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ABSTRACT 

Butyrateisproducedinthe colonofmammalsasaresultofanaerobicfermentationof 

undigested fiber and has been found to be associated with the maintenance of colonic 

epithelium bomeostasis. Studies have revealed that butyrate plays an important role in 

decreasing cellular proliferation, promoting differentiation, and inducing apoptosis in a 

number of colonic adenocarcinoma cell lines m vitro and thus provides a basis for 

investigators to hypothesize that butyrate might have antmeoplastic properties against the 

developmentofcoloncancer.The effectsofbutyrateoncolon carcinogenesis in vivo studies 

still are notclearly delineated.Effectsto demonstrate similar effects in vivo as observed in 

vitro havefailed.Thisstudyinvestigatedtheroleofbutyratemcolonicadenocarcinomacell 

lines that are defective in the APC gene(a tumor suppressor gene that is believed to be 

associated with the early stages of intestinal tumorigenesis) and the effect of dietary 

tributyrin (TB, tnacylglycerol form of butyrate) on intestinal tumorigenesis m an 

expenmentalmousemodelvvdtbagerm line mutation mtheApegene.Apc^'^*micedevelop 

mostoftheirtumorsmthesmallintestines,notmthecolon,andthusprovide anopportumty 

to determine whether butyrate is in fact the anti-tumor metabolite of dietary fiber. We 

demonstrated that butyrate has antiproliferative effects on SW480,SW620 and DLD-1 

colonic tumor cell lines. Butyrate inhibited cell growth m a dose-dependent manner with 

marked reductionsof50-96%at dosesbetween25and 1OmM doses,similarto mtracolonic 

concentrationsfound in vivo. Ourin vivostudyshowed thatthesupplementationofTBtothe 

Apc^'"^^mice atalevelof6%ofenergyfor7weeksfailed toreducestumorload inthecolon 



or small intestines. It is evident that butyrate may be an important modifier or regulator of 

tumor cell growth in vitro, but its role as an antitumorigemc agent in vivo needs further 

investigation 
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PARTI 

INTRODUCTION 



Colorectal cancer, next to cancer oflungs,represents the second leading cause of 

deathsfrom cancersin the United States(1).It isacommon malignancyofWestern society 

and this highincidenceislargelyassociated with dietaryfactors.Etiological studiesstrongly 

indicatethat dietsrichinfat,meatand animal proteinsandlowinfiber,fruits and vegetables 

are causallyrelated tothe risk ofcolon cancer(2,3) Subsequentstudiesfocusingontherole 

of diet in the prevention of colon cancer demonstrate an inverse correlation between 

ingestion ofa high fiber diet and the risk ofcolon cancer It has been reported that poorly 

fermented fibers(e.g wheat bran)are protective against colon cancer, whereasthe readily 

fermented fibers(e g oatbran)are notprotective and may possibly bepromotiveoftumor 

development(4-7).The differences observed mthe colon cancerincidenee withingestionof 

different dietaryfibers are due atleastin partto thefactthatthefibers are notasingle entity 

butagroupofcomponents with distinctphysicochemicalpropertiesandthusshowsdifferent 

effects within the colon Experiments focusing on the role of dietary fiber in colonic 

homeostasis indicate the importance offiber-derived fermentation products produced by 

anaerobic microflora within the lumen ofthe large intestine(8). 

Short chain fatty acids(SCFA)are found to a limited extent m the diet but are 

primarily produced through the fermentation of the non-digestible carbohydrates by the 

bacterialfloraofthe colon(9) Acetate,propionate and butyrate arethe major metabolitesof 

anaerobicfermentation ofpolysaccharides in the large intestine Ofthe SCFA produced by 

bacterial fermentation of dietary fiber, butyrate is of particular importance for several 

reasons Butyrate provides the preferred oxidative fuel for normal colonocytes and has a 

proliferative effecton normalcolonic epithelium.In contrast,butyrate has anti-proliferative 
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and differentiation-inducing effectsonawide varietyofneoplastic celllinesin culture when 

treated with millimolar concentrations ofbutyrate,similarto the physiologicalintracolonic 

luminal concentrations(10-14). Despite the apparent discrepancy between in vivo and in 

vitro studies, the anti-growth activity of butyrate on tissue-culture cells has led to the 

hypothesisthatbutyrate protectsagainstcoloncancerbypromotmgdifferentiation,cell-cycle 

arrest and apoptosis oftransformed colonocytes. These antmeoplastic roles ofbutyrate in 

vitro also explain, in part, the apparent protective role of dietary fiber against colon 

carcinogenesis. 

Mutationsm the adenomatous polyposis coli(APC)gene are thoughtto be an early 

eventmtheinitiationofmosthumancolorectalcancers(15).APCbehavesasaclassictumor 
r 

suppressor where loss offunction results in early benign tumors.For this reasonAPChas 

been proposed to actasagatekeeperforcolonicepithelial cell proliferation(15).Theproduct 

oftheAPCtumorsuppressorgenehasbeenobserved to interact with P-catenin and hasthus 

been proposed to regulate cellular signaling events(16).P-catenm,originally identified on 

the basisofits association with cadherin adhesion molecules,isnow widelyrecognized asan 

essential elementofthe wingless-wntsignaling cascade.Inthe absenceofwntsignals,APC 

simultaneouslyinteracts withthe glycogensynthasekinase3P(GSK-3P)and vdthP-catenin. 

PhosphorylationofAPC byGSK-3Pregulatestheinteractionof^PCwith p-catenin,which 

m turn may regulate the signaling funetion ofP-catenin. One ofthe biochemical activities 

associated withfheAPCprotein isdownregulationoftranscriptional activation mediated by 

P-catenin andTcelltranscriptionfactor-4(Tcf-4)(17).Theprotein productsofmutant^PC 

genes present in colorectal tumors were found to be defective m this activity. In APC-



defective cell lines,butyrate has been found to be associated in the induction ofapoptosis 

and it has been reported that butyrate-induced apoptosis increases the formation ofthe p-

catenin-Tcfcomplex independent ofexpression of wild-type APC and suggests multiple 

pathwaysfor p-catenin-Tcfsignaling(18). 

The treatment ofmammalian cells in vitro with low millimolar concentrations of 

butyrate causes pleiotropic effects on cellular physiology, including changes in the cell 

membrane,the cytoskeleton,the cell cycle and gene transcription(19).Atleast partofthe 

effects induced by butyrate can be attributed to the direct inhibition ofthe enzyme histone 

deacetylase(HDAC)(20). The observation is supported by studies using other HDAC 

inhibitors that mimicthe cytological effects ofbutyrate(20). 

However,other mechanisms may be involved to explain butyrate's effect in vitro. 

Butyrate induces cyclin D and cyclin-cdk-inhibitor p21 expression and known to cause 

growth arrest in Giphase ofthe cell cycle(21). Recently a protein-phosphatase,has been 

suggested byresearchersthatcould beinvolvedinmediatingsodium butyrate's(NaB)effect 

on deacetylases and constitute an early and essential step in the NaB-triggered signaling 

pathway(22). 

Therole ofbutyrate in vivo could notbe discussed withoutdiscussing dietaryfiber. 

Although the reports of in vitro studies have implicated that butyrate might have 

antitumorigenic properties, the role of butyrate in vivo has not been clearly delineated. 

Subsequentstudies with dietaryfiber,especially wheatbran,haveshown anti-carcinogemc 



properties against colon cancer. It is found from most ofthe studies using carcinogens on 

rodent models that the distal colon is the primary site oftumor development(23).So it is 

reasonable to think that if hutyrate were protective, then the diets that will produce the 

greatest concentration ofhutyrate in distal colon would be more desirable arid will show 

more antitumorigenic properties againstcolon cancer.Butit has beenreported from studies 

thatdiets containing oatbran producedlargerconcentrationsofSCFA,includmg butyrate,in 

both proximaland distal colon,had significantly greaternumberoftumorsthan their wheat 

bran coimterparts m a chemically-induced rattumor model(23). 

Thereisno directevidencethatdemonstratesthe anti-cancerpropertiesofbutyratem 

any animal model. Evidence shows that oral doses ofNaB enhance the development of 

colonic tumors m rat model ofintestinal neoplasia induced with 1,2- dimethyl hydrazine 

(24). Another study reported no clinical efficacy of orally administered gastro-resistant 

pelletsofNaBoncoloncarcinogenesisintheazoxymethane-inducedcolontumorratmodel. 

(25).It is possible thatthe butyrate might get absorbed in the small intestines before it gets 

into the colon and thus butyrate fails to showthe antitumorigenic properties in vivo studies, 

thatis whythe colontumor modelmayheaninappropriate modelto evaluatethe efficacyof 

butyrate m vivo. 

Overthe last several years,the Apc^'"^^ mouse model has been used to evaluate the 

nutrition intervention on intestinal tumorigenesis because ofits germlme mutation in the 

murine Ape gene (26). The Apc^'"^* mice model is* highly susceptible to spontaneous 

intestinal tumor formation and is currently being used to study human intestinal 
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tumorigenesis because it genotypically and phenotypically mimics the inherited human 

disease familial adenomatous polyposis(FAP)(26).Individual with FAP carry a germline 

mutation in APC and mutational alterations or the loss of wild type allele initiates 

intestinal tumor formation(27). It is reported that somatic mutations that result in loss of 

full length APC protein occurs early in the spontaneousforms ofthe disease and indicate 

zxiAPCdefect is associated with a majority ofcolon cancers(28). 

This study was conducted to shed further light on the role of butyrate on colon 

cancer. Although the other forms ofbutyrate,such as tributyrin(TB),have beenfound to 

be more potent than butyrate with respect to inhibition of cell growth and induction of 

enzyme activity in vitro (29), the effect of TB in vivo on colon carcinogenesis needs 

further investigation. In this study, due to a solubility problems of TB in the media 

(solvent commercially unavailable), NaB has been used to investigate the 

antiproliferative role of butyrate on a variety of colon adenocarcinoma cell lines in 

culture that were defective in the APC gene. This study also evaluated the effect of 

dietaryTB on the tumorincidence in Apc^'"^'*'mice. 



