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ABSTRACT 

Bile acids have been implicated by epidemiologic evidence 

as causative agents in colon cancer- Previous studies have 

indicated that the bile acids (or their salts) damage DNA. 

However, the conjugated forms of bile acids (e.g. tauro 

conjugates) have not been tested for interaction with DNA. 

The present study compared the DNA-damaging ability of 

unconjugated and conjugated bile acids (salts) using the E. 

coli SOS test system. The E. coli tester strain was incubated 

with the bile acids (salts) and conjugated bile acids (salts). 

Both cell survival and induction of the SOS response were 

measured. Among the unconjugated bile compounds, 

deoxycholate, chenodeoxycholate, and lithocholic acid were 

confirmed as DNA damaging agents by a decrease in the 

surviving colony forming cells fraction and increase of the 

fraction of colonies undergoing SOS induction with increasing 

dose. Cholate, however, did not cause DNA damage by these 

criteria. Among the conjugated bile compounds, 

taurochenodeoxycholate caused as much DNA damage as 

chenodeoxycholate. Taurodeoxycholate caused DNA damage, but 

had less of an effect than deoxycholate. Taurocholate and 

taurolithocholate failed to show a DNA damaging effect. 
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CHAPTER I 

INTRODUCTION 

Colorectal cancer (primarily colon cancer) is the second 

most common cause of cancer in the United States. About 

120,000 patients with colon cancer are diagnosed each year and 

this causes nearly 60,000 deaths (1). In the general 

population, the probability of developing colorectal cancer 

from birth to age 70 years is about 4% (2). 

The etiology of colorectal cancer apparently involves an 

interaction between genetic and environmental factors (1,3). 

Epidemiological evidence derived from comparisons of various 

populations indicates that colon cancer incidence correlates 

with several dietary factors (3). 

Dietary fat, bile acids, fecapentanes, cholesterol and 

neutral sterols, and 3-ketosteroid each have been linked to 

increased risk of colorectal cancer (3)• On the other hand, 

plant fiber, calcium, and vitamins have been linked to reduced 

colorectal cancer risk (4,5,6). 

A recent review (3) of the dietary colonic and fecal 

components implicated as causative factors in colon cancer, 

concluded that bile acids are the ones most strongly 

implicated. In the further discussion the term "bile acids" 

will be used to refer both to bile acids and bile salts except 
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as specifically indicated. Evidence has been presented that 

bile acids act as cocarcinogens since they increase the number 

of tumors in mica or rats treated with a primary carcinogen 

(7,8,9). Other evidence indicates that bile acids act as 

mutagens (10) or cause DNA damage (11). Bile acids may be 

unconjugated or conjugated. A conjugated bile acid is one with 

either the amino acid taurine or glycine linked to the 

carboxyl group of the bile acid through a peptide bond. 

Taurine conjugated bile acids are produced by amidation in the 

liver and are then secreted by the gallbladder from where they 

may be delivered to the colon. Unconjugated bile acids follow 

the same route. Although bile acids have been tested for 

interaction with DNA, conjugated forms of bile acids (such as 

taurine conjugates) have not been tested for such interaction. 

In my experiments, the unconjugated and conjugated bile acids 

were investigated in order to compare their DNA damaging 

ability. The Escherichia coli SOS induction system was used 

because it provides an accurate, reliable assay for testing 

the DNA-damaging ability of bile acids. The Escherichia coli 

SOS induction test used (12) is a simple modified version of 

the SOS Chromotest (13,14). The SOS Chromotest measures the 

DNA damaging ability of bacterial genotoxins. 

Escherichia coli contains genes which are induced by DNA-

damage (din genes). The induction of these din genes is 
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referred to as the SOS response. This response helps the cell 

survive in the face of DNA damage. The SOS induction test 

employs a strain of Escherichia coli (JL1705) in which there 

is an operon fusion, SulA::LacZ. In this fusion the 

structural gene for beta-galactosidase (LacZ) is under the 

control of the din gene, SulA. The abbreviation "din" 

indicates a class of genes that are DNA "damage inducible". 

The normal function of SulA is to delay cell division when DNA 

is damaged in order to give the cell time to repair its DNA. 

The SulA : : LacZ fusion is contained on a plasmid. There is 

another copy of the LacZ gene, on the chromosome under normal 

regulatory control, but this second gene is mutationally 

defective. 

The din pathway is under the control of two genes, RecA 

and LexA. LexA protein acts as a repressor of din genes. 

