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ABSTRACT

Physical activity is protective against colon cancer, whereas colonic bile acid

exposure is considered a risk factor. However, the relationship between physical activity

and bile acid levels has not been well studied. A cross-sectional analysis of fecal bile acid

levels was conducted for 735 colorectal adenoma formers of the ursodeoxycholic acid

chemoprevention trial. Hours of recreational activity was found to be inversely related to

total fecal bile acid concentrations among participants with low triglycerides, but not for

those with high triglycerides. The distinct effects of physical activity between individuals

with low versus high triglycerides are suggested to be related to changes in bile acid

metabolism, as people with high triglycerides are more likely to have impaired bile acid

absorption, thereby increasing bile acid excretion. These results suggest that the

protective effect of physical activity may be mediated through decreased colonic bile acid

exposure, but only in individuals with low triglycerides.
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INTRODUCTION

Colorectal Cancer Incidence and Mortality

Colorectal cancer is the fourth leading cause of cancer death worldwide. In 2004,

colorectal cancer was the twentieth leading cause of mortality, responsible for 1.1 percent

of deaths. By the year 2030, the World Health Organization predicts that colorectal

cancer will rise to the fourteenth ranked cause of mortality accounting for 1.4 percent of

deaths (1). In developed nations, including the United States, colorectal cancer mortality

is second only to lung cancer. Since 1990, the incidence and death rates of colorectal

cancer have been declining (2). Even so, 2008 will bring an estimated 148,810 new cases

and 49,960 deaths in the United States (3). Globally, the incidence rates of colorectal

cancer vary dramatically, from low incidence countries in sub-Saharan Africa,

Central/South America, and Asia to those with high incidence in Europe, Australia, and

North America (4). Such wide geographic variation is partially attributed to differences in

lifestyle or environmental factors. Evidence supporting the role of lifestyle factors in the

etiology of colorectal cancer has come from multiple ecological studies in which

colorectal cancer risk in migrants approaches that of the host country (5-8).

Risk Factors for Colorectal Cancer

A. Lifestyle and Environmental Factors

Most colorectal cancer cases (approximately 75 percent) are not attributable to an

inherited condition and are therefore considered sporadic. Age is a significant risk factor
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for colorectal cancer, with incidence rising around age 40, sharply increasing near age 50

(9), and continuing to rise through older age (2). Besides age, many lifestyle factors have

been implicated in colorectal cancer etiology, including physical activity, body size, and

dietary intake. Physical activity has been shown to be protective against colon (but not

rectal) cancer in both case-control and cohort studies (10, 11). This inverse association

was detected whether physical activity measures were based on occupational activity

(12), leisure-time activity (13), or both (14). Some animal studies have also demonstrated

the protective effects of exercise against carcinogen-induced tumor formation in the

colon (15-17). While the biological mechanisms explaining the protective nature of

physical activity remain unexplained, many have been proposed, including reduced

gastrointestinal transit time (faster rate), enhanced immune function, effects on

prostaglandin levels, reduced exposures to insulin, and changes in bile acid metabolism

(11).

Another established risk factor for colorectal cancer is obesity (18), whether

measured in terms of body mass index (BMI) (19, 20), waist circumference or waist-to-

hip ratio (21), or visceral fat area (22). Obesity is a stronger risk factor in males than

females (23). Interpreting the effects of obesity from a mechanism-based perspective is

complex since it may be linked to both physical activity and energy intake; however, a

large meta-analysis supported an association between obesity (measured by BMI and

waist circumference) and colorectal cancer risk independently of these other factors (24).

Two plausible mediators of the independent effect of obesity that have been postulated

include metabolic disturbance from adiposity and exposure to insulin growth factor (IGF)
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from non-adipose body mass, the latter of which is more likely independent of energy

intake and physical activity (25). Although BMI is a commonly used proxy for obesity,

this measure does not distinguish between adiposity and non-adipose body mass.

In addition to physical activity and body size, several dietary factors have been

strongly linked to colorectal cancer risk. Many studies have shown dietary fiber to be

protective against colorectal cancer (26, 27), even though intervention studies of

adenoma recurrence have failed to observe such an effect (28-30). Alberts et al. (30)

provided multiple potential explanations of why a protective effect of dietary fiber was

not detected in their trial: (1) the treatment duration was too short, (2) the amount of fiber

consumption was too low, (3) the intervention benefits only people with low baseline

intakes, or (4) fiber protects against the transition from adenoma to cancer, which occurs

after the study’s endpoint of adenoma recurrence. In addition, red meat, as a source of

dietary saturated fat and heterocyclic amine carcinogens when overcooked, has been

implicated as a risk factor in ecological (31), case-control (32), and cohort studies (33).

Total energy intake has also been shown to increase colorectal cancer risk in case-control

but not cohort studies (23). Furthermore, vitamin D (34), calcium (35, 36), folate (37),

and selenium (23) are considered protective factors. Other putative risk factors of

colorectal cancer include alcohol (38) and smoking (39), whereas aspirin (40), and coffee

(41) might be protective.
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B. Genetic and Familial Factors

Family history is another important risk factor for colorectal cancer.

Approximately 25 percent of colorectal cancer cases are familial, which suggests a

heritable component of risk, a shared exposure among family members, or an interaction

between the two (11). Less than ten percent of colorectal cancer cases are attributable to

germline mutations (42). The two most common familial forms of colorectal cancer are

Hereditary Non-Polyposis Colorectal Cancer (HNPCC) and Familial Adenomatous

Polyposis (FAP) (43-45). Both forms are inherited autosomal dominant conditions. The

HNPCC pathway involves a mutation in one of five DNA mismatch repair genes (MLH1,

MSH2, MSH6, PMS1, or PMS2) and is characterized by the development of a single

colorectal tumor. FAP results from a mutation in adenomatous polyposis coli (APC), a

tumor suppressor gene, and generates hundreds to thousands of adenomas, usually

requiring a colectomy. These same defects in APC and mismatch repair genes occur in

many sporadic cancers as somatic rather than germline mutations. Mutations in other

genes like p53, a tumor suppressor gene, and ras, an oncogene, are also commonly

observed in sporadic colorectal cancers.

Bile Acids and Colon Carcinogenesis

A. Animal Models

Bile acids have been implicated in the etiology of colorectal cancer in studies

using animal models (Table 1) and may partly explain the association with the lifestyle

factors discussed above. The tumorigenic potential of a bile acid was first demonstrated
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with deoxycholic acid (DCA) in rats by Ghiron (46) and confirmed by Cook et al. (47).

Narisawa et al. (48) were the first to show that administration of secondary bile acids

increases the number of carcinogen-induced colon tumors. Other early rodent studies,

consistent with these original findings, demonstrated the tumor-promoting ability of bile

acids (49-51). In addition, bile acids have been shown to stimulate DNA synthesis (52-

54), and, similarly, bile acid deprivation inhibits DNA synthesis (55). Furthermore, in

rats exposed to 1,2-dimethylhydrazine (DMH), a clear association between fecal bile acid

levels and DMH-induced colon cancer has been demonstrated (56, 57). Also,

cholestyramine, a bile acid sequestrant, has been shown to increase the number of

azoxymethane (AOM)-induced tumors (58, 59) and decrease the number of apoptotic

cells in the colon (60) due to the increased colonic bile acid exposure. In sum, multiple

hydrophobic bile salts, including deoxycholate (61, 62), lithocholate (63), cholate (64,

65), and chenodeoxycholate (66), have separately demonstrated cancer-promoting

properties in animal models.

B. Epidemiological Studies

Epidemiological studies have further implicated fecal bile acids in the etiology of

colorectal cancer (Table 2). Multiple ecological studies have shown correlations between

populations with high fecal bile acid levels and those with elevated risks for colorectal

cancer (67-73). Additionally, many case-control studies have demonstrated that patients

with colorectal cancer have higher levels of fecal bile acids than controls (74-81). Stadler

et al. (82) showed that patients who were ultimately diagnosed with colon cancer had



1
4

Table 1. Studies investigating the relationship between bile acids and colorectal cancer in animal models

Study  Model  Findings  Reference

Summary of Communications, 3rd International

Cancer Congress

Mice and rats Animals injected with deoxycholic acid (DCA) develop

subcutaneous fibro-sarcomas. This is the first study to demonstrate

the tumorigenic potential of a bile acid.

Ghiron, 1939

(46)

Production of tumors in mice by deoxycholic

acid

Mice DCA applied to the skin induces a tumor in only one of 80 mice.

However, three of five mice injected with deoxycholic acid develop

spindle-celled tumors at the injection site.

Cook et al.,

1940 (47)

Increased turnover of intestinal mucosal cells of

germfree mice induced by cholic acid

CFW germfree

mice

Cholic acid, which is produced in conventional mice by hydrolyzing

enzymes of bacterial origin, increases the rate of intestinal mucosal

cell turnover in germfree mice compared with conventional mice.

Ranken et

al., 1971

(83)

A rat model for studying colonic cancer: effect

of cholestyramine on induced tumors

Male Sprague-

Dawley rats

Ingestion of cholestyramine increases the number of azoxymethane

(AOM)-induced intestinal tumors, especially in the large intestine.

Nigro et al.,

1973 (58)

Promoting effect of bile acids on colon

carcinogenesis after intrarectal instillation of N-

methyl-N'-nitro-N-nitrosoguanidine in rats

CD-Fischer

rats

Intrarectal instillation of lithocholic and taurodeoxycholic acids

increases the frequency N-methyl-N'-nitro-N-nitrosoguanidine

(MNNG)-induced colorectal neoplasms.

Narisawa et

al., 1974

(48)

Promoting effect of sodium deoxycholate on

colon adenocarcinomas in germfree rats

Female F344

germfree rats

Intrarectal installation of deoxycholic acid increases the number of

colon tumors only in MNNG-treated rats.

Reddy et al.,

1976 (49)

Promoting effect of bile acids in colon

carcinogenesis in germ-free and conventional

F344 rats

Female F344

germfree &

conventional

rats

Intrarectal instillation of sodium cholate or sodium

chenodeoxycholate promotes colon carcinogenesis only in MNNG-

treated rats.

