
UCRL-JC- 113120
PREPRINT

• MutagenicActivityand HeterocyclicAmineContentofthe O _ 7./
Human Diet

lp

Mark G. Knize,Frank A. Dolbeare, Paula L. Cunningham,
andJames S. Felton

This paper was prepared for submittal to
The 23rd InternationalSymposiumof the PdncessTakamatsuCancerResearchFund

Tokyo,Japan
November 10-12,1992

January 15, 1993

##o

Thiot=a prepdntofa paperi_ for publicationina journalor _. Since
¢tx_s _=y bemade beforepubJcalion,thisprep_ntis madeav_lable _ the
_ I_atit wil notbed_ or reproducedwithoutt_epermisdonof theacR_or.

I w.' ,,,.,-_:,,_,_o.,!_, __
L_IS'rFItBtJ_ON OF' THIS DOCUMENT IS UNLIMITED



8

DISCLAIMER

This do<umenlwasprepared as un accovnloTwork spemoredby un honey oi' Ike
UniledStatesGovernment.Neilher the L'nitedStalesGovernmentlwr die University
of Cmltfo_rnlnnor any o( their employees,makesany wnrruiy, nm el' implied, or
assumesany lepl liability or respeNildlity for thesccamic_comple¢_ of woful-
nem o( any infmlmlleL mp#4r'mtu,pesahoeO,w _ dlaiclmiod,w _ tluUl
its me weuld Ni tnfriuoe privately ownedrtlikls. Referencebetels le amy spectfle
commercialproducts,procees,mr servi¢_by trede nsaaLtTMkl.aaawk.,_,, oi,
otherwiN, doesn_ necessarily'constituteor implyits¢qoden4mint,rec_amemdmtl.a_
or fnyorinll by the United States Governmtmtor Ihe University of Cidlferuis. Tile
viewsund opinionsof nnthor_ expressedherein do net necessarilyannieor refines
thoseof the L_ntledStales Go_,ernmen!or rbe Universityo( California, _ shall nol
be usedfor advertisingor productendorsementpurpous.



PrincessTakamatsuCancerResearchFundSymposium

Mutagenic Activity and Heterocyclic Amine Content of the Human Diet

Mark G. Knize,Frank A• Dolbeare,Paula L•Cunningham,and James

S• FeltonBiologyand BiotechnologyResearchProgram, L-452,

LawrenceLivermoreNationallaboratory,P.O. Box808, Livermore,

CA 94550-9900

Running head: Heterocyclic amines in the diet

Abstract:. The mutagenicactivityandthe massamountof

heterocyclicaminesresponsiblefor the mutagenicactivityhave been

measuredin somecooked foods•Cookedmeatsare the predominant

sourceof mutagenicactivityin the dietwithvaluesrangingfrom 0 to 10,000

revertantsper gram reportedin the Ames/Salmonellatestwith strainTA98.

Several heterocyclicamines are presentand have been quantifiedusing

solid-phaseextractionfollowedby HPLC• Fryingat highertemperaturesand

for longertimesproducesthe greatestmutagenicresponse,and

concomitantly,the largestamountsof heterocyclicamines•Most of the

.. mutagenicactivityin friedmeat samplescanbe accountedfor by MelQx,

DiMelQx and IQ, althoughother heterocylicaminesare presentand PhlP

mutagenicactivitybecomessignificantat highertemperatures.

Non-meatproductssuchas baked breadscan also formsignificant

mutagenicactivity,particularlywhen overcooked.Commerciallyprepared

hamburgersmade frommeat substitutessuchas tofu,wheat glutenor

tempeh and friedat 210°C haveup to 10% of the mutagenicactivityof a fried

beef pattycookedunder the same conditions•

When detected,amountsof heterocyclicaminesin fried beef patties
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range from a totalof 0.3_ ng/g for commercialbeef hamburgersto 142 ng/g

for a beef pattycookedovera barbecue.Dietaryintake is expectedto havea

large range, fromlessthan one microgramper day to over50 micrograms

per day based oncurrentknowledgeof knownheterocyclicamine chemicals

and heterocyclicamine-containingfoods.

The human diet iscomplex,withone surveyby the U.S. Departmentof

Agricultureshowingthe diet contains morethan3500 items. Ninetypercentof the

bulkof the diet is from 500 differentfood items(1). The typeof food,durationof

cooking,and cookingtemperatureare importantdeterminantsin heterocyclic

amine formationin foods.

