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SUMMA1~Y

II
For more tha n 20 years . the U.S .  Army has been investigating

ionizing radiation as a possible preservation process for foods. It has
devel oped a practical procedure for the preservat ion of beef; meat treated
in this manner is now undergoing a multigeneration whole~ omene ss Stud y in
mice, rat s and dogs. As an adjunct to this feeding stud y,”4he Army requested
a t horough revie w of t he poss ible t ox icity t o man of t he vol~~ile compounds
detected in the irradiated beef. ~ Thi s is a report of that review.

‘- Sixty- five compounds have been identified in the irradiated beef. A
numb er of nonvolatile compounds would not be detected by the analyt ical
methods employed and were not considered in this study. Those identified
include both saturated and unsaturated aliphatic compounds containing from

— 2 to 17 carbon atoms ; certain of their alcohol , aldehyde and ketone derivatives;
three aromatic hydrocarbons; and some sulfur- , nitr ogen- and chlor ine-
containing compounds. The concentrations of the individual compou nds range
from 1 to 700 p.g per kg beef with a total concentration of 9. 4 mg per kg.

The Select C’~mmittee reviewed the usual dis t r ibut ion of each compound
in food s, water suppli es and the atmosphere as well as its absorption , xneta-
bolic for mation and disposit ion, acut e and chronic t oxicity and pot ent ial
ha zards for man. Many of these compounds are found in human foods; some
are approved additives or flavoring agents; and some are widely dispersed
in our at mosphere arid water supp lies. The concent rations of the compounds
reported in irradiated beef are within official guideline s, when such exist ,
w hile many others are below the amounts found in common foods or absorbed
from other sources.

~ Te trachloroethyle ne and benzen e were scrutinized with especial
care because of their possible carcinogenicity. The available evidence
demonstrates that the tetrachloroethylene found in irradiated beef samples
was not a radiolyt ic product , but was a contaminant probabl y arising from
its use as a cleaning agent in the processing plant . Among different samples
of beef , it was either absent , or its concentrations were no greater tha n
those in nonirradiated beef . Irradiation with doses up to 120 kilograys’:’
(12. 0 megarads) did not increase its concentration in the beef . The daily
intake from air , water and other foods is many times greater than that from

~‘In this report , absorbed dose is generally expressed in terms of the gray
(Gy), as recommended by the International Organization for Standardization.
Values expressed in t erms of the rad are given in parenthesis . One rad =

icr 2 Gy. In a few instances where graphs are reproduced fr om reports
published before this convention was adopted , the older terminology is retained.
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irradiated beef. Benzene is suspected of being a possible human leukemogen,
although many experts dispute this claim. The small contribution to the
general environmental burden of benzene from irradiated beef is not believed
to constitute a significant added risk.

On the basis of the available data,ihe Committee concluded that
there were no grounds to suspect that the radiolytic compounds evaluated
in this repo rt would constitute any hazard to health to persons consuming
reasonable quant ities of beef irradiated in the described manner.
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FOR EW OR D

The Life Science.~ Research Office (LSRO), Federation of American
Societies for Experimental Biology (FASEB) provides scientific assessments
of topics in the biomedical sciences. Reports are based upon com prehensive
literature reviews and the opinions of knowledgeable investigators who are
ac tively engaged in wor k in specific areas of biology and medicine.

This techn ical report was prepared for the U. S. Army Medical
Research and Development Command by the LSR O, FASEB , in accordance
with provisions of contract number DA MD-17-76-C-6055 . The report was
written by the members of an ad hoc Select Committee on Health Aspects
of Irradiated Beef with the assistance of the LSR O staff .

The Select Committee whose members are listed in Section LX accept s
the responsibility for the contents of the report . Other scientists provided
u sefu l information to the Select Committee ; however , the listing of their
na mes does not imply that they endorse the stud y conclu sions. Special
appreciation is expressed to Dr. Wa lter M. Urbain , Special Consultant and
to Dr. C. Jelleff Carr , Director Emeritus,  LSRO, for their valuable
assistance to the Select Committee in the preparation of this report .

The report was approved by the Select Committee , the Direct or of
LSRO. a nd subsequent ly by the LSRO Advisory Committee composed of
representatives of each constituent society of FASEB, u nder aut hority
delegat ed by the Executive Committee of the Federation Board. Upon
completion of these review procedures the report was approved and transmitted
to the U.S .  Army Medical Research and Development Command by the
Executive Director . FASEB.

While this is a report of the Federation of American Societies for
Experimental Biology, it does riot necessarily reflec t the opinion of the
individual members of its constituent societies.

Kenneth D. Fisher , Ph. D.
Director
Life Sciences Research Office
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I . IN TRODUCTION

Although it has long been known that food can be subjected to
irradiation and thus preserved for extended periods (1, 2, 5), only ir radiated
wheat and potatoes are currentl y accorded official sanction in the United
States.

Radiation is defined by cur ren t statutes (21 CFR 179. 21, for mer ly
121. 3001 ) as a food additive (3 ), ra ther t han as a process , so that rigorous
standards of safe ty must be met before food processed by irradiation can be
approve d for human consumption by the Food and Drug Administrat ion.  In
1954 , the Surgeon Ger.eraPs Office unde rtook an extensive program to meet
these standards of wholesomeness * for irradiated foods , concentra ting on
products of special military significance , especially beef , chicken, pork
and ham.

After many years of investigation, the A rmy was ready for a
defi nitive study and called upon governmental and academic scientists to
devise an experimental  protocol that would determine unequivocally the
safe ty or hazard of foods subjected to s ter i l iz ing doses of irradiation .
Beef was chosen as the f i rst  food to be tested because of its wide consump-
tion in the military and its popularity w ith the American public. Extensive
discussions were held wi th offic ials of the FDA and with governmental
and academic scientists. A task force was established under the aegis
of the Na tional Academy of Sciences - National Research Council to provide
overall guidance. As a result , a comprehen sive long-term experiment was
de signed that would evaluate the effect of feeding irradiated beef to several
generations of mice , ra ts and dogs. The animals were to be subjected
to a comprehensive toxicological study to unc over any acute or chronic
harmful  effects of this diet. On March 1, 1971, a con trac t was awarded to
the Industrial Bj o-Test Laboratories , Inc . of Northbrook , Illin ois to conduct
the prescribed study . At the suggestion of the Food and Drug Administration ,
the Army expanded its wholesomeness assay to include mutagenic and
teratogenic effects as well  as analysis of heavy metals, pes ticide residue s
and organic volatile compounds.

The Life Sciences Research Office (LSRO) of the Federation of
A merican Societie s for Experimental Biology (FA SEB) was asked to
undertake an evaluation of the possible toxic ity of certain compounds
found in irradiated beef . To accomplish this task , the staff of LSRO
compiled relevant data on the dis tr ibut ion , metabolism and toxicology of

*With reference to irradiated foods , the term “wholesomeness ” is generally
used to encompass microbiological , nutritional and toxicological safety (4).
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those compounds found in irradiated beef by t he A rmy , LSRO also convened
a committee of investigators in biochemistry, pharmacology, oncology,
toxicology, food technology and nutrition to review the available data and
to assess the health aspects of the compounds separatel y and in toto. The
committee members are listed in Section IX (p. 111).

This report contains the findings and conclusions of this committee.
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II. MATERIA LS AND METHODS

The chemical analyses which form the basis of this report were
performed on sample s randomly selected from large batche s of beef
prepared for the animal-wholesomeness studies.

A . B E E F  PR E PARATION

Fresh beef was processed by a major packing house in a p lant
inspected by the U .S .  Department of Agr icu l ture  (USDA ) ,  meeting all USDA
requirements .  Cleanup was done during the off-shif t  (us’ially at night) .  Af ter
cleanup, all equipment was sprayed with food-grade white oil and not rinsed
before use , in accordance wi th  the USDA approved procedures.

Cattle , approximately 500 kg live weight , were p laced in res t ra in ing
-Sacks , s tunned and hung on rails by their hind legs . They were slaug htered
and dressed conventionall y. The carcass was split to yield approximately
162 kg per side. These sides were washed with hot - and co ld-water  sprays
and placed for 24 to 72 hours in a chil l ing room at _ 3 C to 2 ° C. Refr igerat ion
was of the ammonia  type.  The water in the plant was chlorinated to meet
USDA requi rements .  The sides of beef were cut into front and hind quarters
and transferred to the cutt ing table by a stainless steel conveyor. The
quar t ers were t hen deboned , partiall y defa tted and cut into large primal cuts.

For production lots 1, 2 , 3 and 4 , the meat from all portions of the
carcass was cut by hand into 60- to 700-gram pieces. For production lots
5, 6 and 7, the meat was moved by the conveyor to a slicing machine which
cut the m eat int o 2 . 5-cm strips. The hand-cut or machine-sliced meat was
t ransfer red  to a meat tub holding 325 kg. When held in these tubs ,  the meat
was always covered with a sheet of plastic. A sample of th i s  meat , removed
for chemical anal ysis , represents the “ raw ” beef shown in Table 1. The
remainder was placed in a 650-kg capacity ribbon vacuum mixing machine
arid sodiu m chloride , sodiu m tr ipol yphosphate (TPP) and ice were added to
the meat in the fol lowing proport ions.

Basic rat io Typical batc h
kg kg

Deboned meat  100 . 000 650 . 000
NaCI 0. 750 4. 875
TP P 0 .375  2 . 4 37
Ice 3 .000 1 9 . 5 0 0
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The mixer was evacuated to 200 to 250 torr and the meat was mixed

with these additives for at least 20 minutes at 3° to 5° C. The mixture  was
then t ransfer red  to meat tubs,  kept in coolers at -3 ° to 2 ° C for not more than
24 hours , and then loaded into a dumping machine whic h was a large ,
funnel- l ike piece of equipment used to fill the stuffing machine located on
the lower floor . The stuffing machine filled casings to fit two ty pe s of
containers: no. 6~ casings for cans and no. 11 casings for pouches. On the
clipping table the filled casings were cut into rolls containing 15 kg for cans
and 11. 5 kg for pouches.