Reddy et al.,

1977 (50)
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Table 1. Studies investigating the relationship between bile acids and colorectal cancer in animal models (continued)

Study  Model  Findings  Reference

A comparison of the effects of the

hypocholesteremic agents, cholestyramine and

candicidin, on the induction of intestinal tumors

in rats by azoxymethane

Male Sprague-

Dawley rats

Ingestion of cholestyramine increases the number of tumors in the

large intestine, whereas candicidin increases tumors in the distal

small intestine, only in AOM-treated rats. Cholestyramine is

associated with increased bile acid excretion and candicidin with

increased cholesterol excretion.

Nigro et al.,

1977 (59)

Effect of cholesterol metabolites and promoting

effect of lithocholic acid in colon

carcinogenesis

Female F344

germfree &

conventional

rats

Intrarectal instillation of sodium lithocholate promotes colon

carcinogenesis only in rats treated with MNNG.

Reddy et al.,

1979 (51)

Influence of bile on kinetic behavior of colonic

epithelial cells of the rat

Sprague-

Dawley rats

Bile deprivation, induced by the creation of a bile fistula, decreases

DNA synthesis, cell migration, and the number of cells previously

engaged in DNA synthesis in colonic epithelium.

Deschner et

al., 1979

(55)

Effect of cholic acid feeding on N-methyl-N-

nitrosourea-induced colon tumors and cell

kinetics in rats

Male cesarean-

derived F344

rats

Ingestion of cholic acid by N-methyl-N-nitrosourea (MNU)-treated

rats increases the number of epithelial cells undergoing DNA

synthesis (cell turnover), which allows tumors to occur with greater

frequency.

Cohen et al.,

1980 (84)

Acute and chronic effect of dietary cholic acid

on colonic epithelial cell proliferation

Male Fisher

rats

Ingestion of cholic acid increases the number of DNA synthesizing

epithelial cells per colonic crypt column.

Deschner et

al., 1981

(52)

Effect of bile acids on 1,2-dimethylhydrazine-

induced colon cancer in rats

Female

Donryu rats

Surgically intercepting a part of bile acid circulation reveals that

higher total fecal bile acid levels are correlated with increased

incidence of 1,2-dimethylhydrazine (DMH)-induced colon cancer.

Koga et al.,

1982 (56)
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Table 1. Studies investigating the relationship between bile acids and colorectal cancer in animal models (continued)

Study  Model  Findings  Reference

Stimulation of deoxythymidine incorporation in

the colon of rats treated intrarectally with bile

acids and fats

Male Sprague-

Dawley rats

Intrarectal instillation of sodium deoxycholate increases the

incorporation of tritiated deoxythymidine ([3H]dThd) into colonic

DNA, which indicates an increase in DNA synthesis, an important

aspect of mitogenesis.

Bull et al.,

1983 (53)

Calcium ameliorates the toxic effect of

deoxycholic acid on colonic epithelium

Female

C57BL/6J

mice

Intrarectal instillation of DCA increases inflammation, edema,

necrosis, and cellular proliferation. However, calcium lactate oral

supplements modified the effect of DCA such that DCA-treated mice

remained similar to untreated controls.

Wargovich

et al., 1983

(54)

Effect of change of fecal bile acid excretion

achieved by operative procedures on 1,2-

dimethylhydrazine-induced colon cancer in rats

Male Winstar

rats

Surgical control of bile acid concentrations in different parts of the

colon shows a strong link between bile acid exposure and DMH-

induced colon cancer incidence.

Morvay et

al., 1989

(57)

Effects of calcium and bile acid feeding on

colon tumors in the rat

Male Fischer

CD-344 rats

Ingestion of cholic acid increases the number of tumors in MNU-

treated rats. Dietary calcium does not modify this effect.

McSherry et

al., 1989

(64)

The effect of chenodeoxycholic acid on the

development of aberrant crypt foci in the rat

colon

Male Sprague-

Dawley rats

Ingestion of chenodeoxycholic acid increases the number of aberrant

crypt foci in a dose-related manner, regardless of AOM treatment

status.

Sutherland et

al., 1994

(85)

Effect of dietary deoxycholic acid and

cholesterol on fecal steroid concentration and

its impact on the colonic crypt cell proliferation

in azoxymethane-treated rats

Male F344 rats Ingestion of DCA and cholesterol increases fecal bile acid levels

(irrespective of AOM treatment) and colonic cell proliferation rates

(additive with AOM treatment).

Hori et al.,

1998 (61)
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Table 1. Studies investigating the relationship between bile acids and colorectal cancer in animal models (continued)

Study  Model  Findings  Reference

Tumor-enhancing effects of cholic acid are

exerted on the early stages of colon

carcinogenesis via induction of aberrant crypt

foci with an enhanced growth phenotype

Male Sprague-

Dawley rats

Ingestion of cholic acid by AOM-treated rats increases tumor

incidence during early phases but not in post-initiation phases.

Baijal et al.,

1998 (65)

The effect of lithocholic acid on proliferation

and apoptosis during the early stages of colon

carcinogenesis: differential effect on apoptosis

in the presence of a colon carcinogen

Male Balb/c

mice

Lithocholic acid stimulates apoptosis in non-DMH-treated mice

(normal colon), but suppresses apoptosis in DMH-treated mice (pre-

malignant colon).

Kozoni et

al., 2000

(63)

Demonstration of a direct stimulatory effect of

bile salts on rat colonic epithelial cell

proliferation

Male F344 rats Ingestion of chenodeoxycholate or deoxycholate increases both total

fecal water bile salt concentration and percentage of proliferating

cell nuclear antigen (PCNA)-positive nuclei. Bile salts act as direct

mitogens on colonic epithelial cells rather than inducing a damage-

related proliferative response.

Barone et al.,

2002 (66)

Cholestyramine feeding lowers number of

colonic apoptotic cells in rat

Male Sprague-

Dawley rats

Ingestion of cholestyramine, a bile acid sequestrant, decreases the

amount of apoptosis in the colon, with no effect on cell proliferation.

Lack et al.,

2005 (60)

Deoxycholic acid promotes the growth of

colonic aberrant crypt foci

Male AKR/J

mice

Ingestion of DCA is sufficient to sensitize the resistant AKR/J colon

to formation of high-grade dysplasia. (AKR/J mice are resistant to

AOM carcinogenesis.)

Flynn et al.,

2007 (62)
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Table 2. Human epidemiological studies investigating the relationship between fecal bile acid concentrations and colorectal cancer

Study  Design  Findings  Reference

Faecal steroid composition and its

relationship to cancer of the large

bowel

Ecological study with 4 populations:

England, Scotland, Uganda, & India

Fecal bile acid concentrations are much higher in people

from England and Scotland than those from Uganda and

India. This is the first epidemiological study to show a

link between populations at elevated risk for colorectal

cancer and high levels of total fecal bile acids.

Hill et al.,

1971 (67)

Large-bowel carcinogenesis: fecal

constituents of populations with

diverse incidence rates of colon

cancer

Ecological study with 5 populations:

Americans, American vegetarians,

American Seventh-Day Adventists,

Japanese, & Chinese

A Western-style diet is associated with high fecal bile

acid excretion; Americans had significantly higher levels

of fecal bile acids than the other 4 populations studied.

Reddy et

al., 1973

(68)

Fecal bile-acids and clostridia in

patients with cancer of the large

bowel

Case-control study: 44 patients with cancer

of the large bowel and 90 controls with

other diseases

Of the cases, 82% have high fecal bile acid

concentrations compared with only 17% of the controls.

Hill et al.,

1975 (74)

Faecal steroids and bacteria and

large bowel cancer in Hong Kong

by socio-economic groups

Ecological study with 3 socio-economic

groups defined by income and ability to

speak English

People in the high-income group have higher fecal bile

acid concentrations and higher rates of colorectal cancer

than those with low income.

Crowther et

al., 1976

(69)

Metabolic epidemiology of colon

cancer. Fecal bile acids and neutral

sterols in colon cancer patients and

patients with adenomatous polyps

Case-control study: 31 colon cancer

patients, 13 patients with adenomatous

polyps, 9 controls with other digestive

diseases, 34 normal controls (American),

12 normal controls (Japanese)

Concentrations of fecal deoxycholic acid, lithocholic

acid, and total bile acids are higher in colon cancer

patients and patients with adenomatous polyps than

normal controls and patients with other digestive

diseases.

Reddy et

al., 1977

(75)

Fecal constituents of a high-risk

North American and a low-risk

Finnish population for the

development of large bowel cancer

Ecological study with 2 populations: New

York and Kuopio, Finland

The concentration of fecal secondary bile acids is lower

in Kuopio than New York, possibly because of greater

fecal bulk resulting from a high fiber diet. Dietary intake

of fat and protein is the same in the two populations.

Reddy et

al., 1978

(70)
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Table 2. Human epidemiological studies investigating the relationship between fecal bile acid concentrations and colorectal cancer (continued)

Study  Design  Findings  Reference

Diet, bowel function, fecal

characteristics, and large bowel

cancer in Denmark and Finland

Ecological study with 4

populations: Copenhagen (high-

risk), Them and Helsinki

(intermediate-risk), and Parikkala

(low-risk)

Fecal bile acid concentrations are higher in the high-incidence

area than in the low-incidence area, with the other two areas

having intermediate values. Fecal bulk is inversely associated

with colorectal cancer incidence. A population can have a low

risk of colorectal cancer even with high intake of dietary fat,

protein, and meat.

Jensen et al.,

1982 (71)

Fecal sterols and bacterial !-

glucuronidase activity: a preliminary

metabolic epidemiology study of

healthy volunteers from Umea,

Sweden, and metropolitan New York

Ecological study with 2

populations: Umea, Sweden

(intermediate-risk) and New York

(high-risk)

Fecal bile acid concentrations are lower in Umea than New

York, probably because of increased fecal bulk resulting from

diets high in fiber.

