than rodents with 

respect to the bioactivation of methyleugenol were obtained in the UDS results reported 

in this document. While UDS was shown with rodents, it was not with the three human 

hepatocyte samples tested. If future studies with human hepatocytes confirm that the are 

less likely to produce gentoxic events, then humans may be at a lower risk for the 

possible carcinogenic effects of methyleugenol. 

Potential foture studies on this compound are numerous. There are several 

important questions that remain unaddressed concerning methyleugenol. Due to the 

widespread exposure of humans to this compound at low levels, and the economic impact 

of methyleugenol as an additive, these questions deserve examination. 

The mechanism of methyleugenol induced carcinogenicity should be confirmed in 

whole animal studies, dosing with both methyleugenol and I'-hydroxymethyleugneol 

after administration of PCP to block sulfation. Levels of tumor formation and binding in 

liver tissue should be examined. While this study was carried out for safirole and its 1'-

hydroxysa&ole, it was not done for methyleugenol. This would provide more in vivo 



230 

evidence for the activation pathway of methyleugenol. In a related set of experiments, 

the ability of methyleugenol and I'-hydroxymethyeugenol to bind DNA could be further 

explored to establish this as a mechanism of DNA damage. Low levels of binding to 

DNA have been shown in our laboratory (70). The use of P post labeling experiments 

might prove very useful in answering the question of methyleugenol and DNA binding. 

Further study into the species differences in methyleugenol metabolism could 

prove interesting. The hepatocyte, microsome, and UDS data presented here suggest that 

humans may metabolize methyleugenol differently and thus activate the compound to a 

very different extent. Recent studies (60) have indicated that specific CYP450s are 

involved in the bioactivation of methyleugenol. If this work were confirmed and 

extended it could provide useful information to better assess the risk to humans from 

methyleugenol exposure. 

The mutagenic capacity of the compound must be more definitively established. 

The pilot study discussed here suggests that while methyleugenol is genotoxic, it may not 

be mutagenic. This question is critical to understanding the possible mechanisms of 

activation and risk to humans from exposure to this compound. If this pilot study 

produced data that were flawed, the mechanism of methyleugenol produced liver tumors 

is substantially resolved. If methyleugenol is not mutagenic, even in rodents, then neither 

safrole not methyleugenol are well understood, and other members of this congener 

group may be of concern by a mechanism that decades of testing would not have 

determined. 
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Other mechanisms of carcinogenesis that do not involve genotoxic mechanisms 

and mechanisms that the mutagenicity assay would not have shown should be further 

explored. For example, it is possible that methyleugenol effects the proliferation of cells, 

accelerating growth beyond the cell's ability to repair damage before replication. The 

damage could be caused by methyleugenol or by other compounds or events. A related 

investigation would be the effect of methyleugenol on apoptosis. If methyleugenol 

blocked or reduced apoptosis in the liver, damaged cells that would have been removed 

from the liver would remain and could eventually cause cancer. Finally, the protein 

targets of methyleugenol binding could be examined. Results from our laboratory show 

that protein binding is more extensive than binding to DNA (70). If the targets of the 

binding were DNA repair enzymes, transcriptional factors, or other proteins critical to the 

proper replicative synthesis of DNA and maintainence of the cell cycle, this could 

contribute to the carcinomas seen in rodents. 

In conclusion, methyleugenol was found to be a genotoxicant following metabolic 

activation in the rodent models evaluated. While extensively metabolized to primarily 

rapidly excreted inactive compounds, there is strong evidence that hydroxylation of the 

ben^lic carbon of the side chain, found in in vivo and in vitro models, is the first step 

toward an activated metabolite. 
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Appendix A: 

The r-hydroxymethyleugenol metabolite was synthesized by Eugene Mash of the 

SWEHSC synthetic core and given to us for use as a standard and as a reagent. The 

synthesis of this compound is described in the figure legend (Figure A.1). A GC-MS 

spectrum to confirm the identity of the compound is shown in Figure 3.47. 