The findingof potentmutagenicactivityin foods was made by Sugimuraet

al. (2) usingthe Ames/Salmonella test. Thistesthas been used extensivelyfor: 1)

the surveyof foodsfor mutagenicactivity,2) the characterizationof the mutagenic

responseusing bacterial strainand metabolicactivationdifferences,and 3) the

detectionof mutagenicactivityto guide purificationschemesusedto isolateand

identifya series of mutagenicheterocyclicaminesfrom foods.

Recently publishedmethodsof heterocyclicamine extractionand analysis

have allowed reproduciblerecovery-correctedanalysisof foods for specific

heterocyclicamine chemicals(3, 4, 5, 6).

This paper examinesthe amountsof mutagenicactivityand heterocyclic

aminespresent in a varietyof foods.Thisinformationwillhelp determineif the

amountof heterocyclicaminesconsumedin foods is largeenoughto be

responsiblefor carcinogeniceffects observedin humans.

Mutagenic activity of foods

Measurementof mutagenicactivityis a usefulscreeningtoolto determine

2
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the foodsand preparationconditionsthat need to be assessed for heterocyclic

amine content.Table I showsmutagenicactivitydata from a variety

of food typesand cookingmethods,andresultsfrom manydifferentlaboratories.

For these data eitherstrainTA98 or TA1538 was used.These twostrainsof frame-

shift sensitivebacteriahave been shownto give similarmutagenicresponsesto

the purifiedheterocyclicaminesdiscussedherein (7). The amountof mutagenic

' activity measured varieswith cookingtemperature,cookingmethod,and meattype.

Cooking methodshave been comparedby manyresearcherswho have

found that fryingand broilingproducehigheramountsof mutagenicactivitywhile

baking and deep-fat-fryingproduceloweramounts (9,10). Microwavecooking

usually producesno mutagenicactivity(10), althoughmicrowavecooked beef

steak has producedmutagenicactivityin one sample (11).

In contrastto meats, othercookedfoods haveshownlittleor nomutagenic

activity.Cabbage and eggplantcookedat up to 400°C did not producemeasurable

mutagenicactivity(16). A surveyof 28 beverages revealedonlythreeto have

weak mutagenicactivity (18). Springarnand Weisburgershowedstarchyfoods like

potatoes andbreads heatec!to 230-265°C had mutagenicactivitybut onlyupto

• 10% of the mutagenicactivity of beef cooked usingsimilarconditions(19)

The generationof potentmutagenicactivity measuredin extractsof cooked

meat has been explainedby the condensationof creatineor creatininewith amino

acids and sugarsor theirthermalde_mposition products(23, thisvolume).These

reactions form the basis for a seriesof aminoimidazoazaarenesthat are potent

mutagens in the Ames/Salmonellatest.

Figure1 is a graphof the mutagenicactivity of a varietyof breadproducts.

These foodswere toastedor bakedineither of two ways, 1) accordingto package

directions or normalcookingpractices(Edible), or 2) toastedor baked for twice the

normal time (Overcooked).Surprisingly,ali samples showedan increasein
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mutagenic activitywith prolongedheating, with many samples havingmutagenic

activityapproachingthe valuesmeasured incooked meats.

Table 2 showsmutagenicactivityof meat substitutesfriedas pattieswithout

added oil at 210°C for6 minper side.Aliexhibitmeasurablemutagenicactivity,up

to 10% of the mutagenicactivityof beef cookedin the same way. The high

mutagenicactivityinthesenon-meatfoodscookedat normaltemperaturesis

difficultto explain,becausethey lack the relativelyhighamountof creatine or

creatininefoundin musclemeats(0.4 to 0.5% by weight) These resultssuggest

that creatine or creatinineare notrequiredforgenerationof relativelyhigh

mutagenicactivityinfoods.

Mutagenicactivityinthe breadsand meat substitutepattiesappears to be

the resultof heterocyclicamines,based on extractionand mutagenicactivity

characteristics.The contributionto cancerriskof the non-meatmutagenicactivity

will need to be determinedfromthe amountand identityof the compounds

responsibleforthe activity,and dietaryconsumptionpatternsfor these foods.

We also notethat reportedmutagenicactivitiesper gram of commercially-

preparedfoodsare muchlowerthan thoseshownin Table I; from0 to 203

revertantsper gramwee reportedin a studyof foodsin Finland(21). A complete

humandiet preparedand cookedaccordingto the usualpracticesin The

Netherlandsand then lyophilizedshowed476-500 TA1538 revertantsper gram.