Domellof et

al., 1982 (72)

Fecal bile acid excretion in patients

with colon cancer, colon polyp and

peptic ulcer

Case-control study: 10 patients

with colon cancer, 25 patients

with colon polyp, 10 patients with

peptic ulcer

Total bile acid excretion as well as concentrations of cholic

acid, chenodeoxycholic acid, and primary bile acids were

higher in patients with colon cancer than patients with colon

polyp or peptic ulcer.

Makino,

1984 (76)

Relationship between duodenal bile

acids and colorectal neoplasia

Case-control study: 50 patients

with colorectal adenomas, 14

patients with carcinoma, 50

controls

The proportion of chenodeoxycholic acid is higher in patients

with colorectal adenomas and patients with carcinoma than in

controls.

Moorehead

et al., 1987

(86)

Proliferative activity of rectal mucosa

and soluble fecal bile acids in patients

with normal colons and in patients

with colonic polyps or cancer

Cohort study: 14 normal patients,

13 patients with adenomatous

polyps, 7 patients with colon

cancer

Patients with colonic tumors have a higher tritiated thymidine

labeling index and higher levels of deoxycholic acid and

lithocholic acid in fecal water than patients without

pathology.

Stadler et al.,

1988 (82)
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Table 2. Human epidemiological studies investigating the relationship between fecal bile acid concentrations and colorectal cancer (continued)

Study  Design  Findings  Reference

Effect of high fat consumption

on cell proliferation activity of

colorectal mucosa and on

soluble faecal bile acids

Clinical trial: low-fat

group (10), high-fat

group (7), fat bolus

group (10)

The tritiated thymidine labeling index is higher in the fat bolus group than the

low-fat group. The low-fat intervention reduces fecal deoxycholic acid

concentration, whereas the high-fat intervention increases total fecal bile acid

concentration.

Stadler et al.,

1988 (87)

Diet and fecal steroid profile in

a South Asian population with a

low colon-cancer rate

Ecological study with 2

populations: South Asian

(Gujarati) immigrants

and native British

South Asian immigrants have higher dietary fiber intake, similar total dietary

fat intake, and lower total fecal bile acid concentrations than a native British

comparison group.

McKeigue et

al., 1989

(73)

Faecal unconjugated bile acids

in patients with colorectal

cancer or polyps

Case-control study: 14

patients with colorectal

cancer, 9 patients with

polyps, 10 controls

Patients with adenomatous polyps have higher concentrations of fecal bile

acids, lithocholic acid, and total secondary bile acids compared with controls.

Cancer patients have a higher proportion of secondary fecal bile acids

compared with controls. The ratios of cholic and chenodeoxycholic acid to

their respective derivatives are lower in cancer patients compared with the

other two groups.

Imray et al.,

1992 (77)

Bile acid concentrations,

cytotoxicity, and pH of fecal

water from patients with

colorectal adenomas

Case-control study: 20

high-risk patients, 19

medium-risk patients, 25

normal controls

There are no differences in fecal water bile acid concentrations among the

three groups of patients.

de Kok et

al., 1999

(78)

Effects on cell proliferation,

activator protein-1 and

genotoxicity by fecal water

from patients with colorectal

adenomas

Case-control study:

adenoma patients and

controls

Lipid extracts of fecal water samples from adenoma patients have a higher

capacity to induce cell proliferation than those from controls. Induction of

DNA strand breaks in isolated DNA is higher for the fecal waters from cases

than controls.

Nordling et

al., 2003

(79)
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Table 2. Human epidemiological studies investigating the relationship between fecal bile acid concentrations and colorectal cancer (continued)

Study  Design  Findings  Reference

Fecal bile acid concentrations in a

subpopulation of the wheat bran fiber colon

polyp trial

Clinical trial: 19 low-fiber

and 49 high-fiber

participants

There is no difference in aqueous phase fecal bile acid

concentrations between the two intervention groups. In the solid

phase, several secondary bile acids are at lower concentrations

in the high-fiber group than the low-fiber group.

Alberts et

al., 2003

(88)

Kinetic analysis of bile acids in the feces of

colorectal cancer patients by gas

chromatography-mass spectrometry (GC-

MS)

Case-control study: 89

colorectal cancer patients

and 103 healthy controls

Fecal proportions of allo cholic acid, allo deoxycholic acid, allo

lithocholic acid, and ursodeoxycholic acid are higher in cases

than controls.

Tadano et

al., 2007

(80)
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significantly higher fecal bile acid concentrations than those with normal pathology.

Furthermore, high-fat consumption has been shown to stimulate cell proliferation and

increase fecal DCA concentration (87). From numerous animal and epidemiological

studies, it is well established that fecal bile acids are somehow related to increased

colorectal cancer risk.

C. The Bile Acid Hypothesis

There are two potential biological mechanisms that can explain the association

between fecal bile acid concentrations and colorectal cancer risk. The first pathway

involves bile acid-induced DNA damage. There is substantial evidence showing that bile

acids are carcinogenic (89), even though most animal studies have failed to show bile

acid-induced tumors in the absence of another carcinogen (49). Bile acid-induced DNA

damage has been demonstrated in human colonic epithelial cells in vitro (90-94). Such

DNA damage can cause replication errors, leading to mutations that may ultimately cause

cancer.

Another possible mechanism explaining the relationship between bile acids and

colorectal cancer involves bile acid-induced apoptosis of colonic epithelial cells (95).

DCA and chenodeoxycholic acid (CDCA) have been shown to induce apoptosis in

human colon adenocarcinoma cells (96). In normal tissues, apoptosis is an important

mechanism for clearing DNA-damaged cells and preventing carcinogenesis. However, it

is possible that high bile acid concentrations, which cause too many cells to undergo

apoptosis, instigate an adaptive response to the toxic environment that selects for cells
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with reduced apoptotic ability. Consequently, these apoptosis-resistant cells multiply

throughout the colon, which leads to a tumor-prone population of cells. Indeed, cells from

normal mucosa of colorectal cancer patients have been shown to be resistant to DCA-

induced apoptosis compared with controls (97-99), which may result from a shortage of

DCA receptors on these cells compared with those from healthy patients (100). Since

apoptosis usually eliminates cells that have acquired DNA mutations, apoptosis

resistance would allow DNA-damaged cells to remain, thereby promoting carcinogenesis.

Therefore, bile acids may promote cancer without directly acting as carcinogens.

Regardless of the mechanism, bile acid exposure as a causal factor in colorectal cancer is

well supported.

Determinants of Bile Acid Concentrations

A. Bile Acid Production and Circulation

The primary bile acids cholic acid (CA) and CDCA are derived from cholesterol

in the liver (101, 102). After their synthesis, bile acids are stored in the gall bladder and

later transported to the duodenum (103), where they aid in the absorption of fat-soluble

vitamins and lipids (104). Continuing along the gastrointestinal tract into the ileum and

the colon, bile acids begin to be reabsorbed and transported back to the liver for

recycling, called enterohepatic circulation. Bacterial biotransformation in the colon

converts primary bile acids into secondary bile acids: CA is converted into DCA, CDCA

becomes lithocholic acid (LCA) (105), and ursodeoxycholic acid (UDCA) is formed

through epimerization of CDCA (106) (Figure 1). The circulating bile acid pool is
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composed primarily of CA (30-40%), CDCA (30-40%), and DCA (20-30%) (106).

Approximately 95 percent of bile acids are recycled via enterohepatic circulation, and the

remaining portion is ultimately excreted in the feces (107).

B. Effect of Physical Activity on Bile Acid Levels

Fecal bile acid concentrations are affected by several dietary factors, including

total energy intake, dietary fat, and dietary fiber (107). Besides diet, physical activity may
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indirectly alter bile acid concentrations, which could explain how exercise reduces colon

cancer risk. Physical activity decreases serum cholesterol levels (108), thereby lowering

bile acid production. Therefore, physical activity may reduce colon cancer risk by

diminishing bile acid exposure via direct effects on cholesterol metabolism. If this

pathway were correct, a link between cholesterol levels and colon cancer risk would be

expected. Indeed, several studies have demonstrated a positive association between

colorectal cancer risk and serum cholesterol levels (81, 109, 110) or cholesterol intake

(111-113). Furthermore, Poynter et al. (114) showed that use of cholesterol-lowering

drugs for more than five years is associated with reduced risk of colorectal cancer. In

contrast, several other studies have reported that higher levels of cholesterol are

associated with decreased colorectal cancer risk (115-117). Thus, the relationship

between cholesterol and colorectal cancer is far from clear.

Although the link between bile acids and colorectal cancer is well supported, few

studies have examined the relationship between physical activity and bile acids. Some

studies have reported a positive association between exercise and serum bile acid levels

in rats, but fecal bile acids were not measured (118, 119). Also, one case-control study

has shown lower fecal bile acid concentrations in male distance runners compared with

sedentary controls, but the significant effect of physical activity was lost after adjusting

for dietary fiber (120). The lowered bile acid concentration may have resulted from

dilution of colon contents owing to greater fecal output, rather than reduced bile acid

levels (120). Clearly, understanding the relationship between physical activity and bile

acid exposure in the colonic epithelium demands further investigation.
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Preventing Bile Acid Carcinogenesis in Humans

Although DCA, LCA, and other hydrophobic bile acids have been consistently

implicated in carcinogenesis, there is evidence that the hydrophilic UDCA acts as a

cytoprotective agent by directly opposing DCA (121, 122). UDCA is used clinically in

drug formulation to treat primary biliary cirrhosis (123) and gallstones (124). Studies

have shown that UDCA inhibits cell proliferation (96) and decreases absorption of

potentially toxic bile acids (125). Preclinical models have demonstrated that UDCA can

prevent colon carcinogenesis (126-129). Furthermore, multiple clinical studies have

provided support for UDCA as a chemopreventive agent for colon cancer (130-132).

UDCA treatment has also been associated with decreased rates of colorectal adenoma

recurrence in patients with a history of primary biliary cirrhosis (131) and lower

prevalence of colonic neoplasia in participants with ulcerative colitis and primary

sclerosing cholangitis (130, 132).