t-BuLi, Br , Etj 

OCH3 -78 °C 

OCH3 

OCH3 

OCH3 

Figure A.1 Synthesis of 1-3,4 dimethoxyphenyl-3-propen-l-ol; (1'-
hydroxymetiiyleugenol). Standard for HPLC analysis was synthesized as follows: To a 
solution of vinyl bromide (23 g, 215 mmol) in dry ether (280 ml) was added tert-
butyllithium (1.7 M solution in pentane, 28.2 ml, 47,94 mmol) at -78°(^ under argon over 
IS minutes. After stirring for 30 minutes, a solution of 3,4-dimethoxybenzaldehyde 
(methyleugenol) (3.32 g, 20 mmol) in tetrahydrofiiran (25 ml) was added dropwise over 
20 minutes. After stirring I hour at -78°C the resulting mixture was allowed to warm to 
-15°C, then quenched with saturated aqueous NaHCOs. The organic layer was separated 
and the aqueous layer extracted with ether (3 x 50 ml). The combined ethereal solution 
was successively washed with water and brine, then dried (Na2S04) and evaporated to 
give a residual oil (4.1 g) that was chromatographed on a silica gel colunm eluted with 
30% ethyl acetate/hexane to give 3.59 g (18.48 mmol, 92.4%) of the desired compound. 
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Appendix B: Hepatocyte metabolites and l*-hydro}^methyeugenoi 

After identification of the metabolites on the initial partisil gradient, a final modification 

was made to the hepatocyte gradients to establish how many metabolites were present in 

each sample and to collect peaks for GC-MS analysis. The samples that were suspected 

to be conjugated metabolites were treated enzymatic to remove the conjugated groups 

prior to GC-MS. The results of the GC-MS analysis showed no sample related 

fragmentation patterns (likely due to insufficient material or excessive background signal, 

problems that had hampered LC-MS results). However, the gradients did further separate 

the metabolites produced by the hepatocytes. This data is included to indicate that; I) 

hepatocytes, like the whole animal, produce a large number of metabolites that are 

difficult to separate; 2) mouse derived hepatocytes appear to produce more metabolites 

than rat derived hepatocytes, which produce more than human hepatocytes; and 3) T-

hydroxymethyleugenol was identified by co-elution in the hepatocytes. 

Methods 

Final Gradient Modification for number of metabolites 

Three similar gradients were used to optimize the separation of the metabolites to 

determine the number of metabolites and for GC-MS analysis. The Partisil 10 ODS-2 

column was used, as were the gradients shown in Tables B.l - B.3. The 1'-

hydroxymethyleugenol standard was also injected onto the column and eluted with these 

gradients (Figures B.l - B.3). 
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Results 

The resulting chromatography for rat, mouse, and human hepatocytes is shown in Figures 

B.4 - B.6. As expected, the number of metabolite peaks increased &om the original 

Partisil chromatography (Figures 3.33 -3.35), since peaks that were not separated 

previously were now distinct. Similar to the Alphabond chromatography, rat hepatocytes 

showed 7 metabolite peaks, mouse hepatocytes revealed more peaks than rat (8 peaks), 

with humans having the fewest peaks (Figures B.4 - B.6). The 1 '-hydroxymethyleugenol 

standard was also injected onto the new gradient for rat hepatocytes and eiuted at 39 

minutes (Figure B.l) On the mouse gradient, the standard eiuted at 36 minutes (Figure 

B.2) and on the human hepatocyte gradient the standard eiuted at 32 minutes (Figure 

B.3). This co-elutes with peak S in rat, peak 5 in mouse, and peak 2 in human hepatocyte 

incubations. 