Thirty of these rolls were placed on each of seven trees (210 rolls)
and treated in stainless steel cookhouses which were normally employed
as smokehouses. To produce the enzyme-inact ivated beef , they were
washed be fore use and smoke was not added. The total elapsed t ime from
the mixer to cookhouse was at least 1, but not more than 24 hours. In the
cookhouse , which was heated with hot steam coils , the meat was exposed to
gradually increasing air temperatures :

First 3 hours 50° to 60° C
0 0Next 6 hours 60 to 71 C

~~~ 0 0As required ~l to 90 C

To obtain the desired center temperature of 68° to 75° C and a
yield of not more than 85 percent deboned weight  of the raw beef , steam was
injected to cont rol  the humidi ty of the cookhouse.

Next , the rolls were spray washed with cold water arid the trees were
t ransfer red  from the cookhouse to a cooler (-12 ° to 1° C) un t i l  the center tem-
perature cooled to -3 ° to 5° C. This temperature must be reached wi th in
12 hours. The rolls were kept in the cooler at -3° to -2 ° C for up to 8
days if their casings had not been removed, They were the n placed in meat
tubs and moved to the processing room for canning or pouching at 10° C.
Four separate products were processed : frozen controls, thermally processed
gamma irradiated and electron irradiated.

Frozen Controls

The rolls were placed on the cutting t~’5le , the casings were
removed and the meat  was cut into 1. 3-kg pieces which were packed into
spray-washed 404 x 700 cans , evacuated to 600 torr h~ f ore sealing, packed
12 cans to a case and frozen at -40° to -18° C. The frozen samples were
shipped to the feeding site and kept frozen at -20 ° to -18° C unt i l  used.

- 6 —
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Thermally Sterilized

The rolls were placed on the cutting table , the ir casings
were re m oved , the mea t was cut into 0. 37—kg pieces , and packed in to
404 x 202 cans. The cans were evacuated to 600 torr , sealed, placed in retort
baskets and thermally processed to F0 5. 8 (a minimum of 5. 8 minutes at
121° C) . The cans were labeled and packed 48 cans to the case. Samples were
removed, incubated for 20 days at 35. 6°C and were inspected for sterility
by the USDA . The cases were then shipped to the feeding sit e and stored
at 21° to 25° C unti l  used.

Gamma Irradiated

The rolls were placed on the cutting table , their casings
were removed and the meat was cut into 1. 3-kg sections. These were packed
into 404 x 700 cans which were the n evacuated to 600 torr  and sealed.
Dosimetry labels were placed on the lids , the cans were packed 12 t o the case ,
frozen at -40° to -18° C and shipped to the Natick Laboratories in the frozen
state. Here they were stored at —45  to -35° C unt i l  i rradiated with cobalt
at an average dose of 56.0 kGy (5 .6  megarads) at -30° ± 10° C, inspected and
shipped to the feeding sit e where they were stored at 2 1° to 25 ° C unt i l  used.

Electron Irradiated

The rolls were taken from the cages , placed on the cutting
table and the casings were removed. The meat was cut into 225-g slices
and transferred to meat trays. The slices were packed into flexible pouches
and vacuum sealed. Dosime ters were placed on the pouche s, which were
kept overnight at 1° to 2° C in meat tubs. The pouches were then inspected
for vacuum integrity and packed eight pouches per box and eight boxes per
case. They were frozen at -40 ° to -18° C and shipped to Nat ick , where they
were st ored at -45 ° to -25 ° C unt i l  irradiated with an average dose of 56 kGy
(5. 6 megarads) at -30° ±l0 °Cb y a 10 MeV electron linear accelerator . After
in spection , the irradiated pouches v .ere shipped to the feeding site , where
they were stored at 21° to 25° C until used.

B. ANA LYTICAL (1, 2 , 3)

All analyses were performed by the Analytical Chemistry Group,
Food Sciences Laboratory, U . S. Army Natick Research and Development
Command under the direction of Dr. C. Merr i t t , Jr.

- 7 -
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Preparation of Meat Sam ples

“Uncooked ” mea t w as re m oved fr om the container , cu t into
approximately one-inch cubes , ground through a quarter-inch plate , and
mixed well.

“Cooked ” sa mples were prepared to simulate the t reatment accorded
the beef prior to its consumption in the wholesomeness study. Meat cubes
(300 -400 g) plus their juices were placed in 2- to 2~ - inch  th ick  layers in
alu minum foil trays. The meat was covered and h@ated for 15 minutes  in a
convectio n type oven at 204 ° C. The covers were then removed while
heatin g continued for 2 minutes more. The heated meat and juices were
ground and mixed.

Collection of Total Condensate

The coarsely ground sample was weighed to the nearest
gram and pl~.ced in a cy lindrical vacuum bottle of approximately one liter
capacity . The flask containing the sample was attached to a vacuum mani-
fold , cooled to -196° C in a liquid nitroge n bath and the system evacuate d
to an absolute pressure of 1 X ~~~ torr . The volatile compounds were
vacuum distilled at 30° ± 5°C. This temperature was maintained by
periodicall y chan ging the water bath around the flask. The volatile s were
collected in a smaller  cylindrical sample bottle (approximately 400 ml )
immersed  in a liquid nitrogen bath. Both the vacuum manifold and the
sam ple bottle had previously been evacuated to an absolute pressure of less
tha n I X 10 torr .  This distillation continued for 6 hours. The condensed
distillate in the smaller  cy lindrical sample bo ttle represents the total
condensate .

Fractionation of the Total Condensate

The total condensate (mostl y wate r )  was allowed to thaw.
The flask was then immersed in a bath of dry ice and ethanol; in some
instances acetone replaced the ethanol . When the samp le had reached the
te mperatu i ’e of dry ice mi xture  (about -80° C), the compounds volatile at
this te m perature were  distilled from the total condensate and collected in
a second sample bottle immersed in a liquid nitrogen bath. This thawing ,
freezing and dist i l la t ion cycle was repeate d five t imes , or un til the absolute
pressure in the bottle in the dry ice-ethanol bath was less than 5 X 10~~tor r . This proce ss divided the total condensate into two fractions;
the wate r fract io n or the residue in the bottle immersed in the dry ice-
ethanol bath ; and the CO9 fr action , the dis tillate collected at -196° C
(l iquid nitrog en bath ).

- 8 -
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Extraction and Concentration of the Water Fraction

The water fraction was extracted with three 10 ml portions of
die thyl ether. The ether extract was vacuum distilled from a dry ice -
ethanol bath. The distillate was condensed in a bottle immersed in a liquid
nitrogen bath. The residue from this procedure is the concentrated water
frac tion.

Analy sis of the Volatile Fractions

The frac tions were subjected to gas chromatography.
A support-coated open tubular (SCOT ) column coated with 1, 2 , 3 tris
(2-cyanoethoxy ) propane (TR IS), precooled to -100 ° C and programmed from
-50° to 125° C at 5° C per minute was used for the CO, fraction. For the
water fraction, a SCOT column coated with carbowax 20M was used , pre-
cooled to -50 ° C and programmed from 0°C to 200° C at 5° C per minute .
The effluents flowed directly into the source of a time-of-flight mass
spectrometer which allowed the acquisition of both qualitative and quanti-
tative data.

Chloroform Extraction of Beef Residue After Collection of
Total Condensate

Thi s proced ure has been used thus far only on four beef
wh olesomeness samples. All four of these sample s were from a single
procurement.

The beef residue was placed in a Waring blender w ith 250 ml of
chloroform at room temperature.  The mixture was blended for 5 minutes ,
fil tered and the residue washed with 30 ml of chloroform. The combined
filtrate and wash were placed in a separatory funne l, the residual water was
removed and the chloroform was evaporated at 25° C in a rotary evaporator.
The flar k containing the residue was fitted with a cold finger and attached
to a high-vacuum system.

The cold finger was filled wit h liquid nitrogen and the flask was
evacua ted. The residue was heated to 80 ° C with continual magnetic stirring .
The distillate was collected on the cold finger for two hours and then washed
into a test tube with several small aliquots of chloroform totaling 10-12 ml.
The volume of chloroform was reduced to approximatel y 2O~il by evaporation
under a gentle stream of nitrogen gas. The volume of the remainder was
measured and a 0.2~ l aliquot was analyzed by combined programmed temper-
ature gas chromatography- mass spectrometry. The gas chromatographic

- 9 -



column was a SCOT column coated wit h carbowax 20M , precooled to 0° C
and programmed from 0° C to 200° C at 5° C per minute with a helium carrier
gas flow rat e of 5 ml per minute.

The sensitivity of the analytical technique is approximately 1 ppb
or 1 ~g of compound det ecta ble per kg of beef.

- 10 - 
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III . RESULTS

Table I is a list of the 65 compounds and their concentrations
de tected in the cooked and uncooked samples of frozen , thermally sterilized
and irradia ted beef. The variously processed beef sample s on which these
analyses were made are aliquots of the batche s used in the animal wholesome-
nes s experiment. This use of identically trea ted beef permits a correlation
between the chemical and the feeding studies. The amounts of the individual
compound s range from 1 to approximately 700 i~.g per kg. The hydrocarbons
are by far the most abundant , both in their number and their quantities; 70
percen t of all the substances and which comprise almost 90 percen t of the
to tal we ight , fall in to this category. The saturated aliphatics (alkanes)
predomina te. Their content exceeds the combined total of alkenes and alkyne s
by 1. 5 times and of the aromatic hy dr ocarbons by more than 60 times.

As might be expected , hea t causes a significa nt loss of t he volat ile
component s, so the concentrations in the cooked samples are almost always
lower tha n in the uncooked beef. Thus, ethane was found in the uncooked
irradiated specimens , but none could be detected in the cooked samples.
Met hane , an even more vola tile hydroca r bon , was ab sent from bot h t he cooked
and uncooked beef frac tions , although theoretically, significant quantities
should have been produced by irradiation.

The type of radiation, gamma rays by 60 Cobalt or hi gh energy
electrons by the linear accelerator, does not significantly affect the
kind or amount of compounds produced. Consequently, no distinction
has been made between these sources in considering the radiolytic
products.

The pr esence of a com poun d in irra diate d beef doe s not necessarily
imply that it is a radiolytic product. With few exceptions , all of the
compounds in Table 1 have been found in other foods , often in concentrations
exceeding those in irradiated beef. As is evident fr om thi s table , many
bu t not all of the compounds increase significantly after irradiation. Most
of the aliphatic hydrocarbons are su b stan t ially more abundant in irradiated
than in nonirradiated beef. However , the quantitie s of xy lene and
tet rachloroethylene are es sentially the same w he ther or not the beef wa s
ir radiated , while acetonitrile , ca r bony l sulfide , dime thyl dis ulfide ,
methanol and methy l heptane are present in greater amounts in the
ther m ally sterilized than in the irradiated samples.

The ki nd and concentration of the resulting products wil l  be
m arkedly influenced by the fa t con tent of the beef and by irradiation
parameters such as dose , temperature and oxygen tension (see Section IV).

- 13 -
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r
In this  connect ion , it mus t be emphasized that the Committee considered
onl y those compounds detected in the irradia ted beef prepared and anal ysed
accordin g to the procedures described in the exper imental  sect ion (pages 10
to 15 L This approach permit ted correlation of the Committee ’s st ud y w i t h
the wholeso meness experiments in which  the an imals  were fed beef composed
and irradiated in the manner  described. It is recognized that var ia t ions  in
the beef composition , the irradiat ion technique  or the analyt ical  procedures
may modif y these resul ts .

Durin g the course of this stud y, anal ytical techni ques have been
imp roved to allow determinat ion of certain highe r molecular  weight
com pounds not originall y reported in the quant i ta t ive  analysis .  This effort  C

to improve the analytical methodology is a con t inuing  project at the Nat ick
labo ratories. A recent ly developed , unpublished procedure u t i l i z ing
dichlorome thane appears to extract certain hydroc arbons more thoroughly
than previous techniques.  Very prel iminary results on a single sample
reveal  significa ntl y hi gher levels of pentadecane and heptadecene in the beef
than those show n in this report . It is hoped that cont inued analyt ica l  refine-
men ts will  u l t imately ensure a comprehensive and accurate inventory of
compounds in irradiated beef. Howe ver , at present , the Committee mus t
confine its consideration to the best avai lable  data , rec ogniz ing  both the i r
qual i ta t ive  and quanti ta t ive  l imitat ions.

I I
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IV . VARIABLE S AFFECTING RADIOLYTIC PRODUCTS

Irradiation produces volati le com pounds in meat because the energy
absorbed f rom the electron or gamma source is suf f ic ien t  to ionize any
atom with  which it interacts .  In te ra tomic  bonds are broken , thus  f r agmen t ing
the molecules and forming free radicals which can recombine  to form new
compounds. In most biological systems,  water is the most abundant
compou nd and the most obvious target of high energy irradiat ion.  Tran sitory
radiol ytic  products of water are formed;  these react with other molecules
or f ragments  to produce a number  of compounds (2 ). I r radia t ion may also
directly cleave bond s in organic molecules to pr oduce free radicals.  The
recombinat ion of these molecular  f ragments  create s new compounds.
Theoretical ly,  i r radiat ion of a complex matr ix  such as beef should produce
a mult i tude of d i f feren t  f r agmen t s  whose combinat ion could resu l t  in
numerous radiolytic products.  In the f rozen state , the number  of new
products would be reduced somewhat  since the rigid s t ruc ture  would impede
the reaction of molecular f r agmen t s .  Many of these products  would be
nonvolatile and would have remained  undetec ted  by the analyt ica l  methods
employed in this stud y. These compounds were not cons idered,

A . FAT CONTENT

Investigator s have show n the major source of volatile compounds
formed upon irradiation of beef to be the lipid f rac t ion (5 , 8 , 9 . 10) . Protein
is of secondary importance in their  production and carbohydrates , v i tamins .
sterols and pigments  make an eve n lesser cont r ibu t ion  (8’) . This  is graphi-
cally demor. ’trated by Figures 1 and 2. At a constant  t e m p e r a t u r e  and
radiation dose , production of C5 to C9 alkanes was three to five times greater
when  high fat (35 percent)  beef was i r radiated than w h e n  lean specimens
(5 percent)  were  s imilar ly exposed. The concentra t ion of acetaldehy de
also increased wi th  increasing fat content , albeit  at a much  lower rate .
On the other hand , the amounts of benzene , toluene and din’iethy l d isulf ide
increased only slightly , if at all , a f t e r  i r rad ia t ion  of the high fat  compared
with the lean beef samples.  This is consis tent  wi th  the content ion that  these
latte r compounds come from nonfa t  sources (8) .

A major effor t  has been made to elucidate the mechan ism of fat
radiolysis. Mer r i t t  and Nawar and thei r  respec t ive  c o - w o r k e r s  have been
the leading invest igators  in this  area.  M e r r i t t  et a l ,  ( 10) we re  the f i i - st
to point out that  the chief products of fat i r r ad ia t ion  are sau ’rated and
unsa tura ted  a l iphat ic  hy drocarbons,  Subsequent s tud ies  c o n f i r m e d  and
extended these observat ions (5 . 9) . Nawar ’s group  (3 , 11)  i s t n g
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purified model systems , has been especially successful in defining
the pathway of hydrocarbon formation.  They have confirmed the production
of homologous series of alkanes and alkcnes whe n variou s fats are irradiated
and have provided persuasive evidence of the mechanism involved. They
have demonstrated that carbon bonds near the carbony l group of the fatty
acid or triglyceride are the most vulnerable to cleavage (3 ). If the carbon
alpha to the carbony l is ruptured , alkane s and alkenes are produced with
one carbon less than the parent fatty acid:

H - H - H
I I I

- C~~~C - C - C - R . ~~~~~) • C -  R~~~~~~

If the beta carbon bond is ruptured , the resulting alkane s and al~ ene s
possess two carbons less than the original acid:

H H
I I

O H H H H H +H H - C - C - H
II I I I I I 