PARTII 

REVIEW OFTHELITERATURE 



Colorectal cancer 

The study of colorectal cancer is a fast developing one in the field of cancer 

epidemiology and preventive oncology. Colorectal cancer has become a major worldwide 

health problem today. Colorectal cancer,next to cancer ofthe lungs,represents the second 

leading cause of deaths from cancers in the United States. Within the United States, all 

socioeconomic groups have equivalent risk(1). 

Colon cancer isjudged to be an environmental "man-made" disease based on the 

incidence patterns aroimd the world. Colorectal cancer is verycommon in North America, 

WesternEurope,Australia,andNewZealand,whereastheage-standardized mcidencerateof 

colorectal carcinoma is very low in developing countries such as,India and Africa(1,30) 

Observationon migrantstothe United Statesfrom Japan,companngcause-specific mortality 

rates m 1949to 1952-with 1959to 1962,showthatthe mortality ratesofcoloncanceramong 

Japanese males have risen in one decade almost equal to the higher risks prevailing for 

United States Caucasians(31).A similartrend wasseenamongPolish and SouthEastAsian 

immigrants to Australia(32). On the basis ofvariations in the incidence and mortality of 

colon cancer and increase of risk in populations migrating from low to high risk areas 

suggestthatenvironmentalfactors,specifically dietaryfactors playanimportantrole in the 

etiology ofcolon cancer. 

Theoriginofcancerdevelopmenthasbeen extensivelystudied duringthepasttwenty 

years. Both genetic and environmental factors are being considered as risk factors 

responsible for human colon cancer(33).New ideas aboutthe possible roles ofdietary fat, 
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meat,vegetables,and fiber,and aboutthe metabolic activity ofthe intestinal bactenal flora 

and the presence of mutagens m the feces, have opened up lines of research that may 

reasonably provide the basis for a program ofprevention within the next decade. 

Molecular genetics ofcolon cancer 

Recentlyresearchers have beenable to identifythe moleculareventsthatunderliethe 

initiation and progression ofhumantumors(34,35).The developmentofhuman colorectal 

cancer involves progression through a series of distinct morphological stages and the 

progressive evolution ofcolon cancer usuallydevelopsslowlyover decades.Withregard to 

genetic risk factors, several studies have revealed numbers of activated oncogenes, 

inactivatedtumorsuppressor genesand mismatch repair genesthatappearto beinvolved in 

initiation, promotion, proliferation, and transformation (Table 1)(15,36-39). Abundant 

clinical and histopathological data suggestthatmostmalignantcolorectaltumorsarisefrom 

preexisting bemgn tumors (40). Furthermore, both hereditary and environmental factors 

contribute to the development of colorectal neoplasia, allowing for the study of both 

inherited and somatic genetic alterations. A model for colorectal tumor development has 

been proposed that implicates interplay of the accumulated mutations m several tumor 

suppressor genes and oncogenes m tumorformation and progression(Fig 1)(15,38). 

Genetic Alterations during colorectal-tunior development 

Activation ofoncosenes 

Ras gene mutation has been identified as an importanttype ofsomatic alteration m 

colorectaltumors Rasgenesencode21,000-Daltonmembrane-boundproteins withintrinsic 
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Table 1. Genetic risk factors related to colorectal tumorigenesis 

Gene 

Oncogene: 
K-ras 

(Kirsten ratsarcoma) 

Suppressor genes: 
APC 

(adenomatous polyposis coli-
responsible gene) 

DCC 

(deleted in colorectal carcinoma) 

MCC 

(mutated in colorectal carcinoma) 

p53 
(protein 53kDa 
Li-Fraumeni-responsible gene) 

DNA mismatch repair genes: 
(Allinvolved in HNPCC-responsible 
genes) 

\iMSH-2 

hMLH-2 

hPMS-1 

\PPMS-2 

Source Modifiedfrom ref36 

Locus 

12pl2.1 

5q21 -

18q21.3 

5q21 

17pl2 

2pl6 
3p21 
2q31-33 
7q22 

Length(AA) 

189 

2843 

1447 

829 

393 

1037 

756 

932 

862 

AA:Amino acid,p:short arm ofchromosome;q:long arm ofchromosome 
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GTPase activityand presumptive signaltransduction capacity.Single base-pairmutationsat 

specific positions Avithin these pairs endow them with the capacity to transform certain 

cultured cell lines in vitro When transfected into appropriate recipient cells, mutated ras 

gene conferneoplasticproperties(34).Approximately50%ofhumancolorectalcarcinomas 

(41,42)and a similar percentage ofadenomas greater than 1 cm m size have beenfound to 

have ras gene mutations(15) 

Lossoftumorsuppressor eenes 

Ithasbeen observedthatalossofspecificchromosomalregionsoccursfrequentlyin 

colorectal neoplasia Usually specific regions of one of the two parental chromosomes 

present in normal cells are lost in neoplasia.These allelic losses putforward the evidence 

thattheregions affected containtumorsuppressorgenesandtheirproductsnormallyregulate 

growth and differentiation and thus indirectly suppress neoplastic development. 

Tumor suppressor genes that generally have inhibitory functions to restrain cell 

growth,proliferation and malignanttransformation,were firstobservedinthe 1980sand had 

drawnthe attentionofcancerresearch becausetheyarecommonlymutated in humancancer 

and the spectrum ofmutationsinthese cancers provides cluestothe etiologyand molecular 

pathogenesis ofneoplasia(15,38). 

An inherited predisposition to colorectal tumor formation occurs m an autosomal 

dominantsyndrome,familial adenomatouspolyposis(FAP),m whichhundredstothousands 

of colorectal adenomas develop in affected individuals. Recently, the identifiable locus 
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associated with this disease has been mapped to chromosome 5q (43,44). Moreover, 

approximately20percentofcolorectalcancersfrom patients withoutFAPhavebeenshown 

to have allelic losses ofchromosome5sequences and it has been hypothesized thatthefap 

locus mayencode atumor suppressor gene analogousto that postulated for other inherited 

tumors(45). 

The loss ofa large portion ofchromosome 17p, has been seen in more than 75 

percent ofcolorectal carcinomas(15,46), but such a loss has been found to be relatively 

infrequentinadenomasofanystage.Moreover,inseveralpatientsthe 17p alleliclosseswere 

found to be associated with the progression of individual tumors from adenoma to 

carcinoma.Thecommonregion ofloss onchromosome 17p in colorectaltumors has been 

identified and containsthep53gene(47).Thesecond mostcommonregionofalleliclossin 

colorectaltumorsischromosome 18q,which is lostin morethan70percentofcarcinomas 

(15,46) and in almost 50 percent of late adenomas (15). The loss of heterozygosity in 

chromosome 5q, 17p, and 18q suggest the presence of candidate suppressor genes in 

particularregionsofthesechromosomes.Studies directed attheidentificationofthese genes 

led to the finding ofthep53 gene on chromosome 17p(47,48),theDCCgene(deleted in 

colorectal cancer)on chromosome 18q(49,50)and the MCCgene(mutated in colorectal 

cancer)sndAPCgene(involved in adenomatous polyposis coli),both on chromosome5q 

(51-53). 

Tumorsuppressor eenesandrecessive models 

Tumorsuppressor genes have been hypothesized to act"recessively" atthe cellular 
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level,so that both the maternal and paternal copiesofthe gene mustbe inactivated in order 

forthe growth suppressivefunctionto be eliminated(54).Thepredispositionsyndromesare 

generallythoughtto resultfrom the germlineinactivation ofonecopyofatumorsuppressor 

gene(a unique gene m each syndrome). 

Insporadictumors,therecessive modelpredictsthattwo geneticeventsarenecessary 

to engender a phenotypic effect. The first event mutationally inactivates one tumor 

suppressor allele, and the second one inactivates the other (through localized mutation, 

mitotic recombination,or chromosomal loss). 

Multiple allelic losses during tumorisenesis 

There are many other chromosomelosses besides chromosome 5q,17p,and 18q in 

colorectal carcinomas.There are evidences thatregions from chromosomes Iq,4p,6p, 6q, 

8p,9q and 22q were lost in 25-50% ofthe cases (49). The allelic loss may reflect two 

processes First,some chromosomal regions, particularly those on chromosomes 17p and 

18q, are lost in the majority of colorectal carcinomas, presumably because they contain 

suppressor genesthatarethe"targets"ofthe losses.Second,manyotherregions arelostina 

more heterogeneous fashion, with each loss often found in only a minority ofthe tumors. 

Therearetwo hypothesesto explainthese additional alleliclossesinindividualtumors(49). 

The first hypothesis states that some of the losses might have no specific effect on the 

phenotypeofthe cell,butmayhave arisen coincidentallywith other genetic alterationsupon 

which selection could act, perhaps in complex mitotic events that segregated numerous 

chromosomes aberrantly Other hypothesis states thatthere maybe manytumor suppressor 
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genes present throughout the genome,and each ofthe chromosomal regions lost could 

contain such a gene. The heterogeneity in allelic loss pattern ofindividual tumors might 

therefore be responsible for the observed heterogeneity in the biologic properties of 

colorectaltumorsofdifferent patients(54). 

AdenomatousPolyposis Coll(APC) 

The APC protein is apparently located at the basolateral membrane in colorectal 

epithelial cells, with expression more pronounced as cells migrate up through the crypt 

column(55).Expressionofwild-type./(PCin colorectalepithelialcellswithAPCmutations 

resultsin apoptosis,suggestingthat^PCmaycontrolthe cell death process(56).Mutations 

oftheAPCgenearethe mostcommondisease-causing geneticeventsinhumans;about50% 

ofthepopulation will developcolorectalpolypsinitiated bysuch mutationsduringanormal 

lifespan (57). Individiials who mherit APC mutations develop himdreds to thousands of 

colorectaltumors,consistent withthetumorsuppressor orgatekeepingrole ofAPCprotein 

in colorectaltumorigenesis(57) Itisoneofthe earlyandfrequently mutated genesinCRC. 

Studies directed at the identification ofthis gene led to the finding ofthis APC gene on 

chromosome5q(51). 

APCisalarge geneconsistingof15exonsencodingaproteincontaining2843amino 

acidresidues(Fig.2).Exons 1-14aresmall,whileexon 15islargeandtwo-thirdsofdisease 

causing mutations are found in the 5'(proximal)segmentofthis exon(58,59).TheAPC 

geneproduct contains heptad repeatsatitsN-terminusthatmediatehomo-oligomerization, 

and seven armadillo repeats ofunknown fimction.The C-terminal part contains a basic 
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domain that binds microtubules,aregion interacting with EBl,and adomainthat bindsthe 

human homolog of the Drosophila discs-large protein (DLG). The central part ofAPC 

contains three 15 ammo acid, and seven 20 amino acid repeats that both bind p- catenin. 