Discussion 

This data indicates that the hepatocytes are metabolically active, and that like the urine 

samples produce a large nimiber of metabolites. Due to the large number of different 

metabolites, the actual amount of any one metabolite is quite small. Further, mouse 

derived hepatocytes produce more metabolites than rat derived hepatocytes, and both 

produce more metabolites than human derived hepatocytes. This is consistent with the 

data shown in Chapter 3 for hepatocytes. The presence of the T-hydroxymethyleugenol 

metabolite by co-elution is confirmed in this system as well, further supporting the 

production of this potentially critical metabolite in the test system chosen for this study. 
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Table B.1 HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Rat Hepatocyte Media Using Partisil Column - Final Modification 

Time 

(minutes) 

•/.A 

(Water witii 0.1 % Acetic Acid) 

%B 
(Acetonitrile with 0.1 % Acetic Acid) 

0 95 5 

10 85 15 

55 76 24 

60 0 100 

70 0 100 

75 95 5 

Table B.2 HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Mouse Hepatocyte Media Using Partisil Column - Final Modification 

Time 

(minutes) 

% A 

(Water with 0.1 % Acetic Acid) 

%B 
(Acetonitrile with 0.1 % Acetic Acid) 

0 95 5 

10 85 15 

20 85 15 

60 76 24 

61 0 100 

70 0 100 

75 95 5 

Table BJ HPLC Gradient System Used for the Analysis of Methyleugenol and 
Metabolites in Human Hepatocyte Media Using Partisil Column - Final Modification 

Time 

(minutes) 

% A 

(Water with 0.1 % Acetic Acid) 

%B 
(Acetonitrile with 0.1 % Acetic Acid) 

0 95 5 

10 81 19 

35 79 21 

40 0 100 

50 0 100 

55 95 5 
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Figure B.1 r-hydroxymethyleugenol metabolite eiution on Partisil column and rat 
gradient (final, Table 3.1). The r-hydroxymethyleugenol metabolite standard eiutes at 
39 minutes on the final Partisil gradient used for rat hepatocytes. UV trace is shown 
since the standard is not radiolabeled. 
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Figure B.2 I'-hydroxymethyleugenol metabolite elution on Partisil column and 
mouse gradient (final, Table B.2). The r-hydroxymethyleugenol metabolite standard 
elutes at 36 minutes on the final Partisil gradient used for mouse hepatocytes. The UV 
trace is shown since the standard is not radiolabeled. 
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60 min 

Figure BJ I'-hydroxymethyleugenol metabolite elution on Partisil column and 
human gradient (final. Table BJ). The r-hydroxymethyleugenol metabolite standard 
elutes at 32 minutes on the final Partisil gradient used for human hepatocytes. The UV 
trace is shown since the standard is not radiolabeled. 
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Figure B.4. Representative radiochromatogram of media harvested from 
hepatocytes isolated from Fischer 344 rats and incubated with 250 ^M 
methyieugenol for 6 hr - final Partlsil gradient Table B.I. Hepatocytes from rats 
were incubated with ['''C]-methyieugenoi for 6 hr at a concentration of 250 |iM. Media 
was harvested and analyzed by HPLC. Retention time of methyieugenol is 
approximately 64 min. Peak 5 co-eiutes with the 1 '-hydroxymethyieugenol standard. 
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Figure B.5. Representative radiochromatogram of media harvested from 
hepatocytes isolated from B6C3F| mice and incubated with 250 fiM methyleugenol 
for 6 hr - final Partisil gradient Table B.2. Hepatocytes from mice were incubated 
witii [''*C]-methyieugenoI for 6 hr at a concentration of 250 ^M. Media was harvested 
and analyzed by HPLC. Retention time of methyleugenol is approximately 65 min. Peak 
5 co-elutes with the I'-hydroxymethyleugenol standard. 
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Figure B.6. Representative radiochromatograms of media harvested from 
hepatocytes  isolated from human donors and incubated with 250methyleugenol  
for 6 hr - final Partisil gradient Table B.3. Hepatocytes firom human donors were 
incubated with ['''C]-methyieugenoI for 6 hr at a concentration of 250 |iM. Media was 
harvested and analyzed by HPLC. Retention time of methyleugenol is approximately 44 
min. Peak 2 co-elutes with the I'-hydroxymethyleugenol standard. 
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Appendix C: Diode array detectors 