This repressor can be inactivated by the RecA protein, thus 

inducing the din genes to express. DNA damage activates the 

RecA protein which then cleaves the LexA repressor. When the 

repressor is removed, the Escherichia coli RNA polymerase 

binds to the promoters of din genes (including the SulA 

promoter). It then transcribes the LacZ fusion gene attached 

to the SulA promoter. The expression of the LacZ gene 

produces betagalactosidase. This enzyme can cleave the 

colorless compound X-gal (5-bromo-4-chloro-3-indolyl-beta-D-
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galactoside) to form a blue product. 

The fraction of surviving colony forming cells expressing 

betagalactosidase was measured as the fraction of colony 

forming cells that give rise to blue colonies. This fraction 

is an indication of the strength of SOS induction and hence 

of the level of DNA damage. 
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CHAPTER II 

REVIEW OF LITERATURE 

A number of genetic and environmental risk factors have 

been found to be linked with colorectal cancer. 

Genetic factors in colon cancer 

Evidence for a genetic predisposition to colon cancer 

comes from studies of familial adenomatous polyposis (FAP). 

FAP is an autosomal dominant inherited condition in humans. 

Close to 100% of affected patients develop colorectal cancer 

in their old age (15). Polyposis patients often have a family 

history of multiple polyps and cancer of the large bowel. 

There is also a 50% chance that their offspring will develop 

polyposis coli. The frequency of polyposis in the U.S. 

population has been estimated at about 1 in 7000 to 1 in 

10,000 (16) . 

Polyposis coli patients typically have hundreds to 

several thousands of adenomatous polyps throughout the colon 

and rectum. The polyps are usually small, about 1 cm in 

diameter. The general age of cancer onset is about 40 years 

old. Bodmer and colleagues (17) have located the FAP gene to 

a specific region of chromosome 5 designated 5 q21-q22. In 

addition, Solomon and colleagues (18) found that in at least 
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20% of non-familial colorectal cancer cases there has been a 

loss of genes located on the long arm of chromosome 5. 

Harnden (19) proposed, in accord with the concept developed 

in studies of retinoblastoma and Wilm's tumor, that in FAP a 

proportion of tumors arise by loss of a normal allele at a 

critical locus. FAP is a heterozygous condition with one 

abnormal FAP gene and one normal FAP gene located on the other 

homologous chromosome. The mutant FAP gene is recessive at 

the cellular level in spite of the dominant inheritance 

pattern in the families. The majority of the cells of the 

colonic mucosa are not abnormal in patients who carry the 

mutant gene. Therefore, one normal copy of the FAP gene is 

sufficient for normal function. If that normal copy is 

deleted, the abnormal mutant genotype is expressed. 

Subsequent genetic and cellular changes lead to full 

malignancy. 

Gardner's syndrome, an autosomal dominant disorder, and 

Turcot syndrome, an autosomal recessive condition, are 

variants of FAP (1) . The common feature among these disorders 

is multiple adenomatous polyposis of the colon and rectum. 

In addition, ulcerative colitis, Crohn's disease, and solitary 

polyps have been reported to predispose to colorectal cancer 

(16,20,21,22) . 
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Environmental factors in colon cancer 

In addition to genetic predisposition, environmental 

factors apparently play an important role in colorectal 

cancer. Doll and Peto (23,24) proposed that nongenetic 

factors cause about 90% of colon cancer cases in the United 

States, and they suggested that these cases might be prevented 

by appropriate diet. -

Populations at high colon cancer risk include those of 

United States, New Zealand and Canada (25) . In these 

countries, about 150-3 00 new cases are reported each year per 

100,000 people in the 65-75 year age range. In contrast, only 

10 to 40 new cases per 100,000 are reported in individuals in 

this age range living in Japan and Poland, a 10-fold lower 

risk. However, among immigrants from Japan and Poland to the 

United States, the risk of colon cancer rises to the level in 

the U.S. population (2 6,27) . This suggests that environmental 

influences may play at least as important a role in the 

etiology of colon cancer as genetic influences. There are 

several environmental factors implicated in colon cancer, such 

as dietary fat, bile acids, fecapentanes, cholesterol, neutral 

sterol and 3-ketosteroid, etc. 
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Biology of bile acids 

Bile Acids are synthesized in the liver as breakdown 

products of cholesterol (Figure 1). Figure 1 and Figure 2 

illustrate the structure of cholesterol and the bile acids 

used in this study. As shown in Figure 1, bile acids. have 

almost the same steroid nucleus as cholesterol with the 

exception that the bonds between carbon 5 and carbon 6 are 

saturated. Bile acids are 24 carbon derivatives of 

cholesterol without the C-25 aliphatic side chain. Instead, 

a carboxylic group is present at C-24. In most mammals the 

hydroxyl groups of bile acids are at the 3, 6, 7, and/or 12 

positions (28) . 