The findings from these aforementioned studies support an anti-tumorigenc action

of UDCA and provided the rationale to conduct a large chemoprevention trial of UDCA

for the prevention of colorectal cancer adenoma recurrence among adenoma formers

(133). For this clinical trial, 1285 participants were randomized to receive either daily

UDCA treatment or a placebo for three years. Despite evidence from previous studies

that UDCA acts as a chemopreventive agent, the results showed no significant reduction

in the adenoma recurrence rate for individuals assigned to UDCA treatment compared

with placebo. Although it is possible that UDCA is ineffective at preventing adenoma

recurrence, other potential explanations for this negative result include under-dosing or
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inadequate treatment duration (133, 134). The current study is a secondary analysis of

this UDCA clinical trial.

Current Study

Although physical activity and fecal bile acid concentrations are both important in

colorectal cancer risk, a link between these two risk factors has not yet been sufficiently

examined in humans. The specific aim of the current study is to assess the

relationship between physical activity and fecal bile acid concentrations. The

hypothesis is that physical activity and fecal bile acid concentrations are inversely

related. A cross-sectional analysis was conducted in the population of adenoma formers

in the aforementioned UDCA chemoprevention trial to address this hypothesis.

Confounders and effect modifiers of this association were also identified in this study. It

is important to investigate the potential association between physical activity and fecal

bile acid concentrations in order to enhance understanding of the biological mechanism

by which exercise reduces the risk of colon cancer. Finally, knowledge gained from this

study could be utilized to develop directed interventions to reduce the burden of

colorectal cancer across different populations.
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METHODS

Parent Study

A randomized, double-blinded, placebo-controlled Phase III clinical trial was

conducted by the Colon Cancer Prevention Program investigators at the Arizona Cancer

Center to test the efficacy of ursodeoxycholic acid (UDCA) to prevent recurrence of

colorectal adenomas (133). Eligible participants had at least one colorectal adenoma with

a diameter of at least 3 mm removed during a colonoscopy within the six months prior to

study registration. In addition, subjects were between 40 and 80 years old, had no clinical

evidence of disease, were residents of Maricopa or Pima counties, and had no invasive

cancer within the previous five years. Also, all other colon neoplasms, except for sessile

rectal polyps smaller than 3 mm, must have been completely removed for eligibility. A

total of 6,570 potential subjects were recruited by mail through a preexisting network of

more than 80 gastroenterologists. Within this group, 1,537 subjects were eligible for

random assignment to daily treatment with UDCA (8 – 10 mg/kg of body weight) or

placebo. These participants underwent four weeks of placebo intake to determine

adherence to study requirements, and of these, 1,285 participants were eligible to

participate in the trial.
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Current Study

A. Study Design

The current study analyzed baseline data from the parent study, including

questionnaires and biological samples collected at study visits designated one through

four. Visits one and two were pre-study visits, visit three marked the beginning of the

run-in period, and visit four occurred two weeks post run-in. The sample is defined by

those participants who completed the Arizona Activity Frequency Questionnaire (AAFQ)

and supplied stool samples for bile acid analysis. Of the 1,285 participants in the parent

study, 299 subjects completed the AAFQ but did not provide a stool sample, 93 provided

a stool sample but did not complete the AAFQ, and 158 did not do either. In total, 735

(57%) subjects were included in the present analysis (Figure 2). The current study was

approved by the Human Subjects Protection Program at the University of Arizona.

B. Bile Acid Concentrations in the Aqueous Phase of the Stool

Bile acid concentrations from fecal water were available for the current study.

The aqueous phase of the stool and not the solid phase was selected in these measures as

it is thought to have more direct contact with epithelial cells in the colon and to promote

carcinogenesis (88). The measurement of fecal bile acids has been described previously

(133). Briefly, pooled 72-hour stool samples were collected just prior to the beginning of

the run-in period (visit three). During the two days prior to and throughout the three-day

collection period, participants were advised to maintain a constant diet consisting of their

typical foods, especially with regard to foods thought to have an effect on bile acids, such
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as high-fat items (135). Stool samples were stored in metal containers, frozen, transported

on dry ice, and stored at -80°C in the laboratory. For analysis, samples were first

homogenized for 15 minutes with an equal weight of deionized water. Two 10 mL

aliquots were ultracentrifuged at 4°C in a 70.1 Ti rotor for one hour at 38,500 rpm. The

Randomized

N=1537

Assessed for eligibility

N=6570

Excluded (N=252)

   Toxicity during run-in (N=29)

   Medical condition (N=27)

   Poor adherence during run-in (N=5)

   Unwilling to continue (N=63)

   Unable to continue (N=9)

   Lost to follow-up (N=1)

   Ineligible (N=113)

   Moved out of state (N=3)

   Medication contrary to protocol (N=2)

Excluded: Ineligible/refused (N=5033)

Participants at baseline

N=1285

Excluded: Missing data (N=550)

   Missing only baseline stool sample (N=299)

   Missing only physical activity questionnaire (N=93)

   Missing both sample and questionnaire (N=158)

Analyzed

N=735

Figure 2. Study flow diagram
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supernatant (aqueous phase) was removed, weighed, and stored at -80°C. Detailed

methods for the measurement of bile acid concentrations in fecal water using gas

chromatography have been described previously (136, 137). Bile acid concentrations,

measured in µg/mL, were determined for lithocholic, deoxycholic, chenodeoxycholic,

cholic, ursodeoxycholic, ursocholic, isodeoxycholic, isoursodeoxycholic, 7-

ketolithocholic, and 12-ketolithocholic acids. Values of undetectable concentrations were

set to zero. Each subject’s total fecal bile acid concentration was calculated by summing

together the concentrations of these eleven individual acids. The total fecal bile acid

concentration was assessed rather than the concentrations of individual bile acids because

many participants had undetectable levels for several bile acids (Table 3).

Table 3. Number of participants with undetectable

concentrations of individual bile acids in the feces

Bile acid

Participants with

undetectable levels

N (%)

Lithocholic acid (LCA) 141 (19.2)

Deoxycholic acid (DCA) 4 (0.5)

Chenodeoxycholic acid (CDCA) 487 (66.3)

Cholic acid (CA) 374 (50.9)

Ursodeoxycholic acid (UDCA) 456 (62.0)

Ursocholic acid 437 (59.5)

Total fecal bile acids 0 (0)
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C. Recreational Physical Activity

Study participants self-administered the 59-item scannable Arizona Activity

Frequency Questionnaire (AAFQ) between visits one and two. This validated

questionnaire (138) grouped physical activity by leisure, recreational, household, and

"other” activity categories. Participants were asked to indicate if, how frequently, and for

what duration they had participated in each particular activity during the previous four-

week period. Recreational activities included stair-climbing, aerobics, calisthenics,

dancing, jogging, walking, racquetball, basketball, volleyball, ski machine or cross-

country skiing, floor exercise, lifting free weights, water aerobics, swimming, bowling,

tennis, active fishing and/or hunting, yoga/meditation, bicycling, golfing, and hiking.

Each subject’s total number of hours per day in recreational physical activities was

calculated and adjusted using the following formula: hrrecrx = titype*((24 – qeax –

sleep)/totacdy), where hrrecrx is the total adjusted hours per day for recreational

activities, titype is the unadjusted hours per day for recreational activities, qeax is the

hours per day spent working or volunteering (adjusted for a 28-day period), sleep is the

hours per day spent sleeping, and totacdy is the hours per day reported in all activities

(excluding work and sleep). The purpose of adjusting was so that the time in all reported

activities plus working and sleeping totaled 24 hours. For the current study, physical

activity was defined a priori as the amount of time that participants spent in recreational

activities in order to capture the effect of intentional exercise independent of intensity and

to be consistent with previous studies in the field (13, 139).
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D. Diet

Study participants self-administered the semi-quantitative 153-item scannable

Arizona Food Frequency Questionnaire (AFFQ) between visits one and two. The AFFQ

has been tested for reliability and relative validity (140, 141). The questionnaire asked

respondents to report how often they usually consumed each listed food item over the

previous 12-month period as a number of times per day, week, or month and to indicate

whether their usual portion size of that food was small, medium, or large. For each food

item, the frequency of consumption was multiplied by the nutrient composition for the

indicated portion size to calculate nutrient intakes, for which age- and sex-specific

portion size estimates were used (140, 142). These calculations were based on data from

the United States Department of Agriculture’s (USDA) National Nutrient Database for

Standard Reference, Release 17 (143), USDA’s Food and Nutrient Database for Dietary

Studies, Version 1.0 (144), and the National Health and Nutrition Examination Survey

(NHANES) National Consumption Data, 1999-2002 (145). Nutrient calculations

provided each subject’s daily dietary consumption of energy (kcal), protein (g),

carbohydrates (g), fiber (g), total lipid fat (g), calcium (mg), supplemental calcium (mg),

and alcohol (g).

E. Demographics and Medical History

At visit four study participants completed the Lifestyle Questionnaire, which

included questions regarding marital status, education, and race. Physical measurements,

including weight and height (subsequently used to calculate BMI), were taken at visit
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two. The Smoking History Form was completed at visit three. Only current smokers were

coded in the data set; consequently, 642 participants were classified as non-smokers by

inference. The Cancer History Form, completed at visit three, collected information on

whether or not each participant had a personal or family history of any cancer, including

colorectal cancer. Relevant family members included a parent, sibling, or child. The

Qualifying Colonoscopy Information Form, completed at visit two, inquired if

participants had a history of polyps before the qualifying colonoscopy.

The Medication Intake Form was completed at visit three. Participants who had

taken any type of medication listed in the Medication Guide indicated the name of each

medication and date (month and year) for starting and stopping its use. Medications were

coded using the following seven categories: aspirin, pain medications, bile acid

sequestrants, tamoxifen/megestrol acetate, hormones, thyroid medications, and Actigall

(ursodiol). For the present analysis, only those medications that were still in use at

baseline were considered.