Interspersed withinthe20amino acid repeatregion of arethreeso calledSAMPrepeats 

that have been shown to mediate the interaction with conductm, and by inference, axin 

(59,60). 

Thedevelopmentofintestinalcancerinvolvesprogressionthroughaseriesofdistinct 

morphologicalstages.Analysisofspecific genetic alterations ateachofthese morphological 

stages m humans has led to the development of a model implicating accumulation of 

mutations m several tumor suppressor genes and oncogenes m tumor formation and 

progression.In TAP patients,somatic mutation ofthe wild type allele ofAPCis the most 

frequently detected somatic event associated with tumor formation In addtion somatic 

mutation ofAPChas been shown to occur frequently in cases ofsporadic colon cancer,as 

well as m hereditary non-polyposis colon cancer(HNPCC),a familial cancer syndrome 

resultingfrom inherited defectsinDNA mismatch repair(61) Theseresults pointto aloss 

ofnormalAPCfunction asavery early,ifnotinitiating,eventin intestinaltumorformation. 

For this reasonAPChas been proposed to act as a gatekeeperfor colomc epithelial cell 

proliferation(15) 

A causalrelationship betweenthelossof^PCand developmentofcolorectaltumor 

hasbeenconfirmed in mice. Mice heterozygousforsn^Apcgene mutation developtumorsin 

the intestinal tractfollowing lossofheterozygosity(62).While itremains unclear precisely 

17 



howdisruptionofAPCfunctioncanpromotetumorformation,variouspossible mechanisms 

have been proposed. One of these hypotheses suggests that, APC is a recessive tumor 

suppressor geneand inactivation ofboth alleles is necessaryforthe cancerto develop.This 

is also knownasthe'two-hit"hypothesis(63,64).In another hypothesis,chain-terminating 

mutations\s\APCresultintruncated polypeptides,whichcaninhibitthenormalfunctionof 

the APC gene product(61). Other intriguing possibilities have been raised by the recent 

discovery tha/APC may be an important molecule in regulating cell adhesion(65). This 

hypothesis is based primarily on evidence thatAPCcan bind to and regulate p-catenin,a 

member ofafamily ofintracellular catenins that regulate cell-adhesion between epithelial 

cells, in part through interactions with E-cadherin, a family of calcium-dependent 

homophiliccell adhesion molecules(17,66,67).The p-catenin associationlinks.4PCtotwo 

apparentlydesperate cellularprocesses(17).Thefirstprocessis related to cellularadhesion. 

Several studies have indicated that P-catenin is necessary for cadherin-mediated cell 

adhesion (65-67). Given that binding of P-catenin to cadherins or to APC is mutually 

exclusive,it is possible that APC could modulate such adhesion as partofits gatekeeping 

function. APC could additionally act as a downstream commumcator or adhesion status, 

linking cadherin-catenin complexesto other cellular components. 

The second process involving P-catenin has been elucidated via studies of the 

winglessand wntsignalingpathwaysinDrosophilaand mouserespectively(17,65).P-catenin 

and armadillo(the drosophila homolog ofP-catenin)have been firmly implicated as signal 

transducersinthesepathways(65-68).Wntsmainlyactontargetcellsinaparacrinefashion 

through membersofthefrizzledreceptorfamilyofseventransmembranespanning proteins 
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(17) Wntsignaling viatheN-terminalcysteme-rich extracellulardomainoffiizzledleadsto 

activation ofthe receptors by an unknown mechanism.Activated frizzled receptors induce 

the stabilization ofthe cytoplasmic component p-catenin by blocking the function of a 

multiprotein p-catenin destruction complex(68).This complex consists ofthe scaffolding 

componentaxm,orthe related conductin.These bind tothetumorsuppressor protein APC, 

the senne/threonine kinase GSK3P(glycogensynthase kinase3P,zeste-white 3/shaggyin 

drosophilla)and P-cateninthrough separate domains.Intheabsenceofawntsignal,GSK3P 

mediates the phosphorylation ofP-catenin which is then recognized by the F-box protein 

slimb/pTrCP,followed by ubiquitmation,and subsequentdegradation in proteosomes(17) 

(Fig.3) In the presence ofthe wnt protein,the cytoplasmic phosphoprotein dishevelled is 

activated and interferes withthe P-catenin destructioncomplex.GSK3P activityisinhibited, 

and the phosphorylation ofthe P-catenin is blocked. Hypophosphorylated P-catemn is no 

longer degraded and accumulates m the cytoplasm and the nucleus where it associates with 

the transcription factors of the Lef/Tcf family. The Tcfp-catenin complexes act as 

transcriptional activators ofwnt target genes and transmit the wnt signal into the nucleus 

(17,66-68). 

Familial adenomatous polyposis(FAP) 

FAPisadominantlyinherited autosomal disorder characterized byanearly onsetof 

multipleadenomatouspolypsofthe colonand ahighlikelihood ofcoloncarcinoma.Patients 

withFAPtypically develop hundredsto thousandsofcolorectaltumorsdunngtheirsecond 

and third decadesoflife.Alterationsinthehuman genehavebeendemonstratedtoplay 

a importantrole in FAP as well as sporadic cancers. Germline mutations inihe'APCgenes 
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are known to be presentin individuals with FAP.SomaticAPCmutations can be found in 

over 70% ofhuman sporadic colorectal tumors. This mutations occurs as an early event 

duringthe colorectaltumorigenesisasfrequencyofthis mutationremainsconstantwhenas 

tumors progress from benign to malignant stages(59). Within last decade,the molecular 

pathogenesis ofFAP has been elucidated where the genetic linkage ofFAP and APChas 

beenlocatedto asmallregionofthelongarm ofchromosome5(51,52).Over200germline 

mutationsofthis verylargeAPCgene have been described and mostare predicted to result 

in atruncated protein thatis dysfunctional in its role as atumor suppressor. 

Another general principal illustrated by FAP concerns the complex relationship 

between genotype and phenotype.FAP patients do not develop uniform clinical features 

despitethefactthat all have mutationsofthesamegeneand virtually all mutations resultin 

C-terminaltruncated proteins(59).Insome cases,the difference in phenotype is dueto the 

typeofmutation.Forexample,retinallesions(congenitalhypertrophyoftheretinalpigment 

epithelium,called CHRPE)are associated with truncating mutations between codons463 

and 1387 ofAPC gene(69). Truncating mutations N-terminal to codon 157 are associated 

with an attenuated form ofFAP in which patients develop a relatively small number of 

polyps(70,71).Somestudies havesuggestedthatmutationsbetweencodons1250and 1464 

are associated with an increased number of colorectal tumors (61), on the other hand, 

patients with identical mutations can develop dissimilar clinical features of Gardner's 

syndrome while others do not develop the syndrome at all(53). It is not known whether 

these phenotypic differences resultfrom environmental influences or modifying genes. 
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Acompelling example ofthe relationship between phenotype and APCgenotype is 

observed in Apc^'"^'^ mice. These mice develop multiple intestinal adenomas and have a 

truncating mutation ofthe murmeApegene ata position similarto thatfound in manyFAP 

patients(72). 

The C57BL/6J-M/A7+Mice: 

The C57BL/6J-Mn strain is a congenic derivative of C57BL/6J that is highly 

susceptibleto spontaneousintestinaladenomaformation.Mm(multipleintestinalneoplasia) 

isan autosomaldominanttraitandinvolvesanonsense mutationincodon850ofthe murine 

Ape gene.TheApe gene isthe homolog ofhuman (adenomatous polyposis coli)gene 

(72). The C57BL/6J-Mm/+ mouse presents an opportunity to study pathogenesis of a 

neoplasia in which the initial molecular defect is similar m humans and in mice. 

The Min mutation was discovered in the progeny ofa C57BL/6J male mouse who 

was mutagenized by ethylnitrosurea(ENU)in 1990(75) Sequence analysis ofthe entire 

8535hpApecDNAidentified thatthis model,hasafullypenetrantdominantphenotypewith 

a germline nonsensemutation(leu(TTG)stop(TAG))resulting mastopcodonatnucleotide 

2549(codon 850)in the murine homologue oftheAFCgene(Ape)(72).This mutation is 

analogous to those found in human FAP,m sporadic colorectal cancers and in hereditary 

nonpolyposis colon cancer (71,73,74) The number of intestinal tumors and lifespan in 

Ape^'"^'^ mice are strongly affected by genetic background For example, 

(AKR/JxC57BL/6J-M[n/+)F1 mice developanaverageof5tumorspermouseandcanlive 

beyond 300 days. This change represents a sigmficant decrease in tumor numberfrom the 
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average of approximately 30 tumors seen m Apc'^'"^^ mice derived from C57BL/6J 

backgroimd(26,75) Similarresults werefound inF1 progeny withtwoothermousestrains, 

MAand CAST(75).ThesefindingssuggestthattheAKR,MAandCASTstrains maycarry 

genetic modifiers that act dominantly or semi-dominantly to reduce tumor number in 

Apc^'"^^ mice In 1993, linkage analysis demonstrated that a single locus, designated as 

Mom-1(for modifier ofMin-1)accountsfor much ofthis difference between strains(76). 

Mom-1islocated in aregion similarto asegmentofhumanchromosome 1 thatwasmapped 

to a 15cMregion on mouse distalchromosome4.Thus,Mom-1seemsto playaninhibitory 

roleintheformationofpolypsintheApc^'"^"^mouse.Recently,MacPheeetal.(77)reported 

thatasecretoryphospholipaseAjwasan attractive candidategenefortheMom-1locus This 

genepla2 is mapped to the same region(distal chromosome 4)that contains Mom-1, and 

Apc^'"^^ mouse strains with higherpla2s expression develop fewer polyps. 

TheApc^'"^'*'mousemodelis currentlybeing usedincancerresearch becauseofclose 

similarities at the genotypic md phenotypic levels with human FAR. This was the first 

spontaneous murine intestinaltumor modeland providesan excellentexperimentaltoolfor 

addressing manyfundamental questions associated with intestinal neoplasia. 