~~~~~~~~~~~~~~~~~~~~~~~~~~ I I- O - C - C ~~~C - C - R — — — ~~’C - c - R  H H
I t I 1 I[-I H H H H 

-H’ 
C C - R
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These C~~ and C~..2 alkanes and alke nes are the most abundant products
of lipid i’~radiati on. If the original fatty acid is unsaturated , the production
of an addit ional  double bond by i r radiat ion resul ts  in a d iunsatura ted
hydrocarbon , or diene . Thus , oleic acid , the most common unsaturated
compound in animal  fat (C 18 :l), yields s ignif icant  quantit ie s of hexa-
and heptadecadiene after i r radia t ion .  Similarly,  irradiation wi l l  convert
a d iunsa tura ted  fat ty  acid (linoleic ) to a tr iene and a tr iply unsatura ted
member  to a tetraene .

Although preferent ia l  scissi~ n occur s near the carbony l grouping
any of the carbon bonds in the fatty acid chain can be broken by irradiation
to pr oduce the ent i re  gamut of hydrocarbon s from C~ to its C~~_~ homologue .
Stearic ac id , for example , could yield all hy drocarbons from methane
to heptadecane :

CH 3 CH2 CR2 CR2 CR2 CR2 CR2 CR2 CF!2 CR 2 CH2 CH2 CH2 CH2 CR2 CR2 CR 2 COOH

CH4

C2 H6

C3H9

C4 H~~,

C~ H9~~+

The amoun t  and s t ruc tu re  of the hy drocarbons produced w i l l  depend on
the fat  content  of the meat  and on the fat ty acid composi t ion of the l ip id .

Oxygen compounds , w i t h  the exception of carbon dioxide , are usual ly
found in modest amounts  in i rradiated beef. Carbon dioxide is produced
in large amounts  f rom the decarboxylation of the fat ty acids. Small amounts
of aldehy des and ketones are generated afte r irradiation of beef , even in
the absence of oxygen. They , too , are believed to originate f rom the fat ,
p resumably  from cleavages w i t h i n  the glyceryl  moei ty  adjacent  to the ester
l inkage (9) . Ethanol  is detected in i r rad ia ted  beef but  not af te r i r rad ia t ion
of dry t r ig l ycer ide s or fatty acid es ters  (6) .

The smal l  amounts  of s u l f u r  and aromat ic  com pounds resu l t ing
f r o m  radiolys is  probab ly come f r o m  d i rec t  bond cleavage of amino  acid
moe i t i e s .  M e r r i t t  et al .  (8) could find no evidence for the r u p t u r e  of
pept ide bonds , The main products f rom protein i r rad ia t ion  originated
f rom the cleavage of side cha ins  or end groups.  The aromat ic  amino
acids or those wi th  sul fur  groups seem the most radiosensitive. Benzene
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and t o lu e n e  are thought to be produced from phenyl alan ine whi le  sulfides,
d i su l l  ides and mercap tans  are derived from methionine or cys t ine  (6) . The
c o n t r i b u t i o n  I rom the steroids is minor  and is generally ignored. Cholesterol
i r rad ia ted  at 60 kG ,v (6 n iegar2ds) g ives rise to a series of normal alkanes
c1 to C~ as well  as to isoalkanes (C 4 to C8 ) (8) . These products are most
l ikely  derived from the cleavage of the a lk yl side chain of cholesterol. A
recent  pub l ica t ion  provides an excel lent  discussion of the radiolytic products
from var ious  food component s (4) .