F. Lipid Profile

Fasting blood samples were collected at visit two to measure each participant’s

levels of total cholesterol (mg/dL), HDL (mg/dL), and triglycerides (mg/dL). LDL

(mg/dL) was subsequently calculated using the Friedewald formula (146). Although the

validity of the Friedewald formula has been questioned repeatedly (147-151), its use

remains widespread in clinical settings. For the present analysis, blood results for 25

subjects whose blood draw occurred more than 50 days after their randomization date
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were excluded, since these data were not considered representative of baseline

measurements.

G. Adenoma Characteristics

The operative and pathology reports from each participant’s qualifying

colonoscopy were utilized by two research nurses to complete the Colonoscopy Report

Form (CRF). The two nurses had discussions to resolve discrepancies between

themselves. Adenoma characteristics, including the size of the largest adenoma (mm),

number of adenomas, adenoma location (distal versus proximal colon), and whether there

was a villous component to the adenoma, were recorded. The Procedure Report Form

(PRRF) eventually replaced the CRF, and all reports were subsequently re-recorded using

the new form. The current data set includes adenoma characteristics from the PRRF only.

For the present analysis, adenoma location was coded using the site variable. For 80

participants who were missing the site variable, the distance variable (based on the length

of tube that had been inserted at the point of adenoma discovery) was used instead.

H. Statistical Analysis

To compare the characteristics of subjects included in the current study with those

who were excluded, Student’s t-tests and Fisher’s exact tests were used. Furthermore, the

relationship between recreational physical activity and fecal bile acid concentration was

analyzed using multiple linear regression. The outcome variable for this cross-sectional

analysis was the total concentration of fecal bile acids. The primary explanatory variable,
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time spent in recreational physical activities, was divided into quartiles (rounded to the

nearest five-minute interval) because of extreme right-skewness and a large spike in the

distribution near zero. Thus, daily recreational physical activity was divided into the

following rounded quartiles: less than 15 minutes per day (reference category), 15 to 45

minutes, 45 to 105 minutes, and greater than 105 minutes.

Several variables were considered as potential confounders, including

demographics, dietary intake, and medical history. Factors that changed at least one of

the !-coefficients for the three physical activity dummy variables by more than ten

percent were considered confounders (152). Thus, the multivariate model is adjusted for

age, sex, dietary fiber, and BMI. Concentration of fecal bile acids (the outcome variable),

dietary fiber, and BMI were extremely right-skewed, so the natural log-transformation

was used to normalize their distributions. Although triglyceride level sufficiently changed

the !-coefficients for physical activity, it was not considered a confounder because it is

considered to be a putative intermediate variable in the causal pathway between physical

activity and fecal bile acid production (153). Since it is not appropriate to adjust for

intermediate variables, triglyceride levels were not included in the multivariate model.

Instead, this variable was considered as a possible effect modifier. Potential interactions

by age, sex, dietary fiber, BMI, and triglyceride level were investigated using likelihood-

ratio tests. Tests for trend were based on the significance of a single trend variable coded

as the category of exposure. Diagnostic testing on the final model by calculating R2 and

Cook’s distance, to measure goodness-of-fit and to detect influential observations,
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respectively, was employed. All statistical analyses were performed using Stata 9.2

(StataCorp, College Station, Texas), and all reported p-values are two-sided.
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RESULTS

The majority of participants were white (94.7%), male (65.6%), married or

cohabitating (82.6%), overweight or obese (BMI ! 25 kg/m2, 68.7%), or non-smokers

(87.3%). The mean age in this study population was 66.7 years, and the mean amount of

time spent in recreational physical activities was 75 minutes per day. The distribution of

total fecal bile acid concentrations was extremely right skewed, with a mean of 326.4

µg/mL and median of 213.4 µg/mL. On average, fecal bile acids were composed

primarily of DCA (54%), followed by LCA (9%), CA (8%), ursocholic acid (5%),

UDCA (3%), and CDCA (2%).

Baseline characteristics of 735 participants in the current study were compared

with 550 excluded subjects to determine if there were any substantial differences between

the two samples. Participants in the current study had significantly lower levels of dietary

protein, dietary fat, and LDL than the subjects who were not included (p < 0.05) (Table

4). Although these differences were statistically significant, the magnitudes of these

differences were small and not clinically relevant. In addition, the number of missing

observations for each baseline characteristic was examined to look for disparities

between the two studies. For variables that had some missing data, each sample was

missing a similar proportion of observations, except for the recreational physical activity

variable, which was missing for nearly 20 percent of the participants in the parent study.

In contrast, the current study was not missing any recreational physical activity data,
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Variable Parent Current

Demographics

Age (years) 66.2 ± 8.5 66.7 ± 8.3 0.326 0 0

Male sex 870 (67.7) 482 (65.6) 0.062 0 0

White race 1191 (94.5) 685 (94.7) 0.620 24 (1.9) 12 (1.6)

Married/cohabitating 1057 (83.5) 598 (82.6) 0.359 19 (1.5) 11 (1.5)

Education (years) 14.0 ± 2.3 14.0 ± 2.3 0.861 29 (2.3) 15 (2.0)

Dietary intake

Energy (kcal/day) 1993.3 ± 820.9 1961.6 ± 819.0 0.110 0 0

Protein (g/day) 73.4 ± 30.7 71.9 ± 30.2 0.048 0 0

Carbohydrates (g/day) 278.5 ± 121.1 276.4 ± 122.2 0.462 0 0

Fiber (g/day) 21.9 ± 10.9 21.6 ± 10.7 0.232 0 0

Total lipid fat (g/day) 65.5 ± 33.2 63.3 ± 31.8 0.006 0 0

Calcium (mg/day) 971.3 ± 460.2 961.4 ± 454.6 0.373 0 0

Supplemental calcium (mg/day) 243.0 ± 387.5 253.9 ± 383.8 0.245 0 0

Total calcium (mg/day) 1214.3 ± 584.8 1215.3 ± 572.2 0.946 0 0

Alcohol (g/day) 8.0 ± 13.8 8.3 ± 14.8 0.274 0 0

Nondietary factors

Current smoker 157 (12.2) 93 (12.7) 0.606
BMI (kg/m2) 27.4 ± 4.6 27.3 ± 4.6 0.916 0 0

Total cholesterol (mg/dL) 207.6 ± 36.0 206.3 ± 36.2 0.137 43 (3.3) 25 (3.4)

Triglycerides (mg/dL) 157.5 ± 93.9 161.9 ± 99.0 0.052 43 (3.3) 25 (3.4)

HDL (mg/dL) 50.8 ± 15.4 50.8 ± 15.2 0.907 43 (3.3) 25 (3.4)

LDL (mg/dL) 125.3 ± 33.0 123.1 ± 31.9 0.006 43 (3.3) 25 (3.4)
History of cancerc

61 (4.8) 35 (4.8) 1.000 0 0

Family history of colorectal cancer
d

349 (27.2) 205 (27.9) 0.526 0 0
Previous polypse

569 (47.1) 328 (47.1) 1.000 76 (5.9) 38 (5.2)

Adenoma characteristics

Size of largest adenoma (mm) 8.8 ± 5.5 9.0 ± 5.5 0.132 1 (0.0) 1 (0.1)

Number of adenomas 1.6 ± 0.9 1.6 ± 1.0 0.503 0 0

Any distal adenomas 842 (65.7) 477 (65.1) 0.634 3 (0.2) 2 (0.3)

Any proximal adenomas 712 (55.5) 415 (56.6) 0.394 3 (0.2) 2 (0.3)

Both distal and proximal adenomas 272 (21.2) 159 (21.7) 0.679 3 (0.2) 2 (0.3)

Villous component to adenoma 263 (20.5) 153 (20.9) 0.727 2 (0.2) 2 (0.3)

Medication use

Aspirin 401 (31.4) 229 (31.2) 0.903 7 (0.5) 2 (0.3)

Pain medications 228 (17.8) 129 (17.6) 0.825 7 (0.5) 2 (0.3)

Bile acid sequestrants 228 (17.8) 128 (17.5) 0.712 7 (0.5) 2 (0.3)

Tamoxifen/megestrol acetate 0 (0) 0 (0) - 7 (0.5) 2 (0.3)

Hormones 237 (18.5) 148 (20.2) 0.081 7 (0.5) 2 (0.3)

Thyroid medications 98 (7.7) 64 (8.7) 0.111 7 (0.5) 2 (0.3)

Actigall (ursodiol) 0 (0) 0 (0) - 7 (0.5) 2 (0.3)

Recreational physical activity (minutes/day) 75.4 ± 83.3 75.5 ± 84.2 0.944 251 (19.5) 0

Fecal bile acid concentration (µg/mL) 326.4 ± 369.9 - - 0

a
Means and standard deviations are presented for continuous variables; numbers and percentages for binary variables

b
p values were calculated using t-tests for continuous variables and Fisher's exact tests for binary variables

c
History of any cancer more than 5 years before study entry

dHistory of colorectal cancer in a parent or sibling
e
History of polyps before qualifying colonoscopy

Table 4. Baseline characteristicsa of participants in the parent study and the current study

unknown

unknown

N (%) Missing

N = 1285 N = 735

Parent Study Current Study
p

b
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since this variable was part of the inclusion criteria. Overall, there were no important

differences detected between the current study population and the parent study.

Trends in the characteristics of subjects by quartiles of time spent in recreational

physical activities were examined. Compared with the lowest quartile, participants in the

highest quartile of physical activity were more likely to be older, male, non-smokers, to

consume less dietary fat and drink more alcohol, to have a lower BMI, lower total

cholesterol, lower triglycerides, and to take aspirin but not hormones or thyroid

medications (Table 5). The most active group also included a lower proportion of

subjects with a history of cancer, a lower proportion of subjects with a family history of

colorectal cancer, and a higher proportion of subjects with a history of previous polyps.

In addition, trends in the characteristics of subjects by quartiles of total fecal bile acid

concentration were examined. Compared with the lowest quartile, participants in the

highest quartile of bile acid concentration were more likely to be younger, female, to

consume less carbohydrates, less fiber, less calcium, to have a higher BMI, higher

triglycerides, and to take hormones and thyroid medications but not aspirin (Table 6). In

general, the characteristics of participants in the highest quartile of bile acid

concentration were the opposite of those in the highest quartile of physical activity, which

provides preliminary evidence to support an inverse relationship between physical

activity and bile acid concentration.