Thiscompares to 0 to 3 revertantspergram foran uncookeddiet (22). This result

again showsthat the cookingprocessis responsiblefor almostaliof the mutagenic

activitydetected in humandiets.

"

Quantitation ol the mutagens in cooked foods

The compoundsresponsiblefor the mutagenicactivity in cookedm,_ats

have been isolatedfromcookedmeats and identifiedas a seriesof heterocyclic
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amines. The numberof compoundsand the range of mutagenicactivityper

microgrammake it necessaryto determineboththe massamountand the

toxicologicalpotencyof individualcompoundsfor meaningfulriskestimatesto be

made. Table 3 showsthe resultsof severalstudiesthat determinedthe amountof

several compoundsin cooked meats. While a varietyof methodshave been used,

the recentdevelopmentof greatlysimplifiedextractionproceduresand the use of

internalstandardsallowsfor repeated measurementsand recoverycorrected

results(reviewedin ref. 25).

The resultsshownin Table 3 are generallyconsistent,showingPhlP (2-

amino-l-methyl-6-phenylimid_.o[4,5-b]pyridine)to be present in the highest

amount and MelQx (2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline)in an

intermediateamount. Fewer measurementsand lesseramountsof DiMelQx (2-

amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline),IQ (2-amino-3- methylimidazo[4,5-

f]quinoline),Trp-P-2 (3-amino-l-methyl-SH-pyrido[4,3-b]indole),and Trp-P-1 (3-

amino-l,4-dimethyl-5H-pyrido[4,3-b]indole)are reported.The large differencesin

amountsmeasuredin Table 3 can be explained in part by differencesin cooking

conditionsusedto preparethe samples. We havebegunto analyze foods
e

prepared by well-documentedcookingproceduresfor knownheterocyclicamines

• usingthe solid-phaseextractionand HPLC methoddevised by Gross(5).

The sampleof beefcooked over a barbecue(Table 3) was analyzedfor

polycyclicaromatichydrocarbons(PAH) as well as heterocyclicamines.Six PAH

were quantifiedand benzo[a]pyrenewas foundto be presentat the highest

concentration,at 17ng/g.The totalmassof the PAH measuredwas 34 ng/g.The

contributionof PAH to the mutagenicactivityof thisbarbecuedbeef samplewould

be less than 10 revertantsper gram comparedwithover2000 revertants

contributedby the measuredheterocyclicamines inthissample. Beef pattiesfried

at 230°C had nodetectable PAH (N. Rothmanpersonalcommunication),but
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contained four heterocyclicaminesas shownin Table 3.

A studyof the formationof fourheterocyclicamines in beef pattiesfriedat

190°C for variouslengthsof time summarizedin Figure2. A large increase in ali

four amines is seenat 6 and 10 minutes.The lowvalues at 2 and4 minutes

probablyreflecta delay due to water losscausingthe dehydrationor precursor

distillationto the meat surface,bothof whichappear to be necessaryfor

heterocyclicamine formation.

The mutagenicactivityof extractsof the fried meat also increaseswithfrying

time (fig.2). Usingthe knownspecificactivitiesof PhlP, MelQx, DiMelQx,and IQ of

20, 99, 320, and 200 TA98 revertantsper nanogram,and multiplyingby the

nanogramsof each heterocyclicaminemeasured (fig. 2), the expectedmutagenic

activitieswouldbe 30, 80,434,918 revertantsper gram of meatfor 2, 4, 6, and 10

min fryingt;me per side, respectively.Measured mutagenicactivitiesare 22, 153,

178, and 310 revertantsper gram for the 2, 4, 6, and 10 minfryingtimes. Mutagenic

activity for standardsolutionsis additiveand we are investigatingother

explanationsfor the apparentdiscrepancybetween the measuredand calculated

mutagenicactivitiesin extractsof friedbeef patties.