B. T E M P E R A T U R E

The quan t i t ies of radiolytic products  in beef are related directly
to the i r radia t ion  t empera tu re .  Figure  3 shows the amount s of volatile
compounds  produced in beef related to the tempera ture  at which the meat
was irradiated (9) .  A l l  products increased wit h increases in tempera ture
between -185° and +60 ° C. The effect  of t empera tu re  on the production
of represen ta t ive  ind iv idua l  compounds is shown in Figure 4 . The charac-
t e r i s t i c  i r radia t ion  odor and f lavor also became more apparent  as the
i rr ad ia t ion  t empera tu re  increased. A u  expert f lavor panel had no d i f f i cu l ty
in i d e n t i fy i n g  the beef irradiated at the higher tempera tures  (9) .

Al though volatiles are min ima l  at ex t remely  low tempera tu res ,
economic considerations dictate that  the i r radiat ion be accomplished at
a somewhat higher t empera tu re .  The most fa vorable compromise among
qua l i t y ,  cost and i r rad ia t ion  r equ i rement s  is about -30 ° ± [0 ° C ([2 ) .

C’ . I)OS E

M e r r i t t  and colleagues (10) demonstra ted  a l inear  relat ionship
between i r r ad ia t ion  dose and the pr oduct ion of radiolyt ic  compounds.
In fact , th i s  re la t ionsh ip  is an excellent  test to de t e rmine  whether  a g iven
compound  was of radiolyt ic  or nonradiol ytic origin .  Figu re 5 shows that
the concen t ra t ion  of volati les increases steadily as the i r r ad ia t ion  dose
increases .

The absolute  and re la t ive  quan t i t i e s  shown in the fi gures in this  section
d i f f e r s i g n i f i c a n t l y  f rom the data in Table 1 because of d i f ferences  in the
l’at con ten t  and i r r ad i a t i on  doses of the respective samples. For e campte ,
the  data for F igure  5 shows lesser amoun t s  of hydrocarbons in comparison
w i t h  the sulfu r and carbony l compounds and ref lects  the low fat cont ent
(2 to 3 percent)  of th is  sample.  The values in Table I are from beef with a
tat content of 10 to 12 percent .
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Figure 6 shows the concentrations of several hydrocarbons and of
acetaldehyde found in beef as a function of radiation dose. A linear relation-
ship between dose and radiolytic product exists over the entire dose range
studied , wi th  the concentrations of hydrocarbons rising more rapidly than
those of the aldehyde.

At an irradiation temperature of about -40° C the min imum radiation
dose for microbiological safety of beef is 41 kGy (4 . 1 megarads) (1). This
represents the radiation dose required to reduce by a factor of 10 12 , the
number of viable spores of the most radiation-resistant strains of Clostridj um
botulinum. In the present study the dose average d 56 kGy (5. 6 megarads).
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V. EVALUATION OF HEALTH EFFECTS

Designating “safe ” levels f or the int ake of specific substances is a
pe rennial , elusive and perhaps impossible goal. The goal is an ever- m oving
target , constantly changing as new data becom e available and analyt ical
techniques become more sensitive. Absolute safety can never be assured.
Nevertheless, assessments of safety are often required even when data are
not always adequate. In the face of this dilemma , prudence suggests that
realistic guidelines be developed to gauge the potential benefit and hazard
of products to which the public is exposed. Various expert commiss ons
have attempted to formulate such guidelines for food additives , but no
universally acceptable cri teria have yet been established.

Perhaps the most widely employed concept is that of margin of
safety, based on some fraction of the largest dose of a substance that can
be given to animals or man without causing adverse ef fec ts .  Often 1
percent of the min imum toxic dose, determined experimental ly in animals
is considered safe for man (2).  This is an arbi t rary  measure , with the
obvious dangers of extrapolating from animal to human exposures and of
variations in individual  sensi t ivi ty.

A more arbitrary guideline is the attempt by some bodies to specif y
an absolute qua ntity of a substance as “toxicol ogically inconsequ ent ial ”
or “toxicologically insi gnificant. “ Values of I to 10 parts per million
in foodstuffs have been suggested by various groups. The Committee
believe s this “guidelin~~” to be potentially dangerous for many substances,
such as aflatoxin , plut1bn ium , botul inum toxin , dioxin and others , are
serious health hazards at even lowe r levels.

Other criteria of safety suggested by one or another working group
include the long-term consumption of a substance without apparent hazard;
its presence in foods; a chemical s imilari ty  with compounds of known low
toxici ty; its rapid metabolism to innocuous products or its occurrence as a
natural  constituent or metabolite of the human body. A frequently used
c ri ter ion is that of “added burden.  “ This is interpreted as the potential
increment  of haza rd  added to that  received from other sources.

The Commit tee  u t i l ized  all  of these factor s and other - re levant
evide nce in its consideration of each compound in i r rad iated  beef. No
substance was arbi t rar i ly  d ismissed because of ‘i n s ign i f i can t ” or “incon-
sequential ” concentrat ions.  The Commit tee  found , as have other - groups
concerned wi th  s imi lar  questions , that  the avai lable  e x p e r i m e nt a l  and
clinical  data were  at t imes  i n s u f f i c i e n t  to pe t -mi t  an unequ i v oca l  decision .
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In these cases , the Commi t tee ’s judgment  is based on the best available
evidence .

The various types of evidence c onsidered by the Committee are
discussed in mox -e detail below .

A . POSSIBLE ORIG IN

As stated in the introduction , the irradiation of food has been defined
by the statutes of the Food and Drug Administrat ion as an “additive ” rathe r
than as a “ process ” (21 CFR 179. 21, formerly 121, 3001) (4 ) .  Consequent ly,
the regulations governing food additives must be applied to irradiated foods.
Al though most of the compounds under discussion increased significantly
af ter  irradiation, several showed no change from the frozen control levels
and cannot be considered as radiolytic products. Other compounds increased
more af ter  thermal  sterilization than af ter  irradiation. The concentrations
of these compounds in f rozen control , thermally steril ized and irradiated
beef are compared in Table 2.

Table 2 . Concentration of selected compounds in i r radiated and nonirradiated beef .

Cooked Uncooked
Frozen Thermally Frozen Thermally

Compound control sterilized Ir rad ia ted  control sterilized Irradiated

~~ /k g  ~g/ k g ~g/ kg pg/kg ~ig/ k g u.gfk g

Acetronj tr i le  6 21 3 3 57 1
Carbonyl sulfide 0 75 2 0 16 2
Dimeth yl sulfide 0 7 3 0 13 4
Hexene 1 22 2 1 31 34
Hydrogen sulfide 0 1 2 0 5 2
M ethanol 41 23 16 0 40 20
2-Meth yl butane 0 <1 4 0 143 21
2-Meth yl heptane 4 77 12 4 47 27
Toluene 3 48 50 6 73 66
Tet ra-

chioroeth y lene 10 9 12 11 8
X ylene 1 7 4 1 7 1
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B. ACCEPTABLE DAILY INTAKE (ADI)

A working party commissioned by the Council of Europe and
representing 17 countries reviewed the toxicology of a number  of w idely
used flavoring substances and recommended acceptable levels of daily intake
in those cases where it deemed the data to be adequate (1). Five of these
compounds are among those detected in the irradiated beef. These compounds
and their concentrations in beef are listed in Table 3 , together wi th  the
Council of Europe ’s ADIs. For each of these compounds , the ADI is at least
several hundred times the amount one would normally ingest from beef.

Table 3. Comparison of acceptable dail y intakes and quantities from beef. *

Concentration in Daily
Compound irradiated beef intake

AD! beef (DB1) ADI /DBJ
concentration mg ~g/kg  mg (ratio)

Dimeth yl sulfide 1.5 ppm 2 .25  5 .0006 3750
Dodecanal 1.0 mg/kg  70.0 63 .0076 9210
Eth yl mercaptan 1 ppm 1.5 9 . 0011 1364
Tetradecanal 3 ppm 4. 5 54 .0065  692
Undecanal 5 ppm 7.5 76 . 0091 82 4

*The following average values were assumed in this table: average weight - 70 kg; daily
food consumption - 1 . 5 kg; daily beef consump tion - 0. 12 kg. According to the American
Meat Institute , the per capita annual consumption in the U. S. war 43 . 3 kg of dressed beef
in 1976.

C. DISTRIBUTION IN FOOD AND BEVERAGES

Virtually all the compounds detected in the irradiated beef are
present  in other foods. Some of the simpler- compounds such as methanol ,
ethanol , butanone , etc . have been identified in almost  every food or
beverage in which they were sought. In many cases , the amounts in
w idely cons- . med foods are considerably greater  than in the irradiated beef .
Thus , cheese is r icher in ketones , eggs in sulfur  compounds , c i t rus  f ru i t s
in aldehy des and app les in certain hydrocarbons. Although the presence of
a compound in a common food doe s not assure its safety , it doe s provide
a standard against  which  the amount in beef can be compared.  In addition ,
these data help gauge the “added burden ” of substances that might be
ingested f rom it -radiated beef. It seems unl ikely  that the i r radia ted meat
would const i tu te  a s ign i f i can t  hazard if its consumpt ion  con t r ibu ted  only a
very smal l  f rac t ion  of the amount  of a compound en t e r i ng  the body f rom
other sources. Perhaps the most s t r ik ing  example  of the  r e l a t i v e l y t r iv ia l
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addition from beef to the overall intake is that of ethanol. A person
consuming one kg of irradiated beef daily throughout  a long l i fet ime
would ingest only a small fraction of the ethanol contained in a single glass
of w ine .