As described by Hofman (28) , cholesterol is converted to 

the primary bile acids cholic acid (CA) and chenodeoxycholic 

acid (CDOC) in the liver. These bile acids are mainly stored 

in the gall bladder during the fasting state. When a meal is 

eaten, the gall bladder contracts, and bile acids are secreted 

into the intestine where they facilitate fat digestion. Most 

of the secreted bile acid volume is actively reabsorbed in the 

terminal ileum. They then return via the blood stream to the 

liver where they are again efficiently extracted and secreted 

in bile. In the colon CA is converted to deoxycholic acid 

(DOC) and CDOC is converted to lithocholic acid (LCA) by 

bacterial metabolism. This conversion involves 
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18 

TAUROCHOLATE TAUR0CK2N0 DEOXYCHO LATE 

Figure 2. The structures of the conjugated bile salts. 



19 

7-dehydroxylation. DOC and LCA are major fecal bile acids in 

man. On average, about one-third of the DOC and one-fifth of 

the LCA formed in the colon are absorbed, and return to the 

liver. In the liver, CA, CDOC, DOC, and LCA are amidated with 

glycine or taurine. Figure 3 shows the composition (weight 

percentage) "of hepatic and gall bladder bile in healthy 

humans. 

The Role of bile acids in colon cancer 

a. Population studies 

The relationship between bile acids and colon cancer has 

been studied for more than a decade. The incidence of colon 

cancer varies with geographic area and socioeconomic level. 

It is high in Northwest Europe and North America, and low in 

South America, Africa, and Asia (29) . The populations in high 

risk areas eat more animal protein and fat; people in low risk 

areas eat more vegetable protein and fiber. Reddy and Wynder 

(30) found that Americans who ate a Western-type diet excreted 

high levels of bile acids and more microbially-degraded bile 

acids than did American vegetarians, Seventh-Day Adventists, 

Japanese and Chinese Americans. Reddy and colleagues (31) 

compared the dietary pattern and fecal constituents of high-

risk populations in New York and low-risk populations in 

Kuopio, Finland. They found that the fecal concentration of 
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secondary bile acids was lower in rural Kuopio, even though 

the total daily excretion of secondary bile acids was the same 

in the two populations. Both populations have a high dietary 

intake of fat. They suggested that one of the factors 

contributing to the low risk of large bowel cancer in Finland 

compared to New York, is that a high-fiber diet leads to an 

increase in stool bulk, thus diluting the bile acids. They 

considered that bile acids have tumor promoting activity. A 

similar study comparing the population of high-risk areas in 

New York and an intermediate-risk population in Umea, Sweden, 

came to similar conclusions (32). 

In addition, a number of studies also have shown that the 

concentration of fecal bile acids increase in patients with 

colon cancer when compared with healthy persons from the same 

risk community. In a study of four Scandinavian populations 

(33) , the fecal bile acid concentration increased with the 

incidence of colorectal cancer. In another epidemiologic 

study (34) of three socio-economic groups in Hong Kong, the 

high-income group had a high fecal concentration of bile acids 

in comparison to the low-income group. This high-income group 

had a higher incidence of large bowel cancer. 

Dietary fat increases both bile acid secretion into the 

intestine and the metabolic activity of the intestinal 

bacteria, which in turn increases the concentration of 
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secondary bile acids in the colon. Hill (35) suggested that 

dietary fat and cholesterol increase the risk of colorectal 

cancer via the excretion of bile acids into the lumen,.where 

secondary bile acids are formed under the influence of 

bacterial enzyme systems. Hill (36) found that there is a 

strong correlation between the presence of bacteria that can 

transform primary bile acids into secondary bile acids and the 

incidence of colon cancer. He suggested that the secondary 

bile acids may be of particular importance in the etiology of 

colon cancer. 

b. Animal studies 

Bile acids have been shown in animal studies to act as 

promoters that increase the effect of colon carcinogens. A 

promoter is an agent that promotes selective proliferation of 

initiated cells (presumably initiated). Reddy and Watanabe 

(7) studied the promoting influence of the bile salts sodium 

cholate and sodium chenodeoxycholate on colon carcinogenesis 

using female rats. They found that when these bile salts were 

injected intrarectally into rats exposed to chemical 

carcinogens such as N-methyl-N'-nitro-N-nitrosoguanidine 

(MNNG), the number of tumors increased. However, no tumors 

were detected in the colon of the rats given bile salts alone. 