The heterocyclicaminesshownin Table 3 are responsiblefor mostof the

mutagenicactivity in the food samplesexaminedto date butsomeother

heterocyclicamineshave been reported.An amino-trimethylimidazopyridine

(molecularweight 176) was reportedin fried beef and a fried Norwegianmeat

product(26,27). IQx (2-amino-3-methylimidazo[4,5-t]quinoxaline,molecularweight

199) and DMIP (2-amino,1,6-dimethylimidazo[4,5-b]pyridine,molecularweight

162) were reportedin a fried Norwegianmeat product (27,28). A proposedamino-

imidazofuropyridine(molecularweight202) (29) was reported in cookedporkand

beef (30). Of these, the amino-imidazofuropyridinemay be presentinthe highest

amount relativeto knownheterocyclicamines in pork cooked at 250°C. Synthetic

6
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compoundsto be used as standardsare neededto develop methodsforthe

analysisof these heterocyclicamines.

Mutagen exposure reduction

Since the discoverythat heterocylicaminesare producedduringcooking,

ideas for minimizingtheir formationhave been explored.Loweringcooking

' temperaturesto below 200°C and usingcookingmethodsthat reducemeat surface

temperaturereduces mutagenicactivityand the amountsof heterocyclicamines

formed (6). Shorteningthe cookingtime alsocan also reduce the productionof

thesecompounds.Ascan be seen in Fig 2, cookingfor six minutespersideinstead

of 10 minutesreducesthe totalheterocyclicaminecontent from 14.5ng/gto 4.2

ng/g.Reducingthe concentrationsof heterocyclicamine precursorscreatine,

aminoacidsand sugarsby microwavepretreatmentof meat pattiesbeforefrying

has been shownto reducemutagenicactivityto 10% of meat pattiesfriedas usual

(31).

The additionof 2-4% of simplecarbohydratessuch as glucoseor lactose

reducesthe mutagenicactivityof subsequently-cookedground meat(32).

_ Tryptophan(75 mu) added to each surfaceof a meat hamburgerbeforefryingalso

lowersmutagenicactivity(33). Such additivesand proceduresappearto be

practicalways to reduceheterocyclicamine formationandthereby lowerthe

humanexposureto heterocyclicamines.

Estimates of dietary intake from food analysis

Dietary intake of heterocyclicamineswillvary greatlydependingon food

preparationandthe type of foodseaten. The 1985 USDA food intakesurvey

reportsthe intakeof meat,poultry andfishto be an averageof 224.5 g perday.

Usingconservativevalues for meat cookedat 190°C for 6 minper side,PhlPand

7
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MelQx are presentat 1.3 and 1.9 ng/g of meat respectively(data fromFigure2).

Multiplyingby the dailyintakegives an average intakeof 720 ng per day forjust

PhlP and MelQx, and thisfigureaccountsonlyfor meats.For beefcookedat 250°C

for 10 min perside, the averagemeat intakewouldresultin 6650 ng per dayforthe

24 and 8 ng/g measuredfor PhlP and MelQx, respectively(data notshown).

Estimates of dietary intake from human urine analysis

Since it appearsthatthe humandiet has manycookedfoodsthat contain

heterocyclicamines, methodshave been developed to calculatethe dietarydose

from urinaryexcretionof the compoundsafter food ingestionand metabolism.

Bakeret a1.(34),showedmutagenicactivitycan be detectedin humanurine

followingthe ingestionof cooked pork.Hayatsuet al. (35) determinedthat 2 to 19%

of the consumedmutagenicactivitywas recoveredin urineafter a mealof cooked

beef.

Recovery of a specificmutageniccompound,MelQx,was determinedin

urineby Murrayet al. to be 1.8to 4.9% of the ingestedamount(36). Recently,the

amounts of four heterocyclicamines in urinefrom humanseatingan unrestricted

diet were determinedby Ushiyamaet al. (37). MelQx,PhlP, Trp-P-1 and Trp-P-2

were detected in eachsample.MelQx was the mostabundantcompound.

Adjustingfor metaboliclosses,the dailydose fromMelQx alonewas determinedto

range from 0.2 to 2.6 microgramsper day for the 10 individualsparticipatingin the

study, lt is noteworthythat heterocyclicamineswere detected in ali individualson

an unrestricteddietbutwere not detected in three hospitalinpatientsreceiving

parenteral alimentationwitha solutionof sugars,saltsand vitamins.

DISCUSSION

Total amountsof heterocyclicaminesin the dietappear to rangefromless

8
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than one microgramper day for those eatinga diet low in cookedfoods,especially

cooked meat, to greaterthan 10 microgramsperday based onthe foodand human

urine analysisnotedabove. Heterocyclicamineamountsprobablyvary greatly

from day-to-dayand among individualsbased on dietarypracticesovera lifetime

because of dietary practices.