Dietary factors in human colorectal cancer 

Colorectal cancer is a significant cause ofmortality in Western societies. Marked 

differences have been observed internationallyincoloncancerincidence,mortalityrates,and 

increaseofriskin populationsmigratingfromlowto high-risk areas.Evidencessuggestthat 

environmentalfactors,specifically nutritionalfactors,playanimportantroleinthe etiology 
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of colon cancer (2). The development of colon cancer initially involves one or more 

genetically altered cells and requires many years to evolve, with a multi step process that 

affords nutrients an opportunity to modify the evolution of the disease. Compelling 

experimentaland epidemiological evidenceindicatesthatdietand nutntion arekeyfactorsin 

the modulationofcolon cancer Manydifferent dietaryfactors contact epithelial cellsinthe 

colonic cryptsbothfromthelumenalcontentsofthe colonandfromthebasolateralepithelial 

cell membranes, thereby influencing developmental programs in both normal and 

transformed colonic epithelial cells Etiologicalstudiesstronglyindicatethatdietsrichmfat, 

meat and animal proteins and low in fiber,fruits and vegetables are causally related to the 

risk ofcolon cancer(2,3) Subsequentstudiesfocussing onthe role ofdietmthe prevention 

ofcoloncancer demonstrated that,in populationsconsuming dietslowintotalfat,dietshigh 

in total fiber, fibrous foods, and certain whole-grain foods reduces risk ofcolon cancer 

(2,3,78,79) Numerousstudies haveshownaninverse correlationbetweeningestionofahigh 

fiber diet and the risk ofcolon cancer,thus leading many investigators to hypothesize an 

antineoplastic role for fiber nch diet? 

Dietary frber and colon cancer 

Burkittfirstproposed that a diethighinfiber mayprotectagainstcolon cancer(80) 

HeobservedthatAfrican Blacksconsuming high-fibrousandlow-fatfoodshad lowerdeath 

rates due to colon cancer compared to their white counterparts consuming low-fiber and 

high-fat diets. Epidemiologic and animal studies suggestthat dietary fiber,especially fiber 

from cereal sources protects against colon cancer. Subsequent studies on dietary fibers 

showed thatpoorlyfermented fibers,such as wheatbran,cellulose andlignm,are protective 
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againstcolon cancer,whereasthe readilyfermented fibers,such asoatbran,pectin and guar 

gum,are notprotective and maypossiblybepromotiveoftumordevelopment(4-7).Colonic 

luminalbutyrate concentrations are postulatedto beakeyprotectivecomponentofhigh-fiber 

diets against colon cancer(23). 

The differences observed in the colon cancer incidence with ingestion ofdifferent 

dietaryfiber are due,atleastin part,to the factthat dietaryfibers are notasingle entity,but 

are acomplex group ofsubstances with distinct physicochemical properties and thus exert 

differenteffects withinthe colon(23).Oneofthe majordifferencesbetween dietaryfibersis 

their fermentability, or susceptibility to degradation by the colonic microflora. The 

fermentationofdietaryfiber,and othersubstratespresentinthecoloniclumen,resultsin the 

production ofshort chain fatty acids(SCFA),water, CO2,methane,and H2 gases(9). In 

particular,the microbial production ofa short chain fatty acid,butyric acid,appears to be 

importantfor proper epithelial cell regulation(9). 

Postulated protective mechanisms offiber against colon cancer development 

A number of mechanisms have been postulated to interpret the protective role of 

dietaryfiber againstthe developmentofcolon cancer.Ithasnowbeenwellsubstantiated that 

fiberincreasesfecalvolume with resultantdilutionofitscontents(82).Thusfiber dilutesthe 

primary bile acids,such as,cholic acid and chenodeoxycholic acid and secondary bile acids 

(deoxycholic acid and lithocholic acid) that are known to be degraded to potential 

carcinogens by the action ofintestinal bacteria(81,82). This dilution process reduces the 

activity ofthe bacteriato act on the substrate in the gut.Increased stool volume also dilutes 
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any carcinogens and co-carcinogens formed in the gut and consequently reduce their 

carcinogenic activities. Furthermore, the reduced intestinal transit time associated with 

fiber-rich diets shortens the penod of contact between fecal carcinogens and intestinal 

mucosa and thus confers further protection against colon cancer. 

Fermentation offiber to short chain fatty acid 

Short chain fatty acids(SCFA)are found to a limited extent m the diet but are 

primarily produced through the fermentation ofthe non-digestible carbohydrates by the 

bacterial flora of the colon (9). Human colonic bacteria generate a wide range of low 

molecular weightproductsmfermentationreactionsinthelargebowel.Quantitatively,short 

chain fatty acids are the major end products ofboth carbohydrate and protein breakdown. 

These compounds,namely acetate, propionate and butyrate, are the major metabolites of 

anaerobic fermentation ofpolysaccharides m the large intestine,but other short chain fatty 

acids are also produced, including valerate, caproate and branched chain fatty acids 

isobutyrate, isovalerate and 2-methyl butyrate (82). Lactate and succinate, together with 

other acidic, neutral and basic substances, are also formed m lesser amounts. Lactate is 

poorlyabsorbed bythelargeintestine so,apartfrom substrate availability,concentrationsin 

the gut are probably keptlow by bacteriathatferment it to SCFA and other products(82). 

SCFA arerapidlyabsorbed fromtheintestinallumen Itisassumedthatabsorptionof 

SCFA in the gastrointestinal tract is passive and that absorption takes place mainly via 

non-ionic diffusioninthelipid-solubleform(82).However, absorption studiesshowedthat 

the process is concentration-dependent and that its transport is associated with the 
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appearance ofbicarbonate ionsin the coloniclumen,stimulation ofsodium absorption and 

independently ofbulk water flux. 

Butyrate and the colorectal cancer cell 

OftheSCFA produced,thefour-earbon monocarboxylieacid butyrate is ofpartieular 

importance for several reasons. Butyrate has been known to have the capacity to decrease 

proliferation ofanumberofcolorectal cancer eells m vitro(10-13).Butyrate is produced in 

the colon as a result offermentation ofdietary carbohydrates by anaerobic bacteria. Any 

butyrate produeed is either metabolized by colonocytes or rapidly cleared bythe liver,with 

verylittle reaching othertissues.Thus butyrate isofinterestasadiet-regulated,biologically 

produced chemical with the potentialto suppress the proeess oftumorigenesis m the colon 

(14). 

Butyrate that is absorbed is efficiently metabolized m the colonic mucosa. It is 

oxidized completelyto CO2mthe colon, andthus butyrate isthe preferred energysourcefor 

the colonocytes(83,84). 

Butyrate shows growth promoting effects on normal colonic epithelial cells in vivo 

and in vitro.In contrast,in a wide varietyofmalignantcells in vitro,butyrate arrests growth 

and induces differentiation ofeultured cells at milhmolar concentrations(10-13).Butyrate 

has been shown in cell culture systems to increase markers of differentiation and induce 

apoptosis (12,13). These effects suggest that butyrate may be protective of tumor 

developmentbecause itappearsto have contrasting effects on proliferation,differentiation, 
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and apoptosisin normal versus neoplastic tissue. 

Phenotypic effects ofbutyrate 

Effects ofbutyrate on cell proliferation 

Butyrate slows cell proliferation and blocksDNA synthesis m vitro in a variety of 

colorectal cancer cell lines including SW480, SW620, HT-29,CaCo-2(11,13,85). It has 

been found that at equivalent concentrations butyrate had a much greater influence on the 

doublingtimeofSW620cellsthanithad onSW480cell(11).The doublingtimeofSW620 

cells was increased from 29 hours to 192 hours by butyrate, whereas m SW480 cells the 

doublingtime wasonly moderatelylengthened.Usingthehumancolonadenocarcmomacell 

line HT-29,butyrate significantly decreased cellnumberswhencomparedto vehicle control 

(19).Slowing ofproliferation is notpermanent,however,and on withdrawalofbutyratethe 

groAvth rate rapidly increases. 

A carefulstudyofthe effectofsodium butyrate onDNAsynthesis wasperformedon 

chickfibroblastand on Helacells(86).Analmostcomplete arrestofthymidme mcorporation 

was observed m the presence of2mM butyrate forfibroblasts and5mMfor Hela cells after 

24-hourexposure,and this effecthasbeenfoundto bereversible.After48hoursofexposure 

to5mM butyrate,normaldoublingtime wasobserved vwthin48hrsfolloAvingtheremovalof 

butyrate.Similarly,thymidine mcorporation byHT-29cells wasdecreasedto40%ofcontrol 

levels bytreatment with5mM butyrate for24hours and cell numbers werereduced to21% 

of control levels after 48 hours of treatment (12). This growth inhibitory effect was 

reversible 
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Effects on differentiation markers 

Brush-border membrane enzymes such as alkaline phosphatase are markers of 

differentiation, and their expression decreases with neoplastic transformation m the colon 

(87). Studies with LIM-1215 cultured colon cancer cells incubated with butyrate at 1 mM 

concentrations demonstrate increased activity of alkaline phosphatase by 600% and 

increased diaminopeptidylpeptidase by 35% in the LIM1215 cancer cell line (10) 

Suppression ofproliferation and induction ofalkaline phosphatase activity occurred atthe 

same time point in culture, suggesting a close link between the differentiating and 

antiproliferative effect. 

Using HT-29 cells, butyrate induces phenotypic changes and enhances alkaline 

phosphatase activity (19). It was alsp observed that alkaline phosphatase significantly 

increased m butyrate-treated cells whencomparedto control (p<005).Otherssawasimilar 

mcrease in alkaline phosphatase activity oh butyrate treatmentofHT-29 cells(13) 

Molecular effects ofbutyrate 

Effects on the cellcycle andoncoeenes 

Proto-oncogenes in the ras family, Ki-raj, Ha-rurj and N-raj' are believed to be 

important in growth regulation These encode GTP-binding proteins,termed p21(88) In 

some cells,e g.NIH 3T3,p21 is needed for the cells to movefrom Gi to the S phase ofthe 

cell cycle,thus enabling cell division. 