They concluded that in rats bile salts had a promoting effect 

in colon carcinogenesis evoked by the carcinogen MNNG. In 
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another study, Cohen and Mosbach (8) found that some bile 

acids act at the promotional stage of tumor development in 

rats treated with the carcinogen N-methyl-N-nitrosourea (MNU) . 

Hicks (37) suggested that bile acids act as promoters of 

carcinogenesis by inducing cellular proliferation. 

Suzuki and Bruce (9) found that with an intrarectal 

exposure of the colon epithelium of the mice to DOC, there was 

a marked increase in the colonic nuclear damage induced by 

1,2-dimethylhydrazine (DMH) . Thus DOC seems to act as a 

cocarcinogen, which is an agent that enhances carcinogenesis 

by a carcinogen. 

c. Bacterial, viral and mammalian cell line studies 

Using the Salmonella-mammalian microsome test, Silverman 

and Andrew (38) found that lithocholic acid and one of its 

conjugates act as co-mutagens when the Salmonella were treated 

with activated 2-aminoanthrene, a carcinogen. However, other 

bile acids were negative in the standard Ames Salmonella assay 

(38) . Mutagenicity of bile acids was also tested by a 

fluctuation assay using the Salmonella tester studies of Ames 

(39). This assay is very sensitive to low concentrations of 

mutagens. Watabe and Bernstein (10) found that cholic acid, 

chenodeoxycholic acid, deoxycholic acid, and ursodeoxycholic 

acid were mutagenic in this test, while lithocholic acid was 

not. Using agarose gel electrophoresis, Cheah and Bernstein 
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(11) showed that deoxycholic acid and chenodeoxycholic acid 

converted covalently closed single stranded circular phage M13 

DNA to the open circular form, indicating strand breakage. 

In addition, they found that the transfection efficiency of 

this DNA declined up to a thousand-fold when they treated it 

with bile acids. 

LCA was shown to act as a cocarcinogen in the 

transformation of mouse fibroblasts in vitro by a carcinogen, 

3-methylcholanthrene (MCA) (40). 

Other dietary influences on colon cancer 

In addition to bile acids, dietary fat, fecapentaenes, 

and 3-ketosteroids have also been considered as risk factors 

in colorectal cancer (41,42,43). However, the weight of 

evidence from many studies now suggests that they are not of 

primary importance in the etiology of colorectal cancer 

(44,45,46). 
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CHAPTER XXI 

MATERIALS AND METHODS 

Bacterial strain used in the SOS induction test. 

Escherichia coli strain JL1705, was kindly provided by 

Dr. John Little (Dept. of Biochemistry, University of 

Arizona). 

Media for the SOS induction test 

Escherichia coli JL1705 was routinely grown in Luria 

broth (47) . Luria broth consists of 10 g Bacto-tryptone 

(Difco) , 5 g yeast extract (Difco) , 10 g NaCl in 1 liter 

deionized water adjusted to a pH of 7.2. BBL-trypticase 

plates (47) were used to measure colony formation. The media 

in these plates was prepared by adding 10 g trypticase, 5 g 

sodium chloride, 10 g Bacto-agar (Difco) to 1 liter of 

deionized water. The pH was then adjusted to 7.2. In 

addition, 80 /xg/ml 5-bromo-4-chloro-3-indolyl-beta-D-

galactoside (X-gal) and 50 /zg/ml ampiciliin were added to BBL-

trypticase plates to test for SOS induction. The soft top 

agar (48) used for the overlay on plates was prepared by 

adding 6.5 g Bacto-agar (Difco), 13 g Bacto-tryptone (Difco), 

8 g sodium chloride, 2 g sodium citrate, 3 g dextrose to 1 

liter of deionized water. The plates and top agar were 
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autoclaved for 3 0 minutes and then cooled until the flask was 

no longer very hot to the touch before the addition of X-gal 

and ampicillin (100 /J,g/ml) . Axnpicillin sodium salt was 

dissolved in sterile deionized water at a concentration of 25 

fx g/ml, filter sterilized, and stored at 4°C. X-gal was 

diluted in N,N-dimethyl-formamide at a concentration of 20 

/ig/ml and stored at -20°C. M9 salt solution was used as a 

simple isotonic solution for doing dilutions. It was prepared 

by dissolving 6.0 g Na2HP04, 3.0 g KH2P04, and 1.0 g NH4C1 in 

distilled water and adjusting to pH 6.8. The solution was 

then autoclaved for 25 minutes. 