The measurementof mutagenicactivityof foodextracts is a usefulscreening

' tool to determinewhichfood samplesshouldbe analyzedfor heterocyclicamines.

Most of the mutagenicactivityof fried beef is contdbutedbythe highspecificactivity

compounds,MelQx,DiMelQx, and IQ, althoughin some food samples,suchas

barbecued beef patties,knownheterocyclicaminesonly accountfor 25% of the

mutagenicactivitydetectedin the meat sample.Given the range in mutagenic

potency of individualheterocyclicamines,quantitativemeasurementof amounts

are needed. Unknownmutagenicheterocyclicaminesare probablypresentin

some foods,and theircontributionto the riskof heatedfoodscannotbe determined

except by the evaluationof genotoxiceffectsof wholefoods.

Many of the foodstudiesreportedinthe literaturehavea biastowardthe

generationof highmutagenicactivityusinghightemperatures.This was r,ecessary

• because measurablemutagenicresponseswere requiredfor mutagenic

• compoundisolationand identification.For riskassessmentof an entire population,

realisticdeterminationsfor the individualcompoundsneed to be madefromfoods

cooked as they are normallyeaten. Food analysis,combinedwithfood

consumptionsurveys,are needed to give accuratedietarydose assessmentsof

these compounds.We believethat samplespreparedat highertemperaturesand

cooking timesare usefulfor determiningriskof a selected populationthat prefers

foods cookedto a well-donestate.
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Figure 1. Mutagenicactivity of bread products. "Edible"denotescookingaccording
to package directions."Overcooked"denotescookingfor twicethe normalcooking
time.
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Figure 2. Graph of heterocyclicaminecontentand mutagenicactivityinbeef patties
friedat 190°C for 2, 4, 6, or 10 minutesper side.
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Table 1 Mutagenicactivityof Heated Foodsand Ingredients

Foodtype and heat sourcetemperature rev/g (cooked reference
weight)

Beef hamburger,275°C 750-9200 8 .

Beef, baked,
fried, 121-204°C 100-994 9 .

Meats,va_,;ous, 100-220°C 0-580 10

Pork products,200-300°C 1-240a 15
Fish, Hawaiian, 190-280°C 1-85a 12

Cheese, baked or fried,204-375°C 0-4 13 '
Pancakes, Swedish 160-175°C 80 14

Pancakes, 475°C 2 15

Eggs,fried 100-310°C 0-3 15
Oatmeal, 100°C 4 9

Beans, boiled/baked,
boiled/fried 0-36 13

Tofu, 100-200°C 0-4 13

Rice, to 400°C 0 16

=Wheatgluten 14,000 17
arevertantsper gramuncookedweight.
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Table 2. MutagenicActivityof FriedMeatSubstitutes

Sample a TA98 reverrtantspergram
Gluten-based#1 7.7
Gluten-based#2 9.4

. Tofu ndb
Falafel 2.3
Tempeh-basedpatty 22.8

' Tofu-basedpatty 6.6
Vegetable steak (gluten) 6.0

Groundbeef patty ....218
a Ali sampleswere formed intopatties1.5 crnthick,9 cm in diameterand fried

at 210°C,6 min per side.
b Mutagenicactivitynot detected.
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Table 3. Amountsof MultipleHeterocyclicAmines in Cooked Meats

- 4,8-
Food PhlP MelQx AAC DiMelQx IQ Trp-P-2 Trp-P-1 Ref.

Beef, broiled 15.7 2.11 1.20 nda 0.19 0.25 0.21 23

Beef, fried 0.56 0.64 nd 0.12 nd 0.21 0.19 23

Fish,fried 69.2 6.44 nd 0.1 0.16 nd nd 24 "

Beef, fried 190°C 48.5 8.3 8.9 2 nd nd nd 5
Q

Salmon, fried
200°C, 12 min 23 5 4.6 nd nd nd nd 6

Beef, barbecued 38 4.4 95 2.7 1.6 nd nd c

Beef, fried.

230°C, 12 rain 4.1 1.1 nd 0.25 0.25 nd nd c
Commercial
Hamburger #1 nd 0.68 --b 0.28 ..... c
Commercial
Hamburger#2 nd 0.26 -- 0.1 ..... c
a Not detected.
b Not determined,methoduseddoes not detectthiscompound.
c This laboratory,unpublishedresults.
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