The relationship between recreational physical activity and fecal bile acid

concentration was analyzed using linear regression modeling. The crude model reveals

that higher levels of physical activity were significantly associated with reduced
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Variable

Demographics

Age (years) 65.3 ± 9.0 65.5 ± 8.3 66.9 ± 8.5 69.1 ± 6.8

Male sex 91 (51.1) 113 (62.1) 129 (67.5) 149 (81.0)
White racec

167 (96.5) 170 (95.0) 174 (92.6) 174 (95.1)

Married/cohabitating
c

140 (80.9) 148 (82.2) 154 (81.9) 156 (85.3)
Education (years)c

13.6 ± 2.2 14.1 ± 2.1 14.1 ± 2.3 14.1 ± 2.4

Dietary intake

Energy (kcal/day) 1873.2 ± 870.1 1977.0 ± 773.3 2026.0 ± 850.8 1965.3 ± 776.6

Protein (g/day) 69.5 ± 31.9 71.8 ± 28.6 74.3 ± 32.9 71.8 ± 26.9

Carbohydrates (g/day) 257.6 ± 120.0 279.9 ± 116.4 288.1 ± 128.5 278.8 ± 122.1

Fiber (g/day) 19.4 ± 9.8 21.8 ± 10.9 22.7 ± 11.4 22.3 ± 10.4

Total lipid fat (g/day) 63.0 ± 34.8 64.4 ± 30.8 64.3 ± 31.2 61.3 ± 30.6

Calcium (mg/day) 938.4 ± 482.8 952.0 ± 438.5 995.6 ± 472.8 957.4 ± 423.6

Supplemental calcium (mg/day) 220.5 ± 352.0 278.0 ± 369.0 244.5 ± 403.2 272.3 ± 406.6

Total calcium (mg/day) 1158.9 ± 567.3 1230.0 ± 526.3 1240.1 ± 612.6 1229.7 ± 578.2

Alcohol (g/day) 7.12 ± 16.4 7.23 ± 14.1 8.60 ± 12.0 10.2 ± 16.2

Nondietary factors

Current smoker 33 (18.5) 21 (11.5) 21 (11.0) 18 (9.8)

BMI (kg/m
2
) 28.3 ± 5.4 27.6 ± 4.5 26.8 ± 4.4 26.7 ± 3.5

Total cholesterol (mg/dL)c
212.7 ± 36.7 204.2 ± 33.7 204.3 ± 36.6 204.1 ± 37.2

Triglycerides (mg/dL)
c

177.6 ± 102.4 162.2 ± 105.1 153.1 ± 95.2 155.5 ± 92.0
HDL (mg/dL)c

51.4 ± 15.8 49.2 ± 13.8 52.5 ± 16.5 50.0 ± 14.7

LDL (mg/dL)
c

125.8 ± 33.2 122.5 ± 29.0 121.1 ± 32.8 123.0 ± 32.3
History of cancerd

10 (5.6) 9 (5.0) 9 (4.7) 7 (3.8)

Family history of colorectal cancer
e

55 (30.9) 56 (30.8) 51 (26.7) 43 (23.4)
Previous polypsc,f

74 (44.6) 67 (38.3) 80 (44.7) 107 (60.5)

Adenoma characteristics

Size of largest adenoma (mm)
c

9.1 ± 5.5 8.7 ± 5.8 9.7 ± 5.7 8.3 ± 5.0

Number of adenomas 1.6 ± 1.0 1.6 ± 0.9 1.7 ± 1.1 1.6 ± 0.9

Any distal adenomas
c

121 (68.4) 120 (66.3) 119 (62.3) 117 (63.6)
Any proximal adenomasc

93 (52.5) 95 (52.5) 110 (57.6) 117 (63.6)

Both distal and proximal adenomas
c

37 (20.9) 34 (18.8) 38 (19.9) 50 (27.2)
Villous component to adenomac

35 (19.8) 38 (20.9) 50 (26.3) 30 (16.3)

Medication use

Aspirin 44 (24.9) 55 (30.2) 66 (34.6) 64 (35.0)

Pain medications 27 (15.3) 46 (25.3) 30 (15.7) 26 (14.2)

Bile acid sequestrants 31 (17.5) 35 (19.2) 32 (16.8) 30 (16.4)

Hormones 45 (25.4) 41 (22.5) 39 (20.4) 23 (12.6)

Thyroid medications 22 (12.4) 16 (8.8) 12 (6.3) 14 (7.7)

aMeans and standard deviations are presented for continuous variables; numbers and percentages for binary variables
b
Quartile cutpoints are rounded to the nearest 5-minute interval of physical activity

cMissing values: race (12); marital status (11); education (15); cholesterol, triglycerides, HDL, and LDL (25);

 history of polyps (38); adenoma site (distal/proximal/both) (2); villous component (2); size of largest adenoma (1)

 medication use (2)
d
History of any cancer more than 5 years before study entry

eHistory of colorectal cancer in a parent or sibling
f
History of polyps before qualifying colonoscopy

Table 5. Baseline characteristicsa by quartilesb of minutes of recreational physical activity

4
th
 (N = 184)

> 105 min.

Quartiles
b
 of recreational physical activity

1
st
 (N =178)

< 15 min.

2
nd

 (N = 182)

15 - 45 min.

3
rd
 (N = 191)

45 - 105 min.
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Variable

Demographics

Age (years) 68.4 ± 7.7 66.2 ± 8.1 66.3 ± 8.5 66.0 ± 8.5

Male sex 143 (77.7) 124 (67.4) 109 (59.2) 106 (57.9)
White raceb

174 (96.1) 168 (93.9) 176 (96.2) 167 (92.8)

Married/cohabitating
b

157 (86.3) 144 (80.5) 149 (81.4) 148 (82.2)
Education (years)b

14.1 ± 2.5 14.2 ± 2.3 13.9 ± 2.1 13.6 ± 2.2

Dietary intake

Energy (kcal/day) 2069.1 ± 857.2 1995.7 ± 783.3 1862.4 ± 796.8 1919.1 ± 828.6

Protein (g/day) 75.0 ± 31.1 74.0 ± 31.0 68.2 ± 27.3 70.4 ± 30.8

Carbohydrates (g/day) 298.6 ± 130.1 281.2 ± 117.9 263.1 ± 121.6 262.4 ± 116.0

Fiber (g/day) 23.3 ± 10.9 22.8 ± 11.8 20.5 ± 10.4 19.7 ± 9.2

Total lipid fat (g/day) 65.0 ± 33.2 63.4 ± 30.4 60.2 ± 29.6 64.5 ± 34.0

Calcium (mg/day) 1002.5 ± 478.4 1007.5 ± 457.1 928.2 ± 436.8 907.0 ± 440.0

Supplemental calcium (mg/day) 261.1 ± 380.7 265.7 ± 377.1 237.0 ± 373.0 252.0 ± 406.1

Total calcium (mg/day) 1263.6 ± 529.3 1273.2 ± 598.4 1165.1 ± 567.3 1159.0 ± 586.3

Alcohol (g/day) 8.0 ± 13.9 9.3 ± 16.5 7.5 ± 14.3 8.4 ± 14.2

Nondietary factors

Current smoker 23 (12.5) 24 (13.0) 24 (13.0) 22 (12.0)

BMI (kg/m
2
) 26.2 ± 3.5 27.6 ± 5.0 27.5 ± 4.6 28.1 ± 4.8

Total cholesterol (mg/dL)b
202.3 ± 38.0 207.8 ± 34.7 206.7 ± 32.7 208.4 ± 39.0

Triglycerides (mg/dL)b
136.1 ± 67.0 155.8 ± 87.2 167.1 ± 101.5 188.8 ± 124.7

HDL (mg/dL)
b

48.5 ± 13.3 52.9 ± 16.9 50.8 ± 14.8 51.1 ± 15.5
LDL (mg/dL)b

126.6 ± 31.6 123.6 ± 27.2 122.5 ± 33.0 119.6 ± 35.0

History of cancer
c

8 (4.4) 5 (2.7) 8 (4.4) 14 (7.7)
Family history of colorectal cancerd

57 (31.0) 43 (23.4) 55 (29.9) 50 (27.3)

Previous polyps
b,e

89 (51.2) 76 (42.9) 82 (46.9) 81 (47.4)

Adenoma characteristics
Size of largest adenoma (mm)b

9.3 ± 6.2 9.6 ± 5.6 8.3 ± 4.7 8.7 ± 5.5

Number of adenomas 1.6 ± 0.9 1.7 ± 1.1 1.5 ± 0.8 1.7 ± 1.1
Any distal adenomasb

122 (66.3) 129 (70.5) 122 (66.3) 104 (57.1)

Any proximal adenomas
b

103 (56.0) 96 (52.5) 101 (54.9) 115 (63.2)
Both distal and proximal adenomasb

41 (22.3) 42 (23.0) 39 (21.2) 37 (20.3)

Villous component to adenoma
b

37 (20.2) 45 (24.5) 33 (17.9) 38 (20.9)

Medication use

Aspirin 65 (35.7) 54 (29.4) 67 (36.4) 43 (23.5)

Pain medications 29 (15.9) 42 (22.8) 34 (18.5) 24 (13.1)

Bile acid sequestrants 37 (20.3) 31 (16.9) 31 (16.9) 29 (15.9)

Hormones 18 (9.9) 36 (19.6) 42 (22.8) 52 (28.4)

Thyroid medications 10 (5.5) 12 (6.5) 23 (12.5) 19 (10.4)

 medication use (2)
c
History of any cancer more than 5 years before study entry

dHistory of colorectal cancer in a parent or sibling
e
History of polyps before qualifying colonoscopy

2
nd

 (N = 184) 3
rd
 (N = 184) 4

th
 (N = 183)

Table 6. Baseline characteristicsa by quartiles of total fecal bile acid concentration

Quartiles of total fecal bile acid concentration (µg/mL)