SOS-induction tests 

The following procedure was used to test for the ability 

of bile acids to induce the SOS response. Escherichia coli 

JL1705 was added to L-broth and the culture was shaken in a 

37°C waterbath for 24 hours. A 0.1 ml sample (2xl09/ml) of 

this culture was serially diluted into M9 salts solution. The 

final number of cells plated was adjusted to give a countable 

number of bacterial colonies when the estimated killing effect 

of the treatment was taken into account. 

An aliquot of one of the following was added to molten 

top agar which was kept at 42 "C in a heating block: the sodium 

salt of deoxycholic acid (DOC), taurodeoxycholic acid (TDOC), 
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cholic acid (CA), taurocholic acid (TCA), chenodeoxycholic 

acid (CDOC), taurochenodeoxycholic acid (TCDOC), lithocholic 

acid (LCA) , taurolithocholic acid (TLCA) or mitomycin-C (MC) . 

The acids (rather than sodium salts) of lithocholic acid (LCA) 

and taurolithochiolic acid (TLCA) were each added to the top 

agar in the same way. To prepare stock solutions of the bile 

salts, the sodium salts of DOC, TDOC, CA, TCA, CDOC, TCDOC 

were each dissolved in sterile deionized water at a 

concentration of 100 jig/ml. LCA and TLCA were dissolved in 

100% ethanol at a concentration of 100 jzg/ml. All bile 

compounds dissolved very well except LCA which partially 

dissolved and TLCA which generally precipitated at the bottom 

of the tube. Mitomycin-C was dissolved in sterile deionized 

water at a concentration of 200 fj.g/ml. Different doses of 

NaDOC, NaTDOC, NaCA, NaTCA, NaCDOC, NaTCDOC, LCA, NaTLCA or 

MC (from 0 JJ. 1 to 360 JIL) were added to the molten top agar. 

Ampicillin was added to the top agar tube to give a final 

concentration of 100 ug/ml. Then 0.5 ml of Escherichia coli 

JL1705 at a concentration adjusted to give a countable number 

of bacterial colonies was added. The mixture was vortexed for 

5 seconds with a hand touch mixer (Touch Mixer variable MT-

51, American Scientific Products). This mixture was then 

poured onto BBL-trypticase plates containing 80 jug/ml X-gal 

and 50 (j.g/ml ampicillin. The plates then were incubated at 
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37°C for 19 hours. After incubation, the blue colonies and 

white colonies were counted using a colony counter (New 

Brunswick Scientific model C-110). The percentage of the 

initial population of cells that survived was determined by 

dividing the titer of bacteria treated with the test agent 

which were able to form colonies by the titer of untreated 

bacteria able to form colonies. For each treatment, two 

plates were counted and the results were averaged. Each 

experiment was repeated three times.""" Since the molecular 

weight of unconjugated and conjugated bile acids differs, the 

concentration was adjusted to a molar basis for both the 

unconjugated and conjugated bile compounds. The average 

fraction of surviving cells and the fraction of these that 

formed blue colonies were calculated for each concentration 

of test agent. The standard error of the mean was calculated 

based on the data from the three experiments. Treatment with 

mitomycin-C, a DNA damaging agent,, was used as a positive 

control in these experiments. 
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CHAPTER IV 

RESULTS 

Effsct of Mitomycin-C on SOS Induction 

It has been reported that mitomycin-C, a known DNA 

crosslinking agent, can induce the SOS response in Escherichia 

coli strains containing the LacZ gene fusion as assayed by 

beta-galactosidase production (49) . Thus mitomycin-C was used 

as a positive control in this experiment to show the induction 

of the SOS response by a known DNA damaging agent. 

Escherichia coli JL1705 was treated with various 

concentrations of mitomycin-C, as described in the Materials 

and Methods, and after plating and incubation, colonies were 

examined. An individual bacterium has three possible outcomes 

on these plates: survival without an SOS response (white 

colonies), survival with an SOS response (blue colonies) and 

death. The number of blue colonies indicates the degree of 

SOS response: the more blue colonies as a fraction of the 

surviving population, the stronger the SOS response. 

Figure 4 shows that as the concentration of mitomycin-C 

increased from 0 to 3.15 mM, the surviving fraction of 

bacteria decreased from 1.0 to 0.07 and the fraction of blue 

colonies among surviving cells increased from 0.01 to 0.25. 