When examining a chromatogram, one normally assumes that an individual peak 

represents a single metabolite. This assumption is conect if the chromatography is 

sufficient to separate all the metabolites, but the purity of the peak (i.e. the presence of a 

single metabolite) can be difficult to definitively determine. Using a UV-visible diode 

array detector (DAD), this purity issue can be resolved, and allow quantification of a 

peak and a metabolite. The detector acquires data at multiple wavelengths during the 

entire chromatography run, and this data can be extracted and evaluated in several ways. 

The principle goal of a purity conformation is to look for peak homogeneity, and the two 

methods of demonstrating this homology were used to produce Figure 3.51. 

The first and simplest approach is to use dual wavelength detection and plot the 

ratio between both signals. A flat ratio (top) along the peak's elution indicates a 

homogenous or pure peak. Any co-eluting impurity peak leads to a deviation from the flat 

ratio plot, producing a jagged or uneven profile as seen in the literature example shown in 

Figure C.l(91). 

A second more accurate approach is to acquire spectra during the peak's elution. 

The spectra are normalized and overlaid for graphical presentation. The most frequently 

used algorithm compares three spectra across a peak: on the upslope, at the peak apex, 

and on the downslope. This is shown in Figure C.2, a literature example (91). 

The problem with this approach is that impurities eluting at the very forefront of 

the peak and at the end will not be detected. Therefore a more accurate algorithm was 

used which compares all peak spectra with one or more previously defined reference 
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spectra. Match factors are calculated and plotted along the peak (91). This algorithm 

was used to produce the data in figure 3.51. The sensitivity of this method depends on 

three factors: the degree of spectral difference between the solute and the impurity, the 

relative absorptivity, and the difference in the retention times. The purity factors can be 

printed for each peak together with the retention time. 

Ratio A/B 

impure 
U-

U-

1.1 J—I 
7J 7j &0 &2 84 as 

Timelminl 

pure 

Figure C.l. Peak purity checic by signal ratio. Literature example of impure 
and pure signals for comparison with actual data in Figure 3.51. 



244 

Speein 
Purity 
match 

Purity 
match 

200 400 
Wavelength {nm] 

400 

Timelmili) .V-X-'-••.i. ̂  

Figure C.2. Peak purity check by overlaying spectra Literature example for 
comparison to data found in Figure 3.51. The peak on the left appears to be pure, but 
overlaying the three spectra (shown directly above in this example) shows a lower purity 
match than the truly pure peak shown on the right. 
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Appendix D: Mutagenesis Assay 

Introduction 

The biological relevance of the genotoxicity was examined using a mutagenicity 

assay. The purpose of this study was to determine if the genotoxicity of the compound 

led to a biologically relevant endpoint, a measurable mutation in the DNA. While the 

genotoxicity of a compound may be established, if the damage is recognized and repaired 

by the cell, this genotoxicity may not be sufficient in the initiation or progression of 

cancer as an endpoint. The studies reported here are preliminary in nature, as the positive 

control did not show the expected result due to assay design issues. However, the data is 

included as it stands to provide a record of these experients. 

Material and Methods 

Chemicals: Methyleugenol (CAS # 93-15-2, 99% pure) and methyl methane sulfonate 

(MMS) were obtained from Aldrich Chemical Company, Inc., Milwaukee, WI. 