1
st
 (N =184)

a
Means and standard deviations are presented for continuous variables; numbers and percentages for binary variables

 history of polyps (38); adenoma site (distal/proximal/both) (2); villous component (2); size of largest adenoma (1)

214.0 - 372.9 373.0 - 3192.319.2 - 122.7 123.0 - 213.5

bMissing values: race (12); marital status (11); education (15); cholesterol, triglycerides, HDL, and LDL (25);
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Model ! coefficient

Wald  

statistic 

p

Test for 

trend      

p

Predicted total 

fecal bile acidsb 

(µg/mL)

Crude 

< 15 minutes - < 0.001 274.9

15 - 45 minutes - 0.265 - 0.444 to - 0.086 0.004 210.9

45 - 105 minutes - 0.272 - 0.449 to - 0.095 0.003 209.5

> 105 minutes - 0.358 - 0.536 to - 0.179 < 0.001 192.3

Adjusted
c

< 15 minutes - 0.015 301.1

15 - 45 minutes - 0.237 - 0.414 to - 0.059 0.009 237.6

45 - 105 minutes - 0.216 - 0.393 to - 0.039 0.017 242.6

> 105 minutes - 0.248 - 0.432 to - 0.065 0.008 234.9

Age - 0.010 - 0.018 to - 0.003 0.009

Sex (male vs. female) - 0.237 - 0.371 to - 0.104 0.001

Adjusted
d

< 15 minutes - 0.082 284.2

15 - 45 minutes - 0.200 - 0.376 to - 0.024 0.026 232.6

45 - 105 minutes - 0.150 - 0.327 to   0.026 0.095 244.5

> 105 minutes - 0.190 - 0.372 to - 0.007 0.042 235.1

Age - 0.008 - 0.015 to - 0.000 0.040

Sex (male vs. female) - 0.225 - 0.361 to - 0.089 0.001

Dietary fiber - 0.175 - 0.302 to - 0.047 0.007

BMI   0.815 0.428 to 1.201 < 0.001

aTotal fecal bile acid concentration, dietary fiber, and BMI are natural log-transformed
b
Calculated for females at median age (68.3 years), dietary fiber (19.4 g), and BMI (26.6 kg/m

2
)

cAdjusted for age and sex
d
Adjusted for all confounders (change ! coefficient  > 10%): age, sex, dietary fiber, and BMI

95% CI

Table 7. Relationship of recreational physical activity to total fecal bile acid concentrationa (N = 735)

concentrations of fecal bile acids, and this relationship was strengthened as the duration

of physical activity increased (p for trend < 0.001) (Table 7). The same relationship can

be seen after adjusting for age and sex (p for trend = 0.015). A multivariate model

adjusting for all confounders (age, sex, dietary fiber, and BMI) further supports an

inverse association between physical activity and fecal bile acid concentration. At the

median values of age (68.3 years), dietary fiber (19.4 g/day), and BMI (26.6 kg/m2),

participants in the highest quartile of physical activity have a predicted 17.3 percent
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lower concentration of fecal bile acids compared with the reference group (a drop from

284.2 µg/mL to 235.1 µg/mL for females and from 226.8 µg/mL to 187.6 µg/mL for

males). When quartiles of recreational activity energy expenditure (kJ/day) were included

in these models instead of time, the results were unchanged (data not shown).

In order to assess if there are factors that modify the effect of physical activity on

fecal bile acid concentrations, two-way interactions between physical activity and sex,

age, dietary fiber, BMI, and triglyceride level were tested. No significant interactions

were detected when these variables when analyzed as continuous measures (" = 0.20)

(Table 8). However, there was a striking interaction between physical activity

Table 8. Tests for interaction by minutes

of recreational physical activitya

Variable    pb

Age 0.278

Sex 0.309

Fiber 0.467

BMI 0.877

Triglycerides 0.535

aUsing model adjusted for age, sex, dietary

 fiber, and BMI
bCalculated using likelihood ratio tests

and triglyceride level when the latter was dichotomized at the median (p = 0.079) (Table

9). For subjects with low triglycerides (< 136 mg/dL), there was a significant inverse

relationship between physical activity and fecal bile acid concentration. This association

was further strengthened as the duration of physical activity increased (p for trend =
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0.001). This finding is consistent with the non-stratified analysis, yet stronger, both in

terms of the magnitude of the effect measures and their statistical significance. In

contrast, there was no significant association between physical activity and fecal bile acid

concentration for subjects with high triglycerides (> 136 mg/dL). Thus, it is clear that

triglyceride level modifies the effect of recreational physical activity on total fecal bile

acid concentration. This interaction was explored further by categorizing triglyceride

level into tertiles, but the lack of significance was likely due to loss of statistical power,

given the small sample sizes in each cell. When quartiles of recreational activity energy

expenditure (kJ/day) were included in these stratified models instead of time, the results

were unchanged (data not shown).

After stratification by triglycerides, BMI was significantly lower in the low (26.3

kg/m2) versus the high (28.4 kg/m2) triglyceride group (t-test, p < 0.001), but dietary fiber

did not differ between the groups. BMI and dietary fiber were no longer confounders of

the relationship between physical activity and fecal bile acid concentrations for the low

triglyceride group since their adjustment did not substantially change the association.

Regardless of adjustment, participants with low triglycerides in the highest quartile of

physical activity have a predicted ~ 40 percent lower concentration of fecal bile acids

compared with the reference group (Table 10).

Diagnostic testing revealed that the fit of the final model, which includes an

interaction term between physical activity and the dichotomized triglyceride variable,

was relatively weak (R2 = 0.10). Only ten percent of the variation in total fecal bile acid

concentration was explained by the multivariate model. Furthermore, 40 observations had
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Tertiles of triglycericesb

Quartiles of 1st 2nd 3rd
Low High

physical activity < 111 mg/dL 111 - 172 mg/dL > 172 mg/dL < 136 mg/dL ! 136 mg/dL

- - - - -

(49) (52) (73) (71) (103)

- 0.244 - 0.177 - 0.127 - 0.333 * - 0.059

(55) (60) (60) (87) (88)

- 0.136 - 0.237 0.018 - 0.317 * 0.023

(67) (67) (50) (102) (82)

- 0.414 * 0.002  0.000 - 0.484 * 0.125

(68) (59) (50) (92) (85)

Test for trend p 0.017 * 0.887 0.847 0.001 * 0.318

aAdjusted for age, sex, dietary fiber, and BMI

 Total fecal bile acid concentration, fiber, and BMI are natural log-transformed
 ! coefficients for physical activity (and sample size) are presented in each cell
b 
p for interaction (likelihood ratio test) = 0.4168

c 
p for interaction (likelihood ratio test) = 0.0793

*! coefficient significantly different from zero, p < 0.05

Table 9. Stratified analysis: Relationship of recreational physical activity to total fecal bile acid concentration stratified by 

level of triglycerides
a

> 105 minutes

Median of triglyceridesc

< 15 minutes

15 - 45 minutes

45 - 105 minutes
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 Wald 

statistic

p Males Females

Crude 

< 15 minutes - 266.5 266.5

15 - 45 minutes - 0.368 - 0.619 to - 0.117 0.004 184.5 184.5

45 - 105 minutes - 0.375 - 0.617 to - 0.133 0.003 183.2 183.2

> 105 minutes - 0.556 - 0.804 to - 0.309 < 0.001 152.8 152.8

Adjusted
c

< 15 minutes - 248.3 283.0

15 - 45 minutes - 0.355 - 0.606 to - 0.103 0.006 174.1 198.5

45 - 105 minutes - 0.351 - 0.595 to - 0.107 0.005 174.8 199.2

> 105 minutes - 0.513 - 0.768 to - 0.258 < 0.001 148.6 169.4

Age - 0.002 - 0.112 to 0.008 0.691

Sex (male vs. female) - 0.131 - 0.310 to 0.048 0.151

Adjusted
d

< 15 minutes - 242.5 275.6

15 - 45 minutes - 0.333 - 0.587 to - 0.080 0.010 173.8 197.5

45 - 105 minutes - 0.317 - 0.563 to - 0.071 0.012 176.6 200.7

> 105 minutes - 0.484 - 0.740 to - 0.229 < 0.001 149.4 169.8

Age - 0.001 - 0.011 to 0.009 0.871

Sex (male vs. female) - 0.128 - 0.313 to 0.057 0.175

Dietary fiber - 0.105 - 0.287 to 0.077 0.257

BMI   0.511 - 0.048 to 1.069 0.073

aTotal fecal bile acid concentration, dietary fiber, and BMI are natural log-transformed
b
Calculated at median age (68.3 years), dietary fiber (19.4 g), and BMI (25.8 kg/m

2
)

cAdjusted for age and sex
d
Adjusted for age, sex, dietary fiber, and BMI

Table 10. Relationship of recreational physical activity to total fecal bile acid concentration among 

people with low triglycerides
a
 (N = 352)

Predicted total fecal                                                         

bile acidsb (µg/mL)Model ! coefficient 95% CI

high influence on the model across all variables (Cook’s distance > 4/N). No trends were

noticed with respect to the characteristics of these influential participants. Removing

these 40 subjects from the model did not substantially change the results.
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DISCUSSION

The aim of this study was to assess the relationship between physical activity and

fecal bile acid concentrations. The results show that time spent in recreational physical

activity is significantly inversely associated with total fecal bile acid concentrations. A

stratified analysis reveals that this association is limited to individuals with low levels of

triglycerides. In contrast, there is no relationship for those with high triglycerides. These

analyses suggest that disturbances in metabolic homeostasis related to triglycerides may

modify the relationship between physical activity and bile acids. This finding may be of

significance when considering that the protective effect of physical activity observed for

colon cancer, thought to be mediated by influences on bile acid exposure, may not be

relevant in those individuals with high triglycerides.

In order to better understand the potential biological mechanism behind these

results, a brief review of bile acid metabolism in energy homeostasis is useful. Bile acid

production and absorption are key steps within the tightly regulated cholesterol

biosynthesis pathway (enterohepatic circulation of bile acids) (Figure 2). Cholesterol is

converted into bile acids, which are necessary for intestinal absorption of dietary fat that

the body converts to free fatty acids for energy. As key components of fuel utilization,

bile acids are absorbed for recycling via enterohepatic circulation. More than 95 percent

of bile acids are absorbed, leaving only a small portion to be excreted in the feces.