D. AUTHORIZATION BY FOOD AND DRUG ADMINISTRATION

The Food and Drug Adminis t ra t ion authorizes the use of cer ta in
solvents and additives in the prepa ration and preservation of various
foods (3 ). In some cases , the compound is authorized by name; in other
cases oils or solvent s with w ell-defined boiling or melt ing point ranges
are indicated . Thus , dodecanal is specificall y au thorized as a synthetic
flavoring substance, methanol as an extractant and butane as an oxygen
displacer . Implied rather than specific permission is given to certain
alkanes found in irradiated beef since they fall within the authorized
boiling ran ge of “odorless, li ght , pet roleum hydrocarbons . “ which is a
permitted additive for a number of foods. Similarly, other ali phatic
hydrocarbons in irradiated beef are present in mineral oil which  is
authorized for certain food usages. Table 4 summarizes  the va rious
regulations in which the compounds in i r radia ted  beef are either exp lic itly
or implicitly authorized in food. It should be noted that more than
one-third of the compounds identified in i rradiated beef are found in this
list , including all of the straight-chain alkanes except pentane.

E . TOXICITY OF METABOLIC PRODUCTS

Any evaluation of the toxici ty  c~ a compound must  include
consideration of its metabolic  t r ans fo rmat ions  in the bod y. Unfor tuna te l y,
these pathways are not always known so that the fate of som e compounds
m ust be inferred by analo gy to related substances whose metabolism
has been studied more thoroug hl y. Available evidence suggests that
alkarres and the oxygenated compounds are converted through well-recognized
metabolic pathways . The metabol ism of alkenes , alk ynes and cer ta in
other compounds is not as well  known. The fate of the individua l
compounds wil l  be considered in detail in the follow i ng Sections of this
report .
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TabI, 4. } ‘ ,- r tiner lt  ~
- ‘ gu1at jo ns  of the F’ood and L)rug Adminis t ra t i on.

Regulations
\u th o r jz e d  U s e  Residue Compounds Former Revised

Limits inc luded r e fe rence  reference
21 CF R

-\cetone E xtractant :  spices 30 ppm Acetone 121 .1042 173. 210
Butane Adiitj ve None stated Butane 121 .10 1 182. 1165

‘‘ ( ;~-n e ,-- ll~ recognized as saf e ’
Antio xidant  None stated 121 .1060 -

Ethanol  \nt imicrobial  agent 2”~ by weight Ethanol  121 .104 182. 1293
Ile xane Extra ctant :

Spices 25 ppm liexan e 121 .1045 173 .270
h ops 2 . 2”~
Hop ext rac t  25 ppm 121 .1082 172 .560

Isoparaff in i c  Cleaning vegetable s None stated 2 - M e t h y l heptane s 121 .11 54 172 . 882
petroleum hydro-  Insecticide component None stated
carbons Fruit , vegetable coating None stated

Vinega r , win e ma nu f a c t u rin g  N one stated
l)efoaming agent 150 ppm (yeast > 121 . 1099 173. 340

l ight petroleum Fruit . vegetable coating None stated Nonane * 121.1182 172. 884
i~~ I rocarbons Ve cetab le  cleaning None stated l)ecane~

Food processing None st ated Cndecane *
V i n e g a r , wine manufac tu r ing  N one stated Dodecane 5
t ) e foamin ~ agent  150 ppm (yeast)  Tridecan e* 121 . 1099 173. 340

Tetradecane A
Pentadecane 5
Hexadec ane *
Heptadec a~ e*

Met ha no t I- . xt  ear ta n t :
Spices 50 ppm Metha nol 121 . 1044 173 . 250
H ops ~~~~
Hop ex t rac t  100 ppm 121 .1082 172 . 560

M i n e ra l  oil \ n i ni a l  feed 0 . 06’~ of ration Te t radecane*  121 . 2 4 6
Pentad ecane *
Hexadecane ’
Heptadec ane *

Release agent  0 . 02-0 .  6’~ 121 . 1146 172 . 878
Bind er 0 .02 -0 .6%
l ubricant 0 .0 2-0 ,6%
l) efoaming agent 150 ppm (yeast) 121 .1099 173.3 40

I’e tr o la tum Animal  feed 0 .06 % of ration Heptadecane * 121 .261 —
CoatIng 0 ,02 -0 . 2% 121 .1166 172 . 880
l ubr icant 0.02-0 , 2% 121 .
l)efoan i in c ag ent l5o ppm (yeast) 121 .1099 173. 340

Pet ro leum Ext  ractant  N one stated Heptane * 121 . 1203 172 .250
nap hth a  Octane *
Pet ro leum wa x Coating None stated Heptadecane * 121 .1156 17 2 . 886

Chewing gum base None stated 121 . 11 56 172. 888
P ropane Addi t ive  - “Genera l l y None stated Propane 121 .101 18 2 .1655

rec ognized as safe ”
Antioxidant  None stated 121 . 1060

Ss~~ t h e t i c  f lavor-  1-lavorint ’ None sta ted 2-Butanone 521 .1164 172. 515ing substan ces 1)odecanal
lXmeth y l sulfide
Tet rad ecanal

‘V~ ithin r ace r  of specified melt ing or boiling points.
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F . DATA FROM CONVENTIONAL TOXICITY STUDIES

A lthough considerable toxicit y data are available for many of’ the
compounds under cons idera t ion , they are of l imited u t i l i ty  in the present
s tudy since routine tests generall y uti l ize single exposures to large doses.
This method enables inves t iga tors  to establish the LD 50.  LD 100 , min imum
lethal  dose or least toxic dose of a compound. It provides a crude index
w h i c h  a l lows  one to d i s t ingu ish  among high ly, moderately, and mildl y toxic
compounds. It has little relevanc e, however , to the problem of i r radia ted
3eef whe re  the concern is with  possible toxici ty  induced by repeated ingestion
of small doses of a compound. I . ong-term studies at modest  dose levels would
be more informat ive, but a re  rarely reported.

Another  diff icul t y in ut i l izing the available toxicity data to evaluate
the compounds in i r radiated beef lies in the d i f fe ren t  routes of administra-
tion. A number of the volatile compounds in i r rad ia ted  beef are  widel y
used as industrial  solvents and have been careful l y studied for their safet y
in the factory or shop. However , the pr imary objective of these
toxicological studies has been to establ ish permissible levels in the
workroom atmosphere, and it is di f f icul t  to ut i l ize such data in est imating
the toxic i ty  of a compound when ingested in food . In the f i rs t  place ,
data on the retention of inhaled compounds are scarce and not always
reliable . Then , too , a compound absorbed through the lungs may undergo
a fate d i f fe ren t  from that it would experience af ter  enteral  absorpt ion.
This would be par t icular ly t rue  for compounds that are  metabolized in the
lung or the liver , so that  one cannot in terchange with any assuranc e
toxic i ty  data between the two routes.

C. CA R CT NO G I - NICITY , ~1UT A GE N I C IT Y  AN D  TERA TO GENICI TY

In recent years , some compounds long believed to be innocuous ,
have been imp licated in tumor  production , genetic al terat ion or birth
abnormal i t i e s .  The t r ad i t iona l  toxicological indices mus t  therefore  be
increased to include these paramete rs .  Regulations concerning the
possible ca rc inogen ic i ty  of food addi t ives  are pa r t i cu l a r l y s tr ingent .
Consequently, tet rachioroethy lene (perchioroethylene),  benzene and
ce r t a in  a lkenes  have been sc ru t in ized  with especial ca re desp ite their
[ow concentra t ions  in i r rad ia ted  beef.  Tetrachioroethylene in very high
doses has recently been shown to ‘~ause liver tumors in mic e (3) . Benzene
is a suspected leukemogen in m a n , while the alkenes in their metabolism
produce epoxides , some of which may be carcinogenic . These will be
discussed in the approp riate sections.
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VI. ANALYSIS OF INDIVIDUAL CHEMICAL CLASSES

A. HYDROCARBONS

1. Alkanes

Occ u rrence

The concentrat ions of alkane s in cooked and uncooked samples
of f rozen  controls and of heat - and radiation-sterilized beef are listed in
Table 5 . The table also include s data on the occurrence of these compounds
in air , water  and food. These data strongly suggest that the strai ght-chain
alkane s are products of radiol ysis  for the i rradiated beef contains each in
a higher concentrat ion than in the t he rma l ly s ter i l ized samples or in the
frozen controls. On the other hand , the b i a n c hed compounds , except for
2-methyl propane , are found in equal or greate r amounts  in the thermal ly
steri l ized meat.

It is also apparent  from Table 5 that many of these alkanes are
common in our environment.  They are  found in air and water  and in many
foods , includi ng untreated or cooked meats , ve getables , f rui ts , nut s, and
dairy products.  Quant i ta t ive  data are not generally available , but
single studies on apples (24) and eggs (20 , 21) reported concentrat ions
of the hig her alkanes comparable  with or greater than those found in
irradiated beef.  There is also evidence that some of these compounds
are produced during cooking and that their content in beef is higher
af ter microwave than af ter  conventional cooking (22 ) .