A dose dependent effect of butyrate on cell gro"wth has been observed. At 
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concentrations higher than4mM,it has beenfound that80% ofCHO cells were arrested in 

Gi phase ofthe cell cycle, 15% in the S phase and 5%in G2-M after 24 h(82) Very little 

effect was observed with25 mM butyrate 

Proto-oncogenes in the ras family are known to be associated with progression 

through early stages ofadenoma development It has been reported that butyrate causes a 

dose-dependent reduction m production of p21 in the HT-29 colon cancer cells (88) 

Expressionofthe nuclear proto-oncogenec-mycis generally associated with cellgrowthand 

inversely with differentiation Butyrate reduces c-myc mRNA in the CaCo-2 colon cancer 

cell line byinducing a proteinimportantin its degradation,it also inducesc-fosmRNA(85) 

Recently,it has beenfound that butyrate down regulates expression ofc-myb,animportant 

growth regulator in LIM1215 colon cancer cells(82) While butyrate decreasesthe activity 

ofthe protein kinase products ofthe Src proto-oncogenes, the significance for this for 

tumorigenesis is uncertain(89) The effect ofbutyrate onp53 has not yet been reported in 

colon cancer cell lines The effect ofbutyrate onAPCorDCCalso has.not been reported 

Table 2 summanzes the effects of butyrate on molecular events relevant to large bowel 

neoplasia 

Possible molecular mechanism ofaction ofbutyrate 

Butyrate has beenshownto inhibit proliferation and induce apoptosisin anumberof 

human colonic adenocarcinoma cell lines in vitro that are defective in theAPCgene(e g 

SW480, SW620) The effects ofAPC on apoptosis are mediated through its function in 

modulating pcatenin-Tcfsignaling The binding ofPcatenin by APC protein,in a complex 
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Table 2. Effects ofbutyrate on molecular events related to colon cancer 

Gene Effects of butyrate on molecular events Reference 

related to colon cancer 

UnknownAPC 

p53 Unknown 

UnknownDCC 

c-ras p21 inhibited 88 

c-src pp60,p56 inhibited 89 

85c-myc mRNA reduced 

c-myb mRNA reduced 82 

Source Modifiedfrom reference82 
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including axin and glycogen synthase kinase-3p,targets P-cateninfor degradation,thereby 

generating and maintaining low levels ofP-catenin in normal cells(16).It has beenfound 

that the loss ofwild type APCis associated with an increase in monomeric P-catenin. P-

catemnformsacomplex withTcf-4,amemberofthe Tcf-Leffamilyoftranscriptionfactors, 

which then migrates to the nucleus where it modulates expression of target sequences 

(90,91). In fact, in Drosophila, the proapoptotic effects of mutant APC have been 

demonstrated to be due to up-regulation of the pathway involving signaling through 

armadillo (the drosophilla homologue of P-catenin) (92), demonstrating the intimate 

connection between this signaling pathway and regulation of apoptosis. Therefore, it is 

unclear whether the up or down-regulation of P-catenin-Tcf signaling, associated with 

mutantor wild typeAPC,respectively,stimulates apoptotic pathwaysin colonic epithelial 

cells. Bordonaro et al. demonstrated that unlike wild-typeAPCwhich down-regulates Tcf 

activity,butyrate,aswellassulindacandtrichostatinA,(aninhibitorofhistonedeacetylase) 

induce Go-Gi cell cycle arrest and apoptosis in the SW620colonic carcinoma cell line and 

up-regulateTcf activity(18).Moreover,the butyrate-induced increaseinTcfactivity,which 

is reflected in anincreasein P-catenin-Tcfcomplexformation,isapparentlyindependentof 

the down-regulation caused by expression ofwild-typeAPC(18). 

The transcription factor nuclear factor-icB(NF-kB)has been found to be a widely 

expressed,inducibletranscriptionfactorthatplaysacentralroleinregulatingtheexpression 

ofnumerous cytokines and cell adhesion moleculesinvolved inimmimeand inflammatory 

responses(93).In addition,NF-kB can play a pivotal role in regulating programmed cell 

death and hasthe ability to activate both proapoptotic and antiapoptotic genes(94-96). 
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Butyrate's effecton colonicinflammatoryresponse maybelinked to itsinfluenceonNF-kB 

activation(97).MostoftheNF-kBin unstimulated cellsisregulated byassociation withone 

ofmanyinhibitory molecules(IkBs).The mostwidely studied ofthese isIkButhat bindsto 

NF-kB and retains itinthecytoplasm(98).Uponexposureofcellsto stimuli,such as,tumor 

necrosis factor(TNF)-a or mterleukin(II)-ip,akmase cascade is initiated which results in 

aetivation ofthe IkB kinase (99,100). The IkB kinase phosphorylates IicBa, which then 

targetsthis proteinfor degradationbythe ubiquitin-dependentproteosome(101).Proteolytde 

degradation of IkBu allows NF-kB to enterthe nueleus and aetivate transeription oftarget 

genes.Therole ofNF-kB mregulatingthe synthesisofinflammatory mediatorsinthecolon 

is highlighted byrecentfindingsthatNF-kB activity isincreased in inflamed colonictissue 

(102). Although most tissues form the p50-p65 NF-kB heterodimer upon activation, 

evidence hasbeen obtainedthattheNF-kB activated inthecolonand smallintestine maybe 

primarily a p50 dimer. Exposure ofHT-29 cells to butyrate results in a reduction ofthe 

constitutive bindingofNF-kBtoDNA.Moreover,butyrateisfoundto selectivelyinhibitthe 

constitutive p50 dimer as a result ofits inhibition ofhistone deaeetylase(97) Evidence for 

this conclusion comes from the finding that the selective deaeetylase inhibitor,TSA,also 

inhibits p50DNA binding(97). 

Although the moleeular mechanisms by which butyrate mediates its effects are not 

well understood,it is known to induce a variety ofchanges within the nucleus,including 

histone hyperacetylation andDNA methylation(103,104) Histone aeetylation is correlated 

with gene activation. The importance ofhistone aeetylation was first proposed by Mirsky 

and Allfrey who found a correlation between histone aeetylation and RNA synthesis(82) 
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They suggested that the acetylation ofhistones may affect their capacity to inhibit RNA 

synthesis.Theyfound thatastimulation oftranscription orcell growth is accompanied byan 

increasein acetate incorporationinto histones.Itisassumed thatacetylated histones areless 

tightly bound toDNA,decreasing electrostatic bonds(105).Theconsequence ofthis could 

be a release ofthe bonds between DNA and histones that results in an increase of the 

accessibilityofDNA notonlyto nucleases butalsoto variousfactorsinvolved inthe control 

of gene expression. It is assumed that butyrate treatment alters the rate of chromatin 

digestion and the rate oftranscription since it increases the amountofacetylated histones. 

Histone hyperacetylation generally has been associated with both a decrease in cell 

growth andthe activation ofspecific genes,effectssimilartothoseofbutyrate(105). Effects 

ofbutyrate attributableto histone hyperacetylation canbe assessed bycomparingthe effects 

of butyrate to those of TSA,a compound that has been shown to be a very potent and 

specific inhibitor ofhistone deacetylase at verylow concentrations(20).In a varietyofcell 

types, butyrate and TSA have been shown to cause a Gi cell cycle arrest. The cyclin-

dependentkinase,cdk inhibitor p21 also isknownto exerta Gi cell cycle arrestinresponse 

to a variety ofstimuli(20). 

The treatment with butyrate strongly stimulates cyclinD and p21 expression,while 

unaffecting cdk4,cdk6,and pi6 level. Cyclin D/cdk4 and cdk6 complexes are thoughtto 

play a major role in cell cycle progression in early Gi phase. Cyclin D may directly 

participate to the inhibition ofproliferation(21). Moreover,the expression oftranscription 

factorsinvolved in cell growth,namelyc-mycand c-jun were alsoreduced bycyclinD1 over 
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expression(21) Butyrate which blocks the cells in Gi phase was also shownto reduce the 

level ofexpressionof c-mycin acoloniccarcinoma cell line. CyelinsA andEcan associate 

with the cdk2 and have been suggested to control initiation or continuation of DNA 

replication itself. It has become apparent that cychn E and A sequentially activate cdk2 

around the start ofS phase, and the cyclin A activates cdk2 shortly after cyclin E does, 

concomitant with the onsetofmeasurableDNA synthesis.The diminution ofedl^level by 

butyrate maylead to inhibition ofthe eventthat is essential forDNA replication(21) 

The role ofbutyrate in vivo and tumorigenesis 

The protective role of butyrate in vivo against tumorigenesis is still unclear. A 

numberofexperiments have been conducted to interpret antitumorigenic effect ofbutyrate 

in VIVO by examining the protective role ofwheat bran relative to soluble fiber sources A 

groupofresearchersconducted astudyto determineifmoderateconsumptionofoatbranor 

wheat bran fiber could alter tumor incidence in a rodent model ofcolon cancer,and ifthe 

tumor incidence was correlated to concentration of butyrate in the distal colon(23). The 

result ofthis study suggested that diets containing wheat bran are protective against colon 

cancer development. In addition, the experiment showed that large lummal butyrate 

concentrationsinthe distalcolon alone,as were presentinthe ratsconsumingoatbran diets, 

are notprotectiveoftumordevelopment.Subsequentstudieson solublefiberssuch as,guar 

gum or pectin showed failure in elevating distal colonic and fecal butyrate concentrations 

(5,7). 
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Summary 

There are consistent epidemiological and experimental evidences suggesting the 

protective effect ofdietary fiber against colon cancer Ofthe SCFA produced by bactenal 

fermentation ofdietary fiber, butyrate has been suggested as the anti-tumor metabolite of 

fiber. Although butyrate provides the preferred oxidative fuel for normal colonocytes, 

neoplastic cell lines have beenfound to undergo differentiation and apoptosis when treated 

with millimolarconcentrationsofbutyrate,similarto the physiologicalintracolonicluminal 

concentration(10-13) Theresultsofin vitro observations with colonicadenocarcmomacell 

lines treated with butyrate are quite intriguing and suggest a possible protective role of 

butyratein colorectaltumorigenesisand mayexplain,in part,the apparentprotective roleof 

dietary fiber The report ofin vivo expenments contradicts what has been shown in vitro 

(24) The effects ofbutyrate on colon cancer cell lines in vitro could not be duplicated in 

VIVO. There are other forms of butyrate(e g tributyrin)that have been shown to produce 

growth inhibitory effectsin colonic adenocarcmoma cell lines in vitro with greater efficacy 

than sodium butyrate(29).In an effort to test the therapeutic efficacy oftributyrin(TB)in 

VIVO, AOM-mduced colomc tumor model were treated with TB,but it did not show any 

clinical impacton carcinogenesis(106).It is possible thatTB was digested and absorbed in 

the small intestines prior to getting to the colon. To evaluate the efficacy of TB on 

tumorigenesis,colonic tumor models cannot be used as an experimental model in vivo.An 

experimental mouse model that spontaneously develops most oftheir tumors in the small 

intestine,Apc^^"'^mice hasan advantageinthe experiments designed to determine whether 

butyrate is,in fact,the anti-tumor metabolite ofdietary fiber. 
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Research objective 

The overall objective of this thesis is to determine if butyrate has anti-tumor 

properties using in vitro and in vivo intestinal tumor models with defects in theAPCgene. 