William's medium E (without vitamin E or phenol red). Hanks Balanced Salt Solution, 

Ham's medium, penicillin and streptomycin mixture of antibiotics (Penn/Strep), fetal 

bovine serum (FBS), 0.25% trypsin, and trypan blue were obtained from Life 

Technologies, Inc., Grand Island, NY. Bovine calf serum and L-glutamine were obtained 

from Hyclone, Logan, UT. Collagenase D was from Boehringer Mannheim 

Pharmaceuticals, Indianapolis, IN. Dimethylsidfoxide (DMSO) and 2-amino-6-

mercatopurine (50X) were purchased from Sigma Chemical Company, St. Louis, MO. 

Crystal violet was purchased from Difco Labs, Detroit, MI. 
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Animals: Animals were purchased, selected, and housed as described in chapter 4. 

Chinese Hamster Ovary (CHO) cells: CCL-61 CHO-Kl cells were obtained from the 

American Type Culture Collection. 

Hepato^e isolation: Hepatocytes from rats were isolated as described in Chapter 3. 

Preliminary experiments to establish cytotoxicity: 

Maintenance, isolation, and harvest of cells 

CHO cells were maintained in Hams complete media. When needed for experiments, the 

cells were harvested by rinsing the monolayer with HBSS and exposing the monolayer of 

cells to 0.25% trypsin for 3-5 minutes to detach the cells. The action of the trypsin was 

stopped by adding approximately 10 ml of Ham's complete media (containing 10% FBS) 

and the cells counted and diluted in Ham's complete media to the appropriate density for 

the study. Hepatocytes were isolated from Fischer 344 rats as described above and 

diluted in complete Williams E media (10% fetal calf serum) to the appropriate density 

for the study. 

Set up of cultures 

CHO cells were plated at 3 x 10^ per T25 tissue culture flask in Ham's complete media to 

maintain the same relative cell density as would be used in the mutagenesis assays. The 

CHO cells were incubated at 37 ° C with humidified 95% air, 5% CO2 for 24 hours prior 

to dosing. 

Heoatocvtes were plated at 3 x 10^ per T25 tissue culture flask in complete Williams E 

media (10% fetal calf serum) to maintain the same relative cell density as would be used 
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in the mutagenesis assays. The hepatocytes were allowed to attach for 2 hours, 

incubating at 37 ° C with humidified 95% air, 5% CO2, prior to dosing. 

Co-cultures were established by plating CHO cells as above, allowing them to incubate 

24 hours, then removing the Ham's media and replacing it with a suspension of 

hepatocytes in complete Williams E media. The hepatocytes were allowed to attach for 2 

hours, incubating at 37 " C with humidified 95% air, 5% CO2, prior to dosing the co-

culture. 

Cytoto%icity studies 

Flasks of CHO cells, hepatocytes, or co-cultures were removed from the incubator and 

the media replaced with 2 ml of "'/z and Vz" media (media that was a mix of equal 

volumes of Williams E and Ham's media without serum). Cultures were exposed to 20 

|il of dilutions of methyleugenol (50 - 3000 (iM), I'-hydroxymethyleugenol (1 - 100 

|iM), or methyl methane sulfonate (MMS), a known mutagen (33 - 65 mg/ml), in DMSO 

as a vehicle, or DMSO as a control. After 24 hours of exposure, cultures were harvested 

and LDH determinations conducted as reported in chapter 4. 

Mutagenicity Assay 

The method used is a modification of Bermudez et al. 1982 (85). 

Set up of cultures 

CHO cells were plated at 1 x 10^ cells per T75 tissue culture flasks in the presence of 

Hams media supplemented with 10% FBS and allowed to grow for 24 hours. This 

effectively doubled the number of CHO cells in the flask to 2 x 10^ cells due to the 

growth of the CHO ceils. Hepatocytes were isolated from Fischer 344 rats as described 



248 

above and diluted in complete Williams E media (10% fetal calf serum) to 1 x 10^ 

cells/ml. The media was removed from the flasks containing the CHO cells, and the 

hepatocytes were plated in the same flask as the CHO cells at 1 x 10® cells per T75 tissue 

culture flask (10 ml of the hepatocyte suspension). The hepatocytes were allowed to 

attach for 2 hours, creating a co-culture of 2 x 10® CHO cells and I x 10® hepatocytes per 

flask. 