The lower mem bers of the ~lkane series are gaseous or hi ghly
vola tile at normal  t empera tures .  They are used widel y in indus t ry  as fuels ,
lubr icant s , solvent s and feed-stocks for numerous  chemical  processes. It
is not surpr is ing,  therefore , that  many of these members  have been detected
at signif icant  levels in metropol i tan atmospheres and water supplies.

Absorption and Meta bolism

All of the volatile alkanes a re  absorbed th rough the
pulmona ry system and their  retention closely pa rallels the fat content
of the body and tissues. Rats exposed to high concent rations of hexane
va por (170 g/m3)  for 2 to 10 hours , revealed an average t issue concent ra-
tion of approximately 4 mg per g of l ip id  (2 ). E q u i l i b r i u m  concent ra t ions
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in most tissues occurred in 4 to 5 hours. Whe n exposure was terminated ,
the volatile hydrocarbons were rapidly eliminated unchanged in the expired
air . This fact was demonstrated with human volunteers who breathed
approximately 100 ppm of hexane for 4 hours, When re turned to ambie nt
air , the subjects rapidly eliminated the hexane and within 4 hours, its
concentration in the expired air was less tha n 0. 5 ppm (26) .

Little is known about the absorption of alkanes from the gastrointes-
t inal  tract , but the degree of absorption seems to depend on the molecular
dimensions of the hydrocarbon. Mineral  oil , consisting large ly of paraf f i ns
with 15 to 30 or more carbon atoms, is poorly absorbed (17). On ingestion,
only 2 percent is absorbed and this presumably represents the shorter
members of the series. Slight, but significant, absorption of hexadecane
(3 , 7) and heptadecane (31) occurred in rats fed small amounts daily.
Longer chain paraff ins were more poorly absorbed.

Becau se of their rela t ive physiological and pharmacological
inactivity, the metabolism of alkanes has not been studied as thoroughly
as more react ive substances . Consequently, the precise metabolic
disposition of many of these compounds is not known and can only be
surmised from investigations on some of their homologues.

In common with  a number  of lipid-soluble organic compounds , the
metabolism of alkanes and isoalkanes is catalyzed by microsomal m ixed-
function oxidases (MFO) (12). This ubiquitous, highly inducible enzyme
system (5 , 11) found in most tissues of all higher organisms, is generally
associated with the metabolism of steroids and a wide variety of xenobiotics,
including drugs and pesticides. Both low and high molecular weight
alk anes such as butane (10), pentane (10), heptane (6) ,  decane ( 15) , and
hexadecane (19) are oxidized to the corresponding alcohol by this system,
Although all of the alkanes found in irradiated beef have not been studied ,
it seems reasonable to conclude that they are metabolized in the same
way as their higher or lower homologues.

Among the s impler  alkanes , the preferred site of attack is the
ter t ia ry  CH bond , wi th  the secondary bond the next  most susceptible and
the pr imary methyl  group the most  resis tant  to the hydroxylation reaction
(10). Thus , n -butane  on oxidation yields 2-butanol  w i t h  only traces of the
pr imary  alcohol. Similarly,  2 -pentano l  is the major product  of n-pentane
hydroxylation . Significant amounts of 3-pentanol but onl y barely detect able
amounts of the primary alcohol ( 1-pentano l) are also produced . 

-

However , the higher alkane s are apparent l y oxidized preferent ial ly
at the terminal  carbon atom . Heptane is oxidized by MFO to 1-heptanol (6)
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and decarie to l-decanol, with equal facility by lung, kidney or liver
microsomes (15).

The ultimate fat e of the alcohols produced from the alka ne hydroxy-
lation is not known with certainty. Some are probably conjugated and
excreted in the urine as glucuronides (18) while some may be metabolized
further to the corresponding fatty acid (19, 23) ,  a fate clearly demonstrated
for hexadecane and octadecane . Hexadecane was converted by the MFO
and other enzymes to cetyl alcohol and palmit ic acid (19), the latter
presumably by further oxidation of the alcohol. In contrast with their
act ivity in decane oxidation , lung micro somes showed relat ively low act ivity
compared with liver microsomes in the oxidat ion of hexadecane , while t he
kidney microsomes were completely inactive. Alcohol dehydrogenase
catalyzes the oxidation of lower ali phatic alcohols (30) to the corresponding
aldehydes , which are then further  oxidized to their acids.

Toxicity

The simplest  alkane homologues - - methane , ethane and
propane -- are generally conside red to be innocuous when inhale d at
concentrations below 1 percent by volume. Several thousand parts per
million of these gases are necessary t o produce any de tectable physiological
effect  and even at these levels , the effect  is a mild hypoxia resulting from
the corresponding reduction of oxygen in the inspired air. No threshold
limit values (TLV) have been established for their presence in workroom
atmospheres.

TLVs for the intermediate alkane members  range from
100 to 600 ppm (1) as show n in the follow ing table :

Table 6. Threshold limit values for alkanes (1).

Compound ppm mg/rn3

Butane 600 1400
Pentane 600 1800
Hexane 100 360
Heptane 400 1600
Octane 300 1450
Nonane 200 1050
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Propane and butane are used in processing and packaging of foods
to remove and displace oxygen and have been approved as GRA S (“ generally
recognized as safe ” ) by the Food and Drug Adminis t ra t ion  for this purpose
(27) .  Petroleu m hydrocarbon fractions are used as solvents to extract oils
from various food preparations. These fractions are mixtures of hydro-
carbons boiling within a given temperature range and may include hexane,
methyl pentane , heptane , dimet hy l butane, and other compounds. Their use ,
in accordance with good manufactur ing  practices, has been approved by the
Joint FAO/ WHO Expert Committee on Food Additives (17). Similarly, FDA
regulations permit the use of hexane (21 CFR 173.270; 172 . 560 , formerly
21 CFR 121. 1045; 121. 1082) 2-methyl  heptane (21 CFR 172. 882 , formerly
21 CFR 121. 1154) and heptane (21 CFR 172 . 250 , formerly 21 CFR 121. 1203) as
solvents for foodstuffs under  controlled conditions (27) .  Also mineral  oil
which contains high molecular weight hydrocarbons is employed for a variety
of food and medicinal purposes (21 CFR 172. 878 , formerly 21 CFR 121. 1146)
(27 , 17).

Vir tual l y no toxicological data are available for the individual higher
molecular  weight  alkanes. Most of the available re ports concern various
industrial  products consisting of complex hy drocarbon mixtures  including
some of the C10 to C~, alkanes.  One of the few studies of these higher
paraf f in  members  given systemically is that of Jeppsson ( 16) who injected

C mice intrave nously wi th  emulsions containing variou s alkanes. The LDioo
for pentadecane , hexadecane and hep tadecane was approximately 10 g per
kg for each of these alkanes.  Hine and Zuidema (13 ) adminis te re d the
following mix tures  of paraff ins  and naphthene s intragastr ically to rats at
concentrations of 25 ml per kg wi thout  causing death in any of the animals:
C9 and C10 ; C1~ and C17and C 13 through C13.

None of these alkanes has proved carcinogenic but some have enhanced
( “ promoted ”) the development of papillomas in mouse skin pretreated or
“ initiated ” wit h subcarcinogenic doses of polycyclic aromatic hydrocarbons .
Sice’ (29) “ initiated ” the skin of female Swiss mice with 7 , 12 dimeth y lbenz
(a )an th racene  and subsequent ly applied a number  of alkanes and alkanols .
The skin  tumor inc idence/number  of mice were as follows: hexane (0/30),
octane (0/40 ) ,  decane (2/ 30) ,  dodecane (6/30 ) ,  tetrac~ecane (5/30 ) ,  hexadecane
( 1/ 50) and octadecane ( 1/30) . The latent period before t umor  appearance
promoted by dodecane and tet radecane was 20 to 60 weeks , compared with —

more than 50 weeks wit h decane and octadecane.

Similar conclusions were reached in an experiment with  dodecane
(28) and in a more recent series of experiments by Horton et al. (14)
in which male C3H mice were treated repeatedly with 0. 14 percent benzo(a)
pyrene dissolved in certain alkanes or in decalin (decahydronaphthalen& ,
Benzo(a) pyrene in decalin alone caused 33 percent malignant  tumors  while
benzo(a)  pyrene with dodecane , hexadecane , octadecane and eicosane produced
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malignant skin tumors  in all of the animals.  These experiments suggest
that chronic exposure to high concentrations of som e alkanes can enhance
the production of tumors “ini tiated ” by polycyclic aroma tic hydrocarbons ,
but gave no indication that the alkanes alone were carcinogenic.

Disc ussion

Each of the alkanes found in irradiated beef has occurred
in other foods , sometimes more abundantly than in the irradiated
beef. Their or igin in many of these foods is unknown. A number of the
alkanes are emp loyed as solvents or in preparations approved for various
purposes by the Food and Drug Administration and by official international
bodie s. Th e lower homologues are common industrial substances whose
threshold limits in workroom atmospheres are several orders of magnitude
greater than their concentrations in beef. A similar margin of safety
exists for each of the compounds whose least toxic effect has been determined.
Some of the metabolic products of these substances, where known, are either
compounds normally found in the body or substances metabolized by
known physiological processes to compounds believed to be nontoxic.

The Committee carefully reviewed the data demonstrating that
several of the higher alkanes and alkanols may act as co-carcinogen3
or tumor-promoting agents in mice pretreated with polycyclic aromatic
hydrocarbons . The possibility seems slight that alkanes in the quant ities
found in irradiated beef are co-carcinogenic . Not only were the alkanes
app lied in the presence of a large  concentrat ion of a known carcinogen, but
their doses were huge in comparison with the amounts  found in beef.