To accomplish this objective,the following specific aims will be investigated' 

Specific Aim 1: To determine if sodium butyrate reduces cell growth in a 

variety of colon adenocarcinoma cell lines with an APC 

! 

mutation. 

Specific Aim 2: To determine if the triacylglyceride form of butyrate 

(tributyrin) decreases intestinal tumor load in a murme 

intestinaltumormodel characterized byanAPCgene defect. 
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MATERIALSAND METHODS 
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Materials 

Leibovitz's L-15 culture medium, trypsin/EDTA and fetal bovine serum were 

obtained from Life Technology (Gaitherburg, MD) RPMI 1640 was obtained from 

American Type Culture Collection(ATCC,Rockville,MD) Sodium butyrate wasobtained 

from Sigma Chemical (St,. Louis, MO). CyQuant Cell Proliferation Assay kits were 

purchased from Molecular Probes(Eugene,OR) 

Cell culture 

The human colonic adenocaxcmoma cell lines SW480,SW620,and DLD-1 were 

obtained from the American Type Culture Collection(ATCC,Rockville,MD).SW480and 

SW620 cells were grown in Leibovitz's L-15 culture medium,and DLD-1 was grown m 

RPMI-1640culture medium.Bothmediaweresupplemented with10%(v/v)heatinactivated 

fetal bovine serum DLD-1 cells were cultured m Falcon tissue cultureflask(70ml)(Fisher 

Scientific, Norcross, GA)at 37°C m a humidified atmosphere of5% CO295% air, and 

SW480and SW620 cells were cultured without supplemental CO2. 

SW480,SW620 and DLD-1 cells were plated m 96 well plates at concentration of 

8,000cells/well,3,400cells/well and 14,000cells/well, respectively,and allowedto adhere. 

After 24 hrs,the cells were exposed to NaB,dissolved in media,at concentrations ranging 

from 0.125 mM to lOmM(4 wells for each concentration).The control cells were treated 

without NaB. At the end of each day, DNA was determined using the CyQuant Cell 

Proliferation Assay Kit(Molecular Probes,Eugene,OR).Briefly,the media ofeach plate 

from each cell line was drained offbyturning the plate up side down onatissue paper.The 
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plates were covered and stored in -80°C. Cell growth was determined by measuring the 

amountofDNA/well.Thefluorescence measurements were madeusing amicroplatereade 

(HewlettPackard,Meriden,CT)with excitationat485nmandemissiondetectionat530nm 

following the manufacturerDs instructions. 

Animals 

Twenty male C57BL/6J mice(Jackson Laboratories,Bar Harbor,ME),37 

days ofage,were randomly assigned to two dietary groups(10 animals/group)on arrival. 

The mice for the control group were kept in two cages(5 in each cage)and mice for the 

treatmentgroup were divided into three cages(4,3and3micepercage).The animals were 

notevenly divided in cages because they all were notreceived onthe same day.They were 

housed in suspended stainless steel cages in a temperature-controlled room with a 12h 

light/dark cycle and given free access to food and water. The health ofthe animals were 

checked daily. Following randomization into dietary groups,all mice were mamtained on 

assigned dietsfor47days.Before sacrifice all animals werefasted overnight.At85daysof 

age, they were terminated by cervical dislocation. Each intestinal tract was opened 

longitudinally and spread out, mucosal surface up, so that the location (large or small 

intestine), size and number oftumors could be determined using a dissecting microscope 

(18x). All animal procedures were approved bythe University ofTennessee Animal Care 

and Use Committee and were in accordance with the NIHGuidefor the Care and Use of 

LaboratoryAnimals(National Research Coimcil,1985). 
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Diets 

The composition ofcontrol and treatment diets were based on a typical standard 

Western diets(Table3).Themacronutnentswere444%carbohydrate,35.4%fat,and21.2% 

protein Thebase dietwasformulated byMonsanto Co.(St.Louis,MO),and ResearchDiets 

Inc.,(New Brunswick, NJ) with input from Dr. Jay Whelan (University of Tennessee, 

Knoxville,TN).Tributyrin wasadded(31g/kg)tothe base dietattheexpenseofTrisunhigh 

oleic-acid(OA,18:1(n-9))sunflower oil(Monsanto Co.,St.Louis,MO).Overallfattyacid 

compositionsof the diets areshownin Table4and approximatesthefatty acid composition 

ofthe typical Western diet. All diets were divided into daily ahquots and stored under an 

atmosphere ofnitrogen at -80°C to prevent oxidation. All mice were provided fresh food 

daily and maintained on assigned dietsforapproximately7wks.Foodintake wasmeasured 

dailyand bodyweightwasmeasured weekly.Thefood waswitheld beforethedayofkilling. 

Statistical analysis 

The Statistical Analysis System(SAS version 6.12,SAS Institute,Inc., Cary,NC) 

was employed to analyze the data. Significant difference in the cell culture studies were 

assessed by ANOVA.Significant differences in body weight and tumor number and size 

were assessed byt-test atthe end ofthe experiment.Testsfornormalityand equalvariances 

were performed to check the data.Datainthe textand figure are expressed as meantSEM. 
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Table3:Composition ofthe diets 

Component 

Casein 

L-cystine 

Com starch 

Maltodextrin 10 

Sucrose 

Cellulose 

Cocoa Butter 

Linseed oil 

Palm oil 

Safflower oil 

Sunflower oil,Trisun 

Tributyrin 

Saltmix RD-96 

Dicalcium phosphate 

Calcium carbonate 

Potassium citrate 

Vitamin mix V13401 

Choline bitartrate 

Alpha vitaminE acetate 

TBHQ 

Control 

Amount(g) 

229 

3 

274 

86 

114 

57 

43 

5 

60 

33 

31 

0 

11 

15 

6 

19 

11 

2 

.15 

.03 

Dietary groups 

Tributyrin 

Amount(g) 

229 

3 

274 

86 

114 

57 

43 

5 

60 

33 

0 

31 

11 

15 

6 

19 

11 

2 

.15 

.03 

The control diet is Monsanto "US 17" diet(Monsanto Co,St Louis,MO,and Research Diets,Inc,New 
Brunswick,NJ) Abbreviations TBHQ.tertiary butyl hydroqumone. 

^Trisun is a high-oleic acid sunflower oil(Monsanto,Inc St Louis,MO). 

^Supplied(per kilogram ofsalt mix) sodium chlonde 259g,magnesium oxide 41 9g,MgS047H2O 2576g, 
chromium potassium sulfate 1 925g,cupnc carbonate 1 05g,sodium fluoride 0.2g,potassium iodide0035g, 
feme citrate21 Og,manganouscarbonate 1225g,ammonium molybdate.4H2003g,sodium selenite0035g, 
zmccarbonate 56g,sucrose 399 lOSg(Research Diets Inc,New Brunswick,NJ) 

"•supplied(perkilogram ofvitamm mix):alltransretmyl palmitate(500,000lUpergram)0.8g,cholecalciferol 
(100,000lU pergram)1 Og,dl-alpha-tocopheryl acetate(500lU pergram)lO.Og,menadionesodium bisulfite 
(625%menadione)008g,biotm(1.0%)2Og,cyanocobalamm(01%)1 Og,folic acid0.2g,mcotmicacid3 Og, 
calcium pantothenate 1 6g, pyndoxme HCL 07g, nboflavm 0.6g, thiamm HCL 0.6g, sucrose 97842g( 
Research DietsInc,New Brunswick,NJ) 
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Table4:Dietary fatty acid composition ofthe control diets 

Fatty acid Amount (g/lOOg total fatty acids) 

12:0 0.42 

14:0 061 

16:0 2444 

18:0 127 

18:1(n-9) 39.75 

18:2(n-6) 1898 

18:3(n-3) 2 19 

20:0 058 

22:0 032 
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Effect ofNaB on cell proliferation 

NaB inhibited the growth ofSW480,SW620 and DLD-1 colorectal cell lines in a 

dose-dependentmanner.The cells wereincubated withNaBfor4days.Itwasobservedfrom 

the study that on day 1 and day 2, the cells started showing responses to NaB with 

comparatively higher doses oftreatment.It is found from the experiments that the growth 

inhibition pattern was dramatic for all three types ofcells onthe4th day.Onday4,SW480 

responded to concentrations as low as0.5mM with marked reductions of50-95% at doses 

between ImM to lOmM(Fig.4)(Appendix-I). Growth inhibition ofSW620 occurred at 

NaB concentrations starting from 0125mM.NaB at a dose oflOmM almost completely 

inhibited the growth oftheSW620cells after4daysoftreatment(Fig.5)(Appendix-2)).In 

case ofDLD-1,the response to NaB wassomewhatmutated compared to the othertwo cell 

lines(Fig.6)(Appendix-3) The growth inhibition wassignificantatNaB concentrationsof 

2.5 mM(50% ofcontrol)and at lOmM concentration the growth was 16% ofthe control. 