The decline in survival can be interpreted as being due to 
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Figure 4. Effect of mitomycin-C on E. coli JL1705 survival 
and SOS induction. S/S0 = Number of colony forming cells at 
a given dose divided by the number of colony forming cells at 
zero dose (see curve labeled "Surviving Fraction")._ B/S = 
Number of cells forming blue colonies at any dose divided by 
the total number of cells forming colonies at that dose^ (see 
curve labeled "Fraction Blue Colonies") . Error bars indicate 
the standard error of the mean. 
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lethal damages introduced by mitomycin-C. The increase in 

the fraction of surviving colonies that are blue indicates 

that mitomycin-C induces DNA damage which in turn induces the 

SOS response and/or that those treated cells that have been 

induced are more likely to survive than those that are not 

induced. 

Effect of DOC and TDOC on cell killing and SOS induction 

As shown in Figure 5 the surviving fraction of bacteria 

decreased and blue colonies among surviving cells increased 

as the concentration of deoxycholic acid (DOC) increased. The 

cell survival fell from 1.0 to 0.18 and the fraction of 

colonies that were blue rose 24-fold from 0.007 to 0.17 when 

the cells treated with the highest concentration of DOC (2.7 

mM) were compared to cells treated with the lowest one (0 mM) . 

The curve of the surviving fraction after taurodeoxycholic 

acid (TDOC) treatment is almost the same as that for DOC 

treatment. However, the fraction of blue colonies among 

surviving colonies only went up 6-fold from 0.007 to 0.04. 

These results indicate that DOC is a DNA damaging agent which 

can induce cell killing and the SOS response. TDOC causes a 

similar amount of cell killing but an apparently weaker 

induction of the SOS response. This suggests that the 
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Figure 5. Effect of the sodium salts of DOC and TDOC on 
E. coli JL1705 survival and SOS induction. S/S0 = Number of 
colony forming cells at' a given dose divided by the number of 
colony forming cells at zero dose (see curves ̂  labeled 
"Surviving Fraction") . B/S = Number of cells forming blue 
colonies at any dose divided by the total number of cells 
forming colonies at that dose (see curves labeled "Fraction 
Blue Colonies") . Error bars indicate the standard error of the 
mean. 
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conjugation of taurine to the carboxyl group of DOC may 

partially inhibit the DNA damaging ability of DOC. 

Effect of CDOC and TCDOC on cell killing and SOS induction 

Figure 6 shows the results of treatment with 

chenodeoxycholic acid (CDOC) and taurochenodeoxycholic acid 

(TCDOC) on Escherichia coli JL1705. CDOC and TCDOC, like DOC 

and TDOC, acted as DNA damaging agents. When the 

concentration of CDOC or TCDOC was increased from 0 to about 

2.5 mM, the surviving fraction of cells decreased from 1.0 to 

0.3 0 and the fraction of blue colonies among surviving cells 

increased 17-fold from 0.006 to 0.10. The observation that 

the cells responded very similarly to TCDOC and CDOC suggests 

that conjugation of taurine to the carboxyl group of CDOC does 

not inhibit the DNA damaging activity of CDOC. This contrasts 

to the partial inhibitory effect seen when taurine was 

conjugated to the carboxyl group of DOC. 

Effect of CA and TCA on cell killing and SOS induction 

In contrast to DOC, TDOC, CDOC and TCDOC, cholic acid 

(CA) and taurocholic acid (TCA) failed to cause significant 

killing or induction of the SOS response. As shown in Figure 

7 the surviving fraction of bacteria and fraction of blue 

colonies among surviving colonies remained almost the same 
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Figure 6. Effect of the sodium salts of CDOC and TCDOC on 
E. coli JL1705 survival and SOS induction. S/S - Number o£ 
colony forming cells at a given dose divided by the number of 
colony forming cells at zero dose (see curves # labeled 
"Surviving Fraction") . B/S = Number of cells forming blue 
colonies at any dose divided by the total number of cells 
forming colonies at that dose (see curves labeled Fraction 
Blue Colonies"). Error bars indicate the standard error ot 
the mean. 
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when the concentration of CA or TCA increased from 0 mM to 

3.5 mM. 

Effect of LCA and TLCA on cell killing and SOS induction 

As shown in Figure 8 the surviving fraction of bacteria 

treated with lithocholic acid (LCA) decreased from 1.0 to 0.60 

and the fraction of blue colonies among surviving cells 

increased 18-fold from 0.006 to 0.11 at the highest 

concentration (2.2 mM) when compared to the 0 mM 

concentration. Therefore LCA can be considered a DNA damaging 

agent. However, when TLCA was used, the surviving fraction 

of bacteria did not decline. Also, the fraction of blue 

colonies among surviving colonies increased only 2-fold from 

0.0058 to 0.012, when the highest concentration (2.5 mM) of 

TLCA was compared to the 0 mM concentration. These results 

indicate that LCA damages DNA, but that the conjugation of 

taurine to the carboxyl group of LCA inhibits this action. 