The available data on the alkanes suggest that  the co isumption
of irradiated beef would not pose a signif icant  increment  of hazard to
the amou nts an individual  would be unavoidably  exposed.
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2. Alkenes and Alk ynes

Although the most apparent effect of lip id irradiation is the
production of n-alkanes with one or two less carbon atoms than the original
fatty acids , s ign if icant  amounts of unsaturated hydrocarbons are also
produced . Simple alkenes are produced from saturated fat ty acids while
dienes are generated from the monounsaturated acids.

Occurrence

The alkenes and alk ynes and their concentrations found in
the variousl y treated beef samples are listed in Table 7 as are their
concentrations in air , and in other foods.

As might be expected , almost the entire series of straight-chain
alkenes , from C2 to C 1, has been identif ied in the i r radia ted beef.
A n  exception is propene which was not detected. Heptadecene
and hexadecadiene are the most abundant of the unsatura ted  hydrocarbons
with 618 and 706 p.g per kg beef , respect ively. The fo rmer  is presumably
generated from stearic acid and the latter from oleic acid , among the most
common fat ty  acid constituents in beef . Traces of decyne and undecyne
have also been detected. The precursors of these highly unsaturated
compounds are unknown.

Each of the mono-alkenes has been detected in certain foods, but
there  have been few attempts to provide quantitative data. A single
report suggests that  eggs are a particularly rich sourc e of these compounds
(13, 14) and several of the higher homologues -- - nonene , undecene,
pentadecene , hexadecene and heptadecene - - - appear to be present
in concent rations considerably greater than any alkene in the i rradiated
beef.  All alkenes from hexene through heptadecene have been found in
cooked beef and most members of this series have also been detected in
other meats and dairy products. The amount s are generall y greater
in beef when cooked by microwave than by conventional means (15),
presumably because of the rapid rate of heating. Every membe r of the series
C2 to C1.~ has been found in coffee or in some fruit  or vegetable (26) .
Some dienes and alk ynes also appear in food , but rio reference could be
located to ind ica te  the presence of pentadecadiene,  hexadecadiene  and
~ndecyne in any food . -

Ethene is exceeded only by methane as the major  hydrocarbon
emi t ted  into the atomsp here f rom automotive exhausts  (19). Lesser but
s i g n i f i c a n t  amounts  of other low n i o l e c u l ar  a lkenes  - - - propane , methyl
propene . bu ten e  and hexene -- - are also present  in exhaus t  fumes  (18).
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-t n I le 7. l t - ,-s, -uic c of unsaturate’i Iiv Iroc.,rI on s In various n,edia. ’

-,  heC5 ~_ Cl lV  t , o ’ ,n I s , -  I
Io- ,-f st , c,l,,, I bee f ~onI,oI

..C~ ‘f ..f kf ~ .g l k g
Con ,pound t n  I I \ t nio sp here f ood

Cooked cooked Cooked cooked Cooked cooked ~g ln~’ ag /k g
-\lkene s

Ethen.’ 0 28 0 0 0 0 Wasl gto,, - 800 Found in app les , coffee , grapes ,
Lo s  ‘nyc Li - (aye) 120 , (max) ff20 pears , peaches . mushroo m s ,
Pasadena f reeway -H20~S. Pasadena - tomatoes , strawberr ies
410; IncInerator - 1400-0600

Huten e 13 33 0 0 0 0 10, -Ongel es - 14 Found Sn coffee

Pentene 37 3 4 3 0 Found is cof fee

Hexene 2 35 22 31 1 1 Found in coffee , currant ,
cooked l,~ c

Heptene 46 114 12 31 2 1 Eggs - 1500; also found in
app les , cooked beef , milk

Octene 21 86 0 0 0 0 Eggs - 1300; also found in
app les , cooked t ,eef , cheese .
chicken, coffee , milk, onions

Nonene 41 60 0 0 0 0 Eggs - 1800 ; also found tn
app les , cooked beef , cheese .
c h i c k e n, coffee , milk , onions

Uecene 114 126 0 1 0 Eggs - 30n ; also found in app les .
coo ked beef , cheese , cof fee.
,oilk, onions

Undecene 88 18 1 0 1 0 Eggs — 2600; also found in
cooked beef, cheese , milk.
onions

t)odecene 167 156 7 0 2 0 Found in cheeae . eggs , milk.
onions , cooked beef

Tridecene 2 178 -
, 0 2 0 Found In eggs , milk, onions.

cooked beef

Tetrsdecene 2 488 1 0 1 0 Found in eggs , milk, ions.
cooked beef

f’ entadecenc 1 121 7 0 1 0 Eggs - 2800; also found in
cooked beef , onion,, pork

Hexadecene 2 156 l 9 0 I-ggs - 3900; also found in
onions, pork , cooked beef

Heptadecene 1 6 18 5 0 ‘ 0 I- f f s  - 137 , 900; also found
In cooked L,eef , milk , onions

2-~dethv l propene 2 38 0 4 0 0 Found in hops

A l k ynes

I)eeyne 24 23 7 0 1 0 Found in app les , potato hi1-c

Undecyne 10 4 2 0 1 0

I )Ienes

T,- t ra rca-h en.- 2 98 1 0 1 0 FOund In approximately 15 foods;
niCal , Ifnh , fruit , dairy 1,rod—
i R I S , beverages

f ’ enta;leca,Ijene 1 ‘13 1 0 7 0

It ex aderail ene 2 706 2 0 1 0

Fiepta leca liene 7 16 0 7 0 Eggs - 2000

3see table 5, footnote a .
‘Not -Letermi ne I.

- 4 8 -

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  
-~~~~~~~~~



In f reeways  and in me t ropo l i t an  areas , the concentra t ion of e thene approxi-
mates 400 to 800 ~i.g ci’ cubic mete r of a i r  (1, 20) whi le  other a lkenes  range
f rom 5 to 10 ~i.g per m3 (2 1) . Hydrocarbons w i th  more than 12 carbon atom s
ar e genera l ly  not present in the atmosphere in any significant amounts (16) .
Butene has been iden t i f i ed  in d r ink ing  w a t e r  supplies  in the Unit ed State s (6)
but  its concen t ra t ion  has not been reported.

The alkenes  are emp loyed in large quanti t ies in the m a n u f a c t u r e
of va rious indus t ria l products .  The simp ler members  provide the raw
mat e r i a l  for plast ics , those with 8 to 12 carbon atom s are  common sources
for plasticizers, and  the longer members (C 14 to C15

) are used in manu-
fac tu r ing  alk yl Fu l f a t e  detergents.

Metabol ism

This c1a~ s of compounds is oxidized in the body to epoxides
by the mic ro somal mixed funct ion oxidases (MFO).  Although the epoxides
exhibit  a very short h a l f - l i f e  and are extremel y d i f f i cu l t  to isolate , they
have been demonstra ted to be obligatory in te rmedia tes  of alkene metabolism
(12 , 24 , 25) .  They m~~y be unstable and rear range  to unknown products or
may be converted to thei r  correspondin g diols by epoK ide hydratase (9).
The diol s may  then be excreted unchanged , undergo fu r the r  oxidat ion , or be
conjugated with glucuronic  acid (4 , 5). Epoxides may react with  g lu ta th ione
with or without enzymat i c  mediat ion,

Boyland and Wi l l i ams  (3) reported the direc t conjuga t ion  of aromatic
epoxides by glutathione S-epoxiJc . t r ans fe rase  found in rat l iver , but this
react ion has not been studied with the ali pha t i c  epoxides . Both enzymat ic
and r i o n e n z y r n a t i c  con juga t ion  would d e p en d  upon the stability of the
ali ph at i c  epoxide in t e rmed ia t e  and upon the relative a f f ini t i e s  of the
glut9thione t r a n s f e rase and epoxide hydra tase  for th is  epoxide .

The metabolic pathway of the dienes remains v i r t u a l l y  unexplored .
1-IoW evt~l ’ a single stud y w i t h  butadi ene  suggests  tha t th is  compound , too ,
is metabol ized  through the in te rmedia te  fo rmat ion  of opoxilies . \Vh en
hu t ac i l en e  was incuba ted  with  rat l iver  f r ac t ions , 3-butene 1. 2 diol and
ery thr i tol  (1, 2 , 3, 4 -t et r a h ,yd roxybutan e) were produced (8) . These are the
compounds one would expect if the oxidation of each double bond proceeded
in the same way as those of the m o n o u n sat u r a t e d  a lkenes  jus t  discussed .

One can on ly  speculate  on the f a t e  in  the body of the two a lkvn es ,
decyne and und ecyne. p i -oduced  by beef ir i ’ ad ia t i on .  Phe nylacetylene
( (~ 7 lE ~ (~~( - i f , one o the  few i - e l ated  compounds th a t  has  been studied , was
found to he r e l a t i v e ly  s table  and o n ly  s l o w ly  m e t ab o l i z e d  to phenace tu ri c
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acid. Williams (27)  postulated an initia 1 hydration of the trip le bond to forn-
the enol form of phenylacetaldehyde which was then oxidized to phenylacetic
acid , the precursor  of phenacetur ic  acid. He believed a similar pathway
is taken by the f luoroalk ynes to y ield fluoroacetic ac id .  By analogy, the end
products of decyne and undecyne metabolism would be decanoic and
undecanoic acids respectively.

Toxicity

Toxicologists  have largely i g n o r e d  the vo la t i l e  ol ef ins .
because they appear to act pr imar i ly as asphyxiants  in high concent ra t ions  and
exhibit  no d iscernible  ha rmfu l e f fec t s  at low or moderate concen t ra t ions .  Al l
acute studies on thc lower a lkenes  (C 1 to C8 ) ind ica te  that  con cen t ra t ions
several orders of magnitude greater  than those found in beef are necessary
before any significant  hazard  is produced (2 , 7 , 11, 17) . The Commit tee
belie ved such studies to be i r re levant  to its considerat ion of the much
smaller quant i t ies  involved .  Toxicit y data for the higher  alkenes are unavail-
able.