Unabsorbed bile acids pass through the colon where they are thought to play a role in the
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initiation of carcinogenesis by inducing DNA damage and/or apoptosis resistance in

colonic epithelial cells.

There is an established relationship between bile acid metabolism and serum

triglyceride levels (154, 155). Interruption of bile acid enterohepatic circulation using bile

acid sequestrants or biliary drainage has been shown to increase production of very low

density lipoprotein (VLDL), the major carrier of triglycerides (156-161). Likewise, bile

acid synthesis suppression using chenodeoxycholic acid can decrease VLDL production

(159, 162). Furthermore, it has been demonstrated that bile acids lower serum triglyceride

levels by stimulating gene expression of SREBP-1c (163), which produces a sterol

regulatory element binding protein isoform that controls fatty acid synthesis (164). The

inverse relationship between bile acids and triglycerides provides a negative feedback

mechanism in the bile acid cycle. The final step in this pathway is the synthesis of LDL

from VLDL. Since bile acids are synthesized from cholesterol, lower triglyceride levels

should ultimately result in decreased bile acid production. Indeed, case control studies

have reported that patients with elevated VLDL triglycerides have increased rates of bile

acid synthesis compared with controls (165-168). Overall, bile acid metabolism is highly

regulated and involves a negative feedback mechanism controlled by bile acid regulation

of triglycerides.

In this study, low triglycerides may be acting as a marker for metabolic

homeostasis (metabolic state depicted in the model in Figure 3). Under these conditions,

physical activity is inversely associated with fecal bile acid concentrations, possibly

owing to the effect of exercise on decreasing levels of serum cholesterol and/or
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triglycerides (169). Such lipid reductions would theoretically decrease bile acid

production, which may increase the efficiency of bile acid absorption and reduce bile acid

excretion (170). Physical activity is likely contributing to the tight regulation of bile acid

metabolism by maintaining energy homeostasis through efficient fuel use. An alternative

hypothesis to explain the relationship between physical activity and reduced fecal bile

acid concentrations involves the effect of exercise on accelerated colon transit (not shown

in Figure 3) (11). In support of this alternative hypothesis, studies have shown that

physical activity decreases colonic transit time (171, 172), whereas physical inactivity

has the opposite effect (173). However, this mechanism does not explain the observed

effect modification by triglyceride level.

This study found no relationship between physical activity and fecal bile acid

concentrations for people with high levels of triglycerides, which may indicate a failure

of homeostasis in the enterohepatic circulation pathway. A link between

hypertriglyceridemia and impaired enterohepatic recycling of bile acids has been

established previously (154, 168). This relationship may result from lower levels of the

ileal apical sodium bile acid transporter in patients with high triglycerides (174) or a

disruption in leptin signaling (175). Impaired enterohepatic circulation blocks bile acid

absorption, thereby propagating elevated triglycerides while increasing bile acid transfer

to the colon for fecal excretion (Figure 4). In this population, high triglycerides may be a

marker for an underlying disease state involving disrupted metabolism. Under these

conditions, physical activity has no significant effect on fecal bile acid concentrations.

The loss of the association between physical activity and lower fecal bile acid



5
1

 



5
2

 



53

concentrations in individuals with high triglycerides may possibly be explained by a

failure of physical activity to overcome disruptions in bile acid signaling (i.e. blunted

response).

Implications for Colon Cancer

Physical activity is one of the strongest protective factors against colon cancer,

whereas bile acid exposure is considered to increase risk. Physical activity may improve

tight regulation of bile acid metabolism, which helps prevent malabsorption of bile acids

and maintain low levels of colonic bile acid exposure. However, the protective effect of

physical activity is lost among individuals with high triglycerides, which may serve as a

marker of disrupted bile acid metabolism. Therefore, these findings provide support for

the importance of homeostasis and raise questions about the potential role and impact of

physical activity once bile acid metabolism is disturbed. It is suggested that the

mechanism underlying the association between obesity and colorectal cancer may be

mediated through disruption in enterohepatic recycling of bile acids. It may be that

prevention will not come from simple lifestyle changes for individuals with metabolic

disease, common in obesity, but that more aggressive interventions (i.e.

pharmacotherapy) may be necessary in this population.

Measurements of Physical Activity and Fecal Bile Acid Concentrations

The endpoint in this analysis was total fecal bile acid concentration. However, it

has been demonstrated consistently in the literature that each bile acid has individual
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biological effects. Perhaps a separate analysis for each individual bile acid would have

been preferable to adding all bile acids together. Nonetheless, this approach was not

practical in this analysis. Several participants had undetectable levels of individual bile

acids (Table 3). The large spike at zero inhibited any useful data transformation for these

distributions. Analyzing these data would have required categorization of these bile acid

variables, resulting in lost statistical power. In contrast, not a single participant had an

undetectable level of the total bile acid concentration, and a normal distribution was

easily generated using a natural log transformation. Thus, using the total bile acid

concentration was more feasible analytically than examining individual bile acids.

Additionally, looking at the proportion of each bile acid in the total fecal bile acid pool

revealed that, on average, 54 percent of the total fecal bile acid concentration is

represented by deoxycholic acid (DCA). Each other bile acid made up less than ten

percent of the total fecal bile acid concentration. Therefore, the findings from this

analysis are probably driven primarily by DCA. Also, one animal study reported that total

bile acid levels played a larger role in DMH-induced tumors than did individual primary

or secondary bile acids (56). It is possible that using total fecal bile acid concentrations

instead of individual bile acids provides a more accurate picture of the relationship

between physical activity and colonic bile acid exposure.

The primary independent variable in this analysis was physical activity, measured

as the number of hours per day spent in recreational activity. This measure was chosen a

priori because recreational activity is believed to be a better measure of physical activity

than total activity (13, 176). First, compared with other measures of physical activity,
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recreational activity has been studied more frequently and has been shown to be the most

consistently associated with reduced colon cancer risk. Second, recreational activity is a

good measure for both men and women. Whereas occupational activities are reported

more for men and household activities are more common for women, participation in

recreational activity is relatively balanced between the two sexes (176). Thus, when

analyzing both men and women, recreational activities provide a better picture than either

occupational or household activities. Third, considering all activities simultaneously can

attenuate the effect. Levi et al. (14) showed significant associations between colorectal

cancer risk and occupational or leisure activity individually; however, the relationship

disappeared when looking at both activity types combined. Using the hours spent in

recreational activity rather than energy expenditure excludes information on the intensity

of physical exertion. This potential limitation is discussed further below.

According to the data, participants in this study engaged in a substantial amount

of recreational physical activity. The mean time spent in such activities was 75 minutes

per day, which seems high and suggests possible over reporting. However, the median in

the current study was just 46 minutes per day, which seems reasonable. In a study

analyzing the relationship between physical activity and prostaglandin E2 concentration,

Martínez et al. (139) found the mean time spent in leisure activities to average 35 minutes

per day, which is substantially lower than that found in the current study. The differences

between the two studies, which had similar populations, could be attributed to the use of

different questionnaires and the inclusion of unique activities in what was considered

leisure versus recreational activity. In the current study, some individuals reported an
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extremely high amount of activity. In fact, 42 participants reported greater than four

hours of recreational activity per day, with ten reporting greater than six hours. It is

unknown whether or not these data are accurate. It is conceivable that a person could

engage in six to eight hours of recreational activity in one day (by playing two rounds of

golf, for example), since most study subjects were elderly, retired, and of high

socioeconomic status. It is also possible, that the questionnaire was completed

incorrectly, although this questionnaire has been validated (138). Regardless, these

extreme observations did not bias the results because physical activity was analyzed in

quartiles. Furthermore, removing these observations from the analysis did not

substantially change the results.

Strengths and Limitations

Previously, only one epidemiological study had examined the relationship

between physical activity and fecal bile acids, which compared 14 male distance runners

with 14 sedentary controls (120). In contrast, the current study included 735 male and

female participants from the general population across a wide range of physical activity

levels. Data for several potential confounders were assessed, including demographics,

dietary intake, smoking, and medication use. This study had substantial statistical power,

and its findings are generalizable to a much broader population than distance runners.

One limitation of this study is the use of time spent in recreational activities,

which is a relatively crude measure of physical activity. However, analyzing energy

expended during recreational activities (kJ/day) instead of time generated the same
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results (data not shown). Furthermore, it has been demonstrated previously that analyzing

physical activity in terms of metabolic equivalents (METs) or as the amount of time spent

active gave equivalent results (139). Taken together, these findings suggest that the link

between recreational physical activity and fecal bile acid concentrations is robust.

Finally, the fit of the final model was weak. Only ten percent of the variation in

fecal bile acid concentrations can be attributed to the model (R2 = 0.10), meaning that 90

percent of the variation results from factors that were not included in the model. Several

dietary factors have been shown to affect bile acid levels, such as dietary fat, and these

were not adjusted for in the model because they were not identified as confounders. Thus,

factors besides physical activity are likely important in determining fecal bile acid

concentrations.

Conclusion

The results of this study show that increased physical activity, measured as time

spent in recreational activities, is associated with significantly lower total fecal bile acid

concentrations. This association is limited to people with low triglycerides, whereas

physical activity has no association with fecal bile acid concentrations among individuals

with high triglycerides. The difference between the effects of physical activity for those

with low versus high triglycerides is speculated to be related to metabolic stability.

Overall, these findings provide evidence that physical activity may reduce the risk of

colon cancer via decreased colonic exposure to bile acids. Since this study was cross-

sectional, further studies are needed to show whether or not the association between
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physical activity and fecal bile acid concentrations is causal. Such studies might

incorporate a prospective design in which repeated measures of fecal bile acid

concentrations are analyzed for various prescribed levels of physical activity.

Nevertheless, the findings presented here provide a critical step towards understanding

the relationships between physical activity, bile acids, and colorectal cancer.
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