This inhibition is similar to that observed when taurine was 

conjugated to DOC. Figure 9 shows the effect of the four 

unconjugated bile salts tested on Escherichia coli JL1705 

survival (taken from Figs. 5-8) . DOC, CDOC and LCA, but not 

CA, caused cell killing. Figure 10 shows the effect of the 

four unconjugated bile salts on the induction of the SOS 
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Figure 12. Effect of conjugated bile salts on the induction 
of the SOS response in E. coli JL1705. Error bars indicate 
the standard error of the mean. 
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response (taken from Figs 5-8) . DOC, CDOC and LCA induced 

similar SOS responses while CA induced a much weaker response. 

Figure 11 shows the effect of the four conjugated bile salts 

tested on Escherichia coli JL1705 survival (taken from Figs 

5-8). TDOC and TCDOC caused cell killing while TCA and TLCA 

did not. Figure 12 shows the effect of the four conjugated 

bile salts on the induction of the SOS response (taken from 

Figs 5-8). TCDOC induced a strong SOS response, TDOC induced 

a somewhat weaker response, and TCA and TLCA did not induce 

a significant SOS response. 
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CHAPTER V 

DISCUSSION AND CONCLUSION 

Effects of bile acids in previous studies 

Previous studies have shown that some of the bile 

compounds tested here have either cocarcinogenic, co-

mutagenic, mutagenic, or DNA damaging activity (7,9,10,11,50-

57) . These results are shown in Table 1. Some bile acids 

were found to have cocarcinogenic activity in animal studies. 

However, in the ianimal studies exposure to the carcinogen used 

differed in some respects from natural human colon exposure 

to carcinogens. The animals were usually exposed to a large 

dose of chemical carcinogen over a limited period, whereas 

humans, under natural conditions, are more likely to be 

exposed to low doses of carcinogens over a long term. 

Furthermore, the intestinal microflora probably differed 

between the animal models and humans. 

In the animal studies, no tumors were found when 

treatment was with bile acids alone. Therefore, the 

cocarcinogen (or carcinogenic) effect of bile acids on the 

human colon remains unknown. Some bile acids have been found 

to act as mutagens (see Table 1) . Most mutagen caused DNA 

damage, although few of them act more indirectly (eg, some 

affect the DNA polymerase). The mechanism by which comutagen 
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Effect of Common Bile Acids in Previous Studies 

Type 
of 

Effect Type of Bile Acid References 

CA DOC TDOC CDOC LCA TLCA 

Animal 
Co- a + + (50) 
carginogen 

ii b 
+ + (7) 

ii a + (51) 
n a 

4* (52) 
ii a + + (53) 

Bac Co- b + + (54) 
terial mutagen 

ii e 
— + + (38) 

Mutagen -- + + (10) 
DNA damage + + (12) 

Viral DNA damage + + (11) 

Mamma Co- b + (9 )  
lian carginogen 
Cell Co- " d + (40) 

DNA damage + (55,56) 
DNA damage (57) 

Footnote: a N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) 
was the primary carcinogen used 

b Dimethylhydrazine (DMH) was the primary 
carcinogen or mutagen used 

c 2-aminoanthracene (2-AA) was the primary 
mutagen used 

d 3-methylcholanthrene (MCA) was the primary 
carcinogen used 

+ Positive effect 
No effect 
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act is generally not understood. It is important, therefore, 

to determined whether bile acids interact directly with DNA 

to cause mutation or other possible effect (eg, comutagen, 

cocarcinogenicity). Previous studies have shown that 

unconjugated bile acids caused DNA damage. However, the DNA 

damaging effect of conjugated bile acids has not previously 

were determined. Therefore I tested the DNA damaging effect 

of unconjugated and conjugated bile acids in my experiments. 

The DNA damaging effects of DOC, CDOC, TCDOC, and LCA in the 

present studies 

The results of the experiments reported here are 

summarized in Table 2. These results showed that DOC, CDOC, 

TCDOC, LCA cause similar killing when bacterial survival is 

plotted against concentration of bile compound. This means 

that these compounds are approximately equally lethal to the 

bacteria. In addition, the proportion of cells which are 

induced to express the SOS response increased substantially 

and was almost the same among DOC, CDOC, TCDOC and LCA. This 

implies that all of them are DNA damaging agents. 