Treatment of cultures for mutagenesis 

The media was removed, the co-culture washed with approximately 2 ml of "14 and '/4" 

media, and 10 ml of "14 and '/4" media added to each flask. The flask was then dosed 

with 100 |al of a dilution of methyleugenol (10 ^M), I'-hydroxymethyleugenol (10 (iM), 

or Methyl methane sulfonate (MMS), a known mutagen (65 mg/ml), in DMSO as a 

vehicle, or DMSO as a control. The co-cultures were incubated for 20 - 24 hours. 

Plating for detection of mutagenic event(s) 

Each co-culture was rinsed with HBSS after removal of the "'A and 14" media and treated 

with 2.5 ml of 0.025% trypsin for 3-5 minutes to remove all cells from the monolayer. 

The action of the trypsin was stopped with 7.5 ml of complete Hams media (10% FBS). 

Two flasks treated with the same compound were combined to give 20 ml of a 

suspension containing 2x10^ CHO cells/ml. 1 ml of this suspension was diluted in 9 ml 

of Ham's complete media and 200 fil of this suspension was placed in each of 48 wells of 

a 96 well tissue culture plate. The remaining 9 ml was combined with 141 ml Hams 

complete media containing a final concentration of 100 ^M 2-amino-6-mercatopurine. 

200 |il of this suspension was placed into each of 768 wells of 96 well tissue culture 
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plates (8 plates of 96 wells). The cells were allowed to attach and grow for 2 weeks, the 

media changed, and allowed to grow for 3 more weeks. 

Detection of mutations 

The media was removed from the wells and SO ^1 of a 1% crystal violet, 25% methanol 

staining solution added to each well for 10 minutes. The staining solution was removed 

by inverting the plates and the plates allowed to dry upside down for 24 hours. Colonies 

(arising from mutated cells) were hand counted. 

Results: 

Cytotoxicity experiments 

Cytotoxicity experiments using hepatocytes, CHO cells, and co-cultures treated with 

methyleugenol, I'-hydroxymethyleugenol, and MMS indicated that all three of the 

compounds are more cytotoxic to hepatocytes than to CHO cells, as measured by LDH 

release (Figures D.l, D.2, and D.3). Due to the similarity of the curves between 

hepatocytes and co-cultures, it can be determined that the majority of the LDH release 

seen in co-cultures is due to hepatocyte cytotoxicity, not CHO cell death. These results 

are supported by visual evaluation of the cultures, showing intact CHO cells at all but the 

highest concentration of methyleugenol tested. These experiments were used to confirm 

that the concentrations of the test compounds to be used in the mutagenesis assay were 

not toxic to the cells, and to determine the appropriate media for the incubation portion of 

the assay. Equivalent assays were run using either Williams E or Hams media (data not 

shown) as opposed to the "'/z and '>4 media" (Yi Williams E and Yi Hams). Hams media 

resulted in unacceptably high cytotoxicity to the hepatocytes, both baseline and in the 



250 

presence of the compounds. Williams E media cytotoxicity results were similar to "'/2 

and 14" media results, but the blend was chosen to support both cell types. The high 

toxicity of the MMS to the hepatocytes was not thought to be of concern, since MMS 

does not need to be bioactivated to be a mutagen. Thus the presence of viable 

hepatocytes are not initially thought to be necessary to activate the compound. 

Mutagenesis assay results 

The results of the mutagenesis assay are found in Figure D.4. The number of positive 

colonies varied considerably between assays for the test compounds. MMS, the positive 

control, showed almost no positive colonies. This was due to the unexpected death of the 

CHO cells, possibly by apoptotic mechanisms brought on by the release of cellular 

factors from the dead hepatocytes. This CHO cell death was not detected in the 

cytotoxicity experiments, since it took over a week to occur. Without a positive control, 

the results of this assay are tentative at best. However, both methyieugenol and 1'-

hydroxymethyleugenol produced similar numbers of positive colonies to the negative 

control, DMSO, suggesting that neither compound was mutagenic to CHO cells as 

measured by this assay. 