NaB did notaffect all celllines equally NaB had greatesteffectonSW620cellscomparedto 

other cell lines. 
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Figure 4. EfTect of NaB on SW480 cell proliferation

Cells were treated with increasing concentrations of NaB. Each bar represents the mean±SEM (n=4).
Significantly different from the control, p<0.05.
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Effect oftributyrin on body weight and food intake 

There isasignificantdifference in bodyweightbetweenthetreatmentandthe control 

groupofmice atweek8(t=249;df=9;p=0.01,one-tailed).Althoughthetwogroupsstarted 

with similar weights (199±0.4 g/mouse versus 2046±0.5 g/mouse), at the end of the 

experimentthe averagebodyweightofthecontrolgroup wassignificantlydifferentfiromthe 

experimental group(320± 0.8 versus 28.8+0.9)(Fig.7) Although the experimental group 

consumed morefoodthanthe control group atweek 1,itwasfoundfromthefoodintakedata 

that the experimental group started to consume less food compared to the control group 

through outthe experimental period(Fig.8).Thelesserfood intake and bodyweightgain of 

the micemthe experimentalgroup wasnotthe indicativeoftheincreasingtumorloadinthis 

case. 

Effect oftributyrin on tumor numberand size 

At85daysofage/^/'c^"^^micemaintainedonthecontrol diethad 53.5±.7.1 tumors 

per animal with a mean tumor size of1.12±0.05nim(Table 5). The mice in the treatment 

group had alowernumberoftumorsthanthe control group(42.5±4.7tumor/mice),butthis 

difference wasnotstatisticallysignificant(t=1.40;df=9;p=0.09,one-tailed).Thetumorsize 

was unaffected bythe teatment 
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Table5.Effects ofTributyrin TreatmentonTumorSizeand Numberin the Colon and 
SmallIntestines ofApc^'"^^ Mice 

Dietary Group ® 

Tumor Size Control(n=10) Treatment(n=10) 
Total Tumor/Number/Group Total TumorNumber/Group 

Colon (mm) 
b b 

<1 

11-1.5 2'= 

1.75-2.25 1 1 

22.5-30 2 

2325-4.0 6 

Small Intestine(mm) 
<1 153 114 

1-1.5 286 220 

521.75-2.25 75 

72.5-3.0 10 
b 

33.25-4.0 

Total#/Group 535 425 

Ave.Tumor/Mouse^ 53.5±7.1 42.5±4.7 

Ave.Tumor/size ® l.I2±0.05 1.13±0.05 

® Ape mice in the control group were treated with US17 diet and Ape mice in the 
treatment group were supplemented with 3%(w/w)tributyrin diet for 48 days Tumor 
numberand size wereexaminedfromthe entire intestinal tractusingadissecting microscope 
(18x). 
'' None observed 
Number oftumors 

^ Mean±SEM(n=10 animals/group) 
® Average size(mm)was calculated as a weighted average for each size classification and 
expressed as Mean±SEM. 
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Colorectal cancer is a common malignancy of Westem society and this high 

incidenceisthoughtto belargely associated with dietaryfactors.Burkittoriginallyproposed 

that a diet high in fiber may protect against colon cancer (80). Studies on dietary fiber 

suggestthatpoorlyfermented fibers,such as wheatbran,cellulose and lignm,are protective 

against colon cancer, whereas,the readily fermentable fibers,such as oat bran,pectin and 

guar gum,are not protective and may possibly be promotive oftumor development(4-7) 

Butyrateisproduced mthecolonofmammalsasaresultofmicrobialfermentationofdietary 

fiber, undigested stareh, and protems(9) Butyrate is ofparticular importance for several 

reasons(23) First, butyrate is the primary energy source for the colonocytes; it is utilized 

preferentiallyoverglucose,glutamme,andthe othershortchainfattyacids Second,butyrate 

has been shown to increase cellular proliferation m normal colonocytes,a propertythat has 

been suggested as a risk factor for colon tumor development. Finally, butyrate has been 

shown in cell culture systems to increase markers ofdifferentiation and induce apoptosis. 

These effects suggest that butyrate may be protective oftumor development because it 

appears to have contrasting effects on proliferation,differentiation and apoptosisin normal 

versus neoplastic tissues. Although a number ofstudies demonstrate an inverse correlation 

between mortality ratesfrom colon cancer and dietaryfiber consumption,the results oftwo 

recently published studies have raised questions about the efficacy of dietary fiber in 

reducing the risk ofcolon cancer(107,108) It has been reported that a daily wheat-bran 

supplement(for 3-4 years), or following a diet that was low in fat and high in fruits and 

vegetables had no effect on the incidence ofnew colorectal adenomas It was reported in 

study by Alberts et al and Shatzkm et al.,(polyp prevention study)that the incidence of 
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cancer wasslightly higherinthe intervention groupsthan inthe control group(7cases vs.2 

and 10 cases vs.4 respectively) These differences among studies conducted with dietary 

fibers have generated much debate regardingthe role ofbutyrate mthe colon and colorectal 

tumorigenesis.In ourstudy,weevaluated the antineoplasticroleofbutyratein vitro with cell 

lines that were defective in the APC gene and the effect of butyrate on intestinal 

tumorigenesis in vivo in an experimental mouse model with a germline mutation in the 

murineApe gene. 

Mutationsin theAPCgene are thoughtto be an early eventin the initiation ofmost 

human colorectal cancers(15).APC behaves as a classic tumor suppressor where loss of 

function results in early benign tumors.For this reasonAPChas been proposed to act as a 

gatekeeperforcolomcepithelial cell proliferation(15).Ourin vz/ro,studieshavefocused on 

the antiproliferativerole ofbutyrate oncolon adenocarcmomacelllinesthatare defective m 

APC.Butyrate inhibited the growth ofdifferent colorectal cell lines in a dose-dependent 

mannerand similarresultshave beenreported byothers(10-13,85) Atconcentrationsofless 

than lOmM, sodium butyrate produces a number of morphological and biochemical 

modificationsincultured cellsresulting mtheinhibitionofproliferationand augmentationof 

apoptosis.Theseresultsare observed atconcentrationsfarlowerthanthe20mMfoundinthe 

large intestines ofhumans following a high fiber diet and lower than the concentrations 

(^lOmM)that produce cytotoxic effects in vitro. 

Our observations showed thatNaB did notaffect all cell lines equally.NaB had the 
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greatest effect on SW620 cells, as compared to SW480 and DLD-1 cells, which is in 

accordance withthefindingsofKim ct al.(11) Atthesameconcentrationsusedinourstudy, 

butyratc had amuch greaterinfluence onthe doublingtimeofSW620cellsthanSW480cells 

andthe cells appeared flatterandlargerand displayedlongmembranousprocessescompared 

totheimtreated cells(11).Wedid notobserveanyapparentmorphologicalchangeswithany 

cell type, but we only exposed our cells to butyratc for 4 days as compared the 8 day 

treatment byKim et al. 

Although butytate provides the preferred oxidative fuel for normal colonocytes, 

neoplastic cell lines have been found to undergo differentiation and/or apoptosis when 

treated with millimolar concentrations ofbutyratc. Treatmentofmammalian cells in \itro 

with millimolar concentrations of butyratc has pleiotropic effects on cellular physiology, 

includingchangesinthe cell membrane,cytoskeleton,the cellcycleand genetranscription.It 

was observed m HT-29 cells that butyrate-mduced cell differentiation is associated with 

increased activity of alkaline phosphatase and changes m the lipid composition (19). 

Differentiated cells showed increased level of tnacylglycerol, cholesteryl esters, and 

decreased free cholesterol and phospholipids(19). Furthermore,colonic tumor cell lines, 

including premalignant adenoma lines, undergo apoptosis in response to physiological 

concentrationsofbutyratc and concentrationsneededtoinduceapoptosisweresimilartothe 

concentrationsthatcaused hyperacetylation ofcore histonesinthe VACO-5cell line(109). 

Other forms ofbutyratc have also been tested with great success. With respect to 
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inhibition ofcell growth and induction ofenzyme aetivity,tributyrin(TB)is about2fold 

more active than butyrate(29).Onthe assumption thatcomplete hydrolysis of1 molTB by 

lipases would yield 3molsofbutync acid one would expecta3fold higher potencyforTB 

ona molar basis.It is evidentfrom the studyofSchroder et al.thattreatment withImMTB 

on HT-29 cells for6 days caused a growth reduction approximately to that observed with 

2mMNaB(29).The effects ofTB may be attributed to afaster rate ofpenetration through 

cellular membranes and to a lower rate of metabolic degradation as a result of higher 

intracellular butyrate concentration.Forourin vitro study,weusedNaB(instead ofTB)due 

to its high solubility. It has been reported by others that TB requires emulsification with 

Lipofundin MCT 10%(commercially unavailable)to minimize solubility problems in the 

culture medium. 

The mechanisms explaining butyrate's effects in vitro remain uncertain and 

potentially are multifactorial. The cell lines and murine model used in these studies have 

associated defects in the APC gene resulting in enhanced P-catenm-Tcf signaling. It is 

believed thatnuclearlocalization ofthe p-catenm-Tcfcomplexregulate downstreamevents, 

such as proliferation and apoptosis. However,it has been reported that butyrate-induced 

apoptosisincreasestheformationoftheP-catenm-TcFcomplexinSW620cellsindependent 

of expression of wild type APC(18), suggesting multiple pathways for P-catenin-Tcf 

signaling(110). These same authors report that sulindac(a non-selective cyclooxygenase 

inhibitor),like butyrate,also increases Tcfsignaling.These results are in apparentconflict 

with in VIVO datademonstratingadown-regulationofP-cateninlevelsintumorsofsulindac-
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treated Apc'^'"^'^mice(111). 

Although the molecular mechanisms by which butyrate mediates its effects are not 

well understood, butyrate is known to induce a variety of changes within the nucleus, 

including histone hyperacetylation and DNA methylation (104,105). Histone 

hyperacetylation generally has been associated with both a decrease in cell growth and the 

activation ofspecific genes,effects similar to those ofbutyrate(105) In a vanety ofcell 

types,butyrateandthe histone deacetylaseinhibitortrichostatmA(TSA)havebeenshownto 

cause a Gi cell cycle arrest.These effectscould be related to butyrate'sinfluenceonNF-kB 

activation and histone acetylation (97). NF-kB exists in the cytoplasm as homo or 

heterodimers.ExposureofHT-29cellsto butyrate resultsin areduction ofconstitutive NF-

kBDNA binding duemostlikelytoareductioninNF-kB nuclearlocalization.Butyratewas 

foundto selectivelyinhibitp50dimernuclearlocalization withoutinhibitingexpressionand 

sinceTSA-treated cellsreplicated butyrateDs effeets,the abilityofbutyratetoinhibithistone 

deacetylase may be related to its effeets on NF-kB signaling(97) 

Other mechanisms may be involved, however. Treatment with butyrate strongly 

stimulates cyclm D and cyclm-'cdk inhibitor p21 expression,and can induce Gi cell cycle 

arrest (20,21). Treatment of cells with NaB is known to increase histone acetylation by 

inhibiting deacetylases. It has been observed that in cultured hepatoma cells the potent 

serine-threonme phosphatase inhibitors okadaic acid or calycuhn A inhibited phosphatase 

activityand concomitantlydecreased the histone acetylation maintained byNaB(22).These 
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resultssuggestthataproteinphosphatase maymediateNaB'seffectondeacetylasesandmay 

constitute an early and essential step in the NaB-triggered signaling pathway. 