TDOC caused approximately the same amount of cell killing 

as the above compounds, but induced a significantly 

weaker SOS response. CA, TCA and TLCA caused no cell 
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Table 2. Effect of Bile Salts on E. coli JL1705 

Cell Killing Increase in 
Blue Colonies 

No Taurine With Taurine No Taurine With Taurine 

CA 0 0 0 0 

DOC ++ ++ ++ + 

CDOC ++ ++ ++ ++ 

LCA ++ 0 ++ 0 

strong effect 

weak effect 

no effect 

1 . ++ 

2 • + 

3- 0 
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killing and no SOS response. 

Since DOC causes a greater induction of the SOS response 

than TDOC (Figure 5) , DOC may be a more effective DNA damaging 

agent than TDOC. The lower effectiveness of TDOC may be due 

to its higher CMC (critical micellar concentration). In 

aqueous solution, bile acids self-associate and form micelles 

when their concentration exceeds a critical point termed CMC. 

The lower the CMC, the better is the ability of the bile acid 

to solubilize polar lipids (28). Mazer and colleagues (58) 

found that TDOC forms the largest rod-like secondary micelles 

among taurine bile compounds. It may be that the lower 

effectiveness of TDOC is due to its inability to get into the 

cell easily because of its larger micelle size. Another 

possible explanation for the difference between DOC and TDOC 

is that TDOC may have a lethal effect on a non-DNA cell 

component such as the membrane, and this lethal effect is 

lacking with DOC. Thus there could be a similarity in the 

killing effect of DOC and TDOC, even though TDOC has a lesser 

DNA damaging effect. 

The lack of effect of CA, TCA and TLCA on cell killing and 

the SOS response 

My experiments showed that CA, TCA or TLCA induced little 

or no SOS response (Figures 7, and 8). One possible reason 
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for the lack of response with CA and TCA is that they could 

not be absorbed through the cell membrane because they are in 

an ionic state. Carey and Cahalane (59) reported that 

nonionic bile acid can quite readily diffuse through cell 

membranes, but that ionic bile acids cannot. CA is completely 

ionized at pH 6-7 (60). TCA, whose pKa is 1.4 (60), is also 

completely ionized in the L-trypticase medium whose pH is 7.2. 

Thus they may not be absorbed by the cell membrane in 

sufficient amount to induce the SOS response. TLCA is the 

most insoluble of the bile compounds tested (see Materials and 

Methods) . A possible explanation for the lack of an effect 

by TLCA therefore, is that it could not be absorbed through 

the cell membranes because of its insolubility. 

Possible active site located at 3-hydroxyl group position 

Each of the four bile acids tested, CA, DOC, CDOC, and 

LCA, have the same steroid nucleus (Figure 1) . The only 

difference between these bile acids is the number and position 

of the hydroxyl groups. The primary bile acid CA has three 

hydroxyl groups located at the 3, 7 and 12 positions (see 

Figure 1) . CDOC has two located respectively, at the 3 and 

7 positions. Of the secondary bile acids, DOC has two 

hydroxyl groups located at the 3 and 12 positions; and LCA has 

only one located at the 3 position. Although the carboxyl 
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group is conjugated with taurine in TCDOC, it still can cause 

DNA damage. This suggests that the carboxyl group is not 

essential for a bile acid to have a DNA damaging effect. LCA 

has a hydroxyl group in the 3 position only, but still causes 

DNA damage. Also the other bile acids which have a DNA 

damaging effect, DOC and CDOC, have a 3 hydroxyl group. 

Therefore I hypothesize that the 3 hydroxyl group may play an 

important role in the DNA damaging process, perhaps by forming 

a covalent bond with some constituent of DNA. 
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CONCLUSION 

In conclusion, bile acids, including both conjugated and 

unconjugated forms, can cause DNA damage, though some of them 

are less effective than others. This is the first study to 

show that conjugated bile acids, in particular TDOC and TCDOC, 

cause DNA damage. Although these results were obtained with 

bacteria, DNA of all organisms, including humans, has the same 

basic structure. Therefore it is reasonable to suppose that 

bile acids, including the tauro conjugates, may cause damage 

to human DNA as they apparently do in bacterial DNA. Human 

colon epithelial cells are exposed to bile compounds daily. 

This may cause irreversible DNA damage leading to the 

transformation of cell and colon cancer. 
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