Discussion: 

The UDS assay measures DNA damage that is recognized and repaired. But what 

biological consequence does this damage have? If the damage is recognized and 

completely repaired, there would be no genetic insult and no inherited defect. To 

examine this possibili^, a mutagenesis assay was performed to see if a mutational event 

was caused by methyieugenol. Ideally the hepatocytes, being the cells that biotransform 
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the compound, would be the indicator cells for the assay. However, primary hepatocytes 

do not survive long in culture, nor do they divide, both critical steps for a mutation to be 

observed. CHO cells, being an immortalized cell line, have the necessary lifespan in 

culture, but the inevitable changes inherent in these ceils can make extrapolation to the in 

vivo situation problematic if used in isolation. In addition, many cell lines available do 

not contain the full spectrum of drug metabolizing enzymes (75) and CHO cells did not 

prove to be metabolically active toward methyleugenol (data not shown). Therefore, a 

co-culture was established using a modification of the method of Bermudez (85), where 

the biotransformation of methyleugenol would be accomplished by the hepatocytes while 

the CHO cells would act as the indicators. 

The preliminary experiment presented in this document suggests that neither 

methyleugenol nor the I'-hydroxymethyleugenol are mutagenic. The assay results must 

be interpreted with the limitations of the assay in mind. The most obvious limitation is 

the failure of the positive control to yield mutagenic values, due to the death of the CHO 

cells. This was likely due to the toxicity^ of the selected mutagen, MMS, to the 

hepatocytes. When the heptocytes died, they released factors that may have caused the 

CHO cells to undergo appoptotic cell death, and thus no mutagenic endpoint would be 

detected. The toxicity of the MMS was not initially considered a concern. The role of 

the hepatocytes in this assay is to act as the biotransformatioa system; the CHO cells, 

with their longer lifespan in culture, were to act as the indicator cells and show the 

mutagenic endpoint if it occurred. Since MMS is a direct acting mutagen, needing no 

biotransformation, the lack of viable hepatocytes was not thought to be a factor. The use 
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of two cell types in this assay is also a consideration in interpreting the results. There is 

no way to assure that the active metabolites produced by the hepatocytes were able to 

diffuse through the hepatocyte and into the CHO cells to exert their mutagenic effect. 

There is no evidence in the literature to compare this assay. While this in only a 

pilot study and should be confirmed, this may indicate that the carcinogenesis seen in the 

two year bioassay may be due to a non-genotoxic mecham'sm. If in fact this were true, it 

would suggest that there may be an additional mecham'sm or mechanisms for the 

carcinogenicity of methyleugenol that had not yet been investigated. Due to the 

limitations discussed above, this result, while interesting, may not be definitive or an 

accurate representation of the in vivo actions of methyleugenol. 
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Figure D.l Cytotoxicity experiments for mutagenicity assay: Rat iiepatocytes. 
Methyleugenoi, I'-hydrojQ'methyleugenol, and MMS tested for 24 hours in Williams E/Hams 
blended media ('A and media). DMSO is shown as the zero point on the curve of each graph. 
Curves were used to confirm appropriate dose of compound for mutagenesis test. Data represent 
n=3,±SD. 
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Figure D.4 Results of pilot mutagenicity assay using higii dose MMS as positive 
control. Concentration of MMS was not initially cytotoxic, but caused apoptosis within 
one week. DMSO as a negative control gave a variable background level of mutagenesis. 
Both methyleugenol and the I'-hydroxymethyleugenol caused mutagenesis at levels 
below background. Data represent n=3, ± SD. 
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