Although the reports ofin vitro studies have implicated that butyrate might have 

antitumorigenic properties,the role ofbutyrate in vivo has not yet been clearly delineated. 

There is no direct evidence that demonstrates the anticancer properties ofbutyrate in any 

animal model. On the contrary, one paper reports that oral doses ofNaB enhances the 

development ofcolonic tumors in a rat model ofintestinal neoplasia induced with 1,2-

dimethylhydrazine (24). In addition no clinical efficacy was observed following orally 

admimstered gastro-resistant pellets ofNaB on colon tumorigenesis in the azoxymethane 

(AOM)-induced colontumorratmodel(25).In ourstudywetreatedApc^'"^^mice withTB 

to evaluate its effectonintestinaltumorigenesis.Ourstudyrevealed thatTB hasno clinical 

impactonintestinaltumorigenesiseventhough mostofthetumorsarelocalizedinthesmall 

intestine. Our data showed no significant changes in the tumor number and size after the 

mice were fed a diet containing TB at a level of6% ofenergy for 7 weeks.In a similar 

experiment using AOM-induced colonic tumor rat model Deschner et al. reported that 

feeding tributyrin for6monthsincreased fecal butyrate levels 10fold,butno differencesin 

AOM-induced focal areas ofdysplasia or colonic tumor incidence was observed between 

tributyrin fed and control animals(106) In the human trials, it is unlikely that plasma 

concentrations of butyrate woiild have risen significantly upon entering the general 

circulation dueto its relatively short halflife(112). 
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Onecannotdiscusstherole ofbutyrate in vivo withoutdiscussing dietaryfiber.There 

is consistentepidemiological and experimentalevidencesupporting the protective effectof 

dietary fiber against risk ofcolorectal cancers. Using rodents as the experimental model, 

many studies on the effect ofdietary fibers on carcinogen-induced colon cancer have been 

published.Wheatbranisthe mostwidelystudied fibersource.Itappearsthatinthe majority 

of the expenments in which wheat bran was fed to the rodents there was evidence of 

decreased tumor development(113-115).Epidemiological and animal studies suggestthat 

poorlyfermented fibers(e.g. wheat bran)are protective against colon cancer,whereas the 

readilyfermented fibers(e.g.oatbran)are notprotective and maypossibly be promotiveof 

tumor development (4-7). The differences observed in the colon cancer incidence with 

ingestion ofdijBferent dietaryfibers are due,atleastin part,to thefactthat dietaryfibers are 

nota single entity. They are a complex group ofsubstances with distinct physicochemical 

properties,and thus,exert different effects within the colon. 

Itis evidentinthe majorityofrodentstudies using carcinogensthatthe distalcolonis 

the primary site of tumor occurrence (23). Typically, the distal colon has the lowest 

concentrationofSCFA,including butyrate,compare withthececumandproximalcolonthat 

aretheprimarysitesoffiberfermentation.Thus,ifbutyrateis protective, itseemsreasonable 

to suggest that diets generating the greatest concentrations of butyrate m the distal colon 

would bemoredesirable.However,diets containing oatbran producedlargerconcentrations 

ofSCFA,including butyrate,m both proximaland distal colon,buthadasignificantlyhigher 

incidence ofcolon tumors than their wheat bran counterparts in a chemically induced rat 
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tumor model(23) The datasuggeststhatdistal colonic butyrate concentrationsalone arenot 

protective ofcolonictumordevelopment.Wheatbran isacomplexfiberthatcontains many 

morphologic components,such as, aleurone and the pericarp seed-coat, and a number of 

othersubstances,such as phytates and phytosterols,that mayhave antineoplastic properties 

oftheir own(116,117). 

From our studies,it is evidentthat butyrate demonstrates antiproliferative effect on 

APCdefective colon adenocarcinoma cell lines in vitro,butit doesnotshow anychange in" 

the tumor incidence in vivo using an experimental animal model with anApe gene defect 

Recently, it has been reported that the hpid fraction, not the phytate, or fiber jfractions of 

wheat bran exerts the strong inhibitory effect against both colon(45%-65%inhibition)and 

mammarycarcmogenesis(35%inhibition)andthattheseeffects wererelatedto reductionsin 

the expression and activities of cyclooxygenase-2(COX-2)and inducible nitric oxide 

synthase(iNOS)(118) Our results and the results ofothers indicate that butyrate may not 

have the same effect in vivo as observed in vitro Ourstudyfurther supportsthe hypothesis 

thatbutyrateisanimportantmodifierorregulatoroftumor cellgrowthin vitro,butitsrole in 

VIVO has yetto be clearly established The differences observed in vivo and in vitro maybea 

result of culture condition or due to differential sensitivity ofnormal and tumor cells to 

butyrate. It is possible that normal and tumor cells respond differently to butyrate. It is 

assumed that the shift from aerobic to anaerobic metabolism which is a characteristic of 

carcinomaofcolon,maylead toincreased intracellularlevelsofbutyrate and causes growth 

inhibition.Recently,ithasbeen demonstrated byWilliamsetal.thatadjacentnon-neoplastic 
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cellscan have dramaticinfluencesontumorgrowth in vivothatcannotbe duplicated m vitro 

(119). There are other lines of evidence suggesting that the growth inhibitory or growth 

stimulatory effect ofbutyrate maydepend onthe availability ofotherenergysources(120). 

Thepreferred energysourceforthecolonic epithelium in vivo is butyrate,whereasmostcell 

cultures are grownintissue culture medium containing highlevelsofglucosefortheirenergy 

(120).It has been found that butyrate shows growth stimulatory effectin glucose-depleted 

culture conditions atrelativelylow concentrations(05mMto2mM),whereasinthepresence 

ofglucosethesesameconcentrationsofbutyrateinduced apoptosis.Theseobservationsmay, 

in part, provide an explanation for the apparent contradictory effects of butyrate on 

Proliferation reported in vivo and in vitro. 
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PART VI 

CONCLUSION 
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The overall objective of this thesis is to determine if butyrate has anti-tumor 

properties using in vitro and in vivointestinaltumormodelsvvith defectsinthe^PCgene.To 

evaluate the efficacy of butyrate in vitro, human colonic adenocarcinoma cell lines that 

possessed mutationsintheAPCgene wereused mtheexperiments Apc^'"^'^micemodelwas 

used to investigate the anticarcinogemc properties oftributynn ontumorincidence in vivo 

Overthe lastseveral yearsApc^'"^^mice hasbeen used to evaluatethe nutrition intervention 

on intestinal tumorigenesis because ofits germline mutation in the murine Ape gene(27). 

The Apc'^'"^* mice is highly susceptible to tumor formation and are genotypically and 

phenotypically similar to humanFAP(26). 

It has been demonstratedfrom the in vitro studies that butyrate has antiproliferative 

effecton colomctumor celllines Butyrate inhibited growthofSW480,SW620andDLD-1 

cell lines in a dose-dependent manner with marked reductions of50-96% at doses between 

2.5mM to lOmM,similar to the mtracolonic concentrations found in vivo However,the 

dietary supplementation of 3%(w/w) TB fed to Apc^'"^^ mice for 7 weeks failed to 

demonstrate any clinical efficacy ofbutyrate on the tumor incidence in the colon or small 

intestines It is evidentfrom the reportthat butyrate maynothavethe same effect in vivo as 

observed in vitro The data further supports the hypothesis that butyrate is an important 

modifier oftumor cell growth in vitro,butits role asan anti-tumor metabolite in vivo needs 

to befurther investigated 
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APPENDIX I

Significance level of different concentration* of NaB on SW480 cell growth

Cell Line Cone. Of NaB

(mM)
df F P-value

SW480

Day 1 25 1,6 10 02 0 019

5 1,6 6 36 0 045

10 1,6 6 41 0 044

SW480'
Day 2

0 125 1,6 9 27 0 022

1 1,6 7 643 0 032

25 1,6 92 04 7 33E-05

5 1,6 74 787 0 001

10 1,6 30 07 0 001

SW480

Day 4

05 1,6 9 73 0 02

1 1,6 36 58 0009

25 1,6 100 52 5 70672E-05

5 1,6 153 67 1 68179E-05

10 1,6 173 05 1 19082E-05

Critical value of F at df (1,6) and p<0 05 = 5 99
* Only statistically significant values are shown
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APPENDIX n

Significance level of different concentration'' of NaB on SW620 cell growth

Cell Line Cone. Of NaB

(mM)
df F P-value

Sw620

Day 1 05 1,6 33 39 0 001

25 1,6 6 28 0 0 046

5 1,6 23 05 0 002

10 1,6 ' 26 93 0 002

SW620

Day 2

05 1,6 41 35 0 0006

1 1,6 6 45 0 0439

25 1,6 87 41 8 4871E-05

5 1,6 332 1 75976E-06

10 1,6 332 1 75976E-06

SW620

Day 4

0 125 1,6 8 35 0 027

0 250 1,6 11 45 0 014

05 1,6 17 37 0 005

1 1,6 21 90 0 003

25 1,6 34 25 0 001

5 1,6 40 81 0 0069

10 1,6 47 34 0 0004

Only statistically significant values are shown
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APPENDIX m

Significance level of different concentration* of NaB on DLDl cell growth

Cell Line Cone. Of NaB

(NaB)

df F P-valne

DLD-1

Day 1 5 1,6 94 47 6 81E-05

DLD-1

Day-2

0 125 1,6 8 89 00 024

DLD-1

Day-4

25 1,6 17 54 0 005

5 1,6 27 81 0 001

10 1,6 58 61 0 002

Cntical value of F at df (1,6) and p<0 05 = 5 99
* Only statistically significant values are shown
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