The demonstra t ion that  alkenes are converted metabol ical ly to
epoxides raises the poss ibi l i ty  of carcinogen fo rma t ion  in vivo.
Epoxidat ion of eth ylenic bonds in viny l chloride , polyc yclic aromatic
hydrocarbons and aflatoxin B, is thought by many to represent conversion
of the pro-carcinogen to its reactive form . The question ar ises , there-
fore , whether alkene epoxides represent  a carc inogenic  haza rd .  Relevant
data are current ly  confined to sk in-pain t ing  experiments  and have been
s u m m a r i z e d  by Lawley ( 10) . In a ser ies  of e x p e r i m e n t s  w ith swiss
mice , Van Duuren ~~ ~~ (23)  found 1, 2 -epoxy bu tane  and 1 , 2 -epoxy dodecane
to be inactive but they considered 1, 2 -epoxyhexadecane  to be tumor igen ic
since it induced two pap i l l omas  and one squamous cel l  c a r c inoma  in 41
mice s ur v i v i n g  an average of 427 days. The Commi t t ee  ques t ioned the
authors ’ conc lus ion  that  these data demons t ra ted  the carcino genic i ty  of this
compound.  The poss ib le  presenc e of i m p u r i t i e s  in the large amounts  of
test  substance  used and the very few t umors  induced in th i s  e x p e r i m e n t
raise considerable doubt that  1, 2 -epoxy hexadecane is t ru l y a carc inogen.

Van Duut’ en (22)  has pointed out that diepoxides are more apt to
be carc inogenic  than the monoepoxides .  He speculate s that  this may r e su l t
f rom the cross l inking of DNA w i t h  a consequent  a l t e r a t i o n  of its
rep l i ca t ion .  The ab i l i ty  to e f fec t  such cross  l inkages  wou ld  de pend upon
the in t e ra tom ic d i s t ances  be tween  the epoxides.  No in fo rmat ion  is ava i lab le
on the diepoxides  that  r ou ld  theoret ical ly  be pi’oduced f rom the dienes
detec ted  in the i r r a d i a t e d beef.
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Discussion

As is evident  f rom this  brief  t r e a tmen t  of the alkerr es and
alk yne s in ir radia ted  beef , s i gn i f i can t  gaps exis t  in our knowledge of the
metabolism and toxicity of many of these substances. The growing
c onviction that  epoxides may be impor tan t  in the car ’c in ogenicity  of certain
chemicals  emphasizes the importance of addit ional , sys temat ic  investiga-
tions on the metabol ism and toxicology of the aliphatic unsatura ted
compounds.

The total alkenes and alkynes amount  to 2. 4 m g  per kg of i rradiated
beef for an average daily consumption of approximate ly 0. 3 mg. Each
of the compounds under considerat ion has been identif ied in other foods ,
w i th  the exception of penta- and hexadecadiene and undecyne . All of the
alkenes from hexene through heptadecene (C 5 C~ , ) have been reported in
conventionally cooked beef.  As mentioned above , the only analogue of
these compounds alleged to produce tumors  is 1, 2-epoxyhexadecane , a
presume d epoxide of hexadecene . Hexadecene has been found in eggs ,
cooked beef , pork, onions and chicken broth as well as in irradiated
beef.

Despite the widespread indus t r ia l  use of many of these compounds
in considerable quant i t ies , no reports of acute or chronic toxicity could
be f o u n d .

There is insuff icient  informat ion to permit  an unequivocal decision
on the long-term effects  of small  quant i t ies  of a lkenes,  However , based
on the available data , the Commit tee  concludes that these compounds ,
consumed at levels found in i rradiated beef , are not likely to represent  a
signif icant  inc rement  of hazard to that  encountered b) exposure from
unavoidable sources.
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Three aromat ic  hydrocarbons have been detected in i r radia ted
beef: benzene , toluene and xylene (Table 8) .  lr r’adiatj or-i had l i t t le , if any
effect  upon the concentration of xylene , wh ich  is apparent ly  not a radiol yt ic
product.  On the other hand , the amounts  of benzene and toluene varied
directly wi th  the irradiat ion dose (Figure 7), presumably from the
action of ionizing radiation upon the amino  acid , pheny l alanirr e (21). Heating
alone produced comparable amounts of toluene but not of benze r - . ’ Similarly,
small amounts of benzene have also been produced after  the i rradiat ion
of codfish (40) .

All three of these com pounds have extens ive  indus t r ia l  uses and
hundreds of millions of gallons are produced annual ly in the U . S. Of special
significance is the presence of benzene in gasoline w i t h  the consequent
ubiquitous contamination f rom automotive emiss ions .  It has been est imated
that over one billion pounds of benzene per year are emi t ted  into the
atmosph ere. Significant quanti t ies  of benzene , as wel l  as of toluene and
xylerie , have been detected in the air’ and water ’  of v i r tua l l y eve r’y metropol i tan
area in which they were sought.

All three of these compounds have been reported in numerous  foods ,
including meat , vegetable s , nu ts , dairy products , and beverages (12).
“Large ” amounts  of benzene have been repor ted in boi led beef (6)  and in
canned beef stew (6) . Thus , conventional  cooking , i t se l f , w i l l  cause an
increase of benzene , probably f rom amino  acid p r ecu rso r s .  Benzene and
toluene (but not xylene ) have also been detected in f r u i t s , f i sh  and eggs. In
common wi th  most  of the compounds under ’ cons idera t ion , quan t i t a t ive  data
are scarce. Eggs appear especial ly r ich  in a ro rna t i c s  if a s ingle repor ’t
is typical , for their  content  of benzene and toluene is e s t ima ted  to be more
than a hundred t imes that in the i r rad ia ted  beef (18 . 19). Large amounts  of
both these compounds were also found in haddock kept  under  r’efr igerat ion
for 14 days ; as much as 200 .ig per kg of benzene and 500 j.i g per kg of
to luene (20) .

Absorption and Metabolism

These compounds ar’e usually rapidly absorbed through the
lung s although s ignif icant  absorpt ion through the skin  and gut  is also possible.
Human subjects exposed for 4 hours to 52 to 62 ppm benzene or’ to 98 to 130
ppm toluene had an apparent retention of 30 to 40 percent  of the hy drocarbon
inhaled during that period (28). No compar ’able data are available  for xylene.
Af ter  exposure ceased , el imination of the unchanged solvents through the
lungs continued for many hour s (29). Whe n labeled benzene was given or’ally
to rabbits , 43 percent was recovered unchanged in the e x p i r e d  air’ , 34. 5
percent in the urine as phenolic conjugates and 0. 5 percent in feces within
2 to 3 day s (32). Similarly,  benzene injected subcutane ously in mice was
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Dose in Nilo Crays (meCara ls 10)

Fi gure 7. Benzene and toluene production as a function of irradiation dose.
From C. Merritt , Jr ., unpublished.
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recovered in large part (70 percent) in the expired air (39). The major
ur inary  products were  phenolic glucurorr ide s and ethereal sulfate s, wi th
small amounts of free phe nol and catechol.

Toluene , too , may be excreted unchanged through the lungs or , as
metabolic conjuga te s, throug h the kidney. In contrast with benzene , urinary
excretion is the preferred route , accounting for 80 percent of adminis tered
toluene (30). Most of the toluene is converted to benzoic ac id , wh ich is the n
conjugated with glycine and excreted as hippuric acid. Small amounts of
benzy l alcohol and ortho and para cresol may also be detected.

The pathways in the body of the xylene isomers are similar to that
of benzene . Very little is excreted in their unchanged form , either throu gh
the lungs or the kidneys . Virtually all are converted to their  respective
toluic acids , conjugated wit h glycine and excreted as methyl hippuric (to1uric~
acids. A small amount of xy ler ’iols can also be found (37) .

In common with the alke ne s already discussed , the aromatic
hy drocarbons undergo oxidation by the hepatic mixed funct ion oxygenases to
form highly reactive arene oxides. They may isomerize readily to phenols ,
may be converted by epoxide hy dratase to dihy drodiols or may form
glutathione conjugates (30) . The possibilities for benzene  are show n
below : OH

~~ ~~~
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Similar labile epoxides are in termedia tes  in the metabol i sm of
toluene and xy lene.

Toxicity

Since several m i l l i o n  workers  in the United States are exposed
to these a romat ic  hydrocarbons, they have been extensive ly investigated and
are the subjects of recent reviews (24, 25, 27), The acute toxicities are
summarized in Table 9.

Table 9. Acute toxicity of aromatic  hydrocarbons. 
C

Compound A nimal Route LID50 Reference
(mg/k g) C

Benzene Mouse Intraperitoneal 468 26
Rat Inhalation 10, 000 ppm/ 7  hr. 26
Rat Oral 930 7
Rat (young) Oral 3400 16
Rat (old) Oral 5600 16

Toluene Mouse Inhalation 5300 ppm 26
Rat Oral 5000 26
Rat Intraperitoneal 1640 26

Xylene Rat Oral 4300-5000 26

Benzene

Althou g h deaths and severe central  nervous d is turbances
have been reported from acute exposure to high concentrat ions  of benzene
in air- (approximate ly 2 . 5 percent )  (27) ,  it is the chronic exposure to
moderate levels of the compound that has aroused the greatest  concern.
Large amounts of the compound are clearly capable of depressing bone
marrow activity. Exposure to benzene in a contaminated workroom
atmosphere is wel l  known to lead to blood dyscras ias , pa r t i cula r l y to a
reduct ion in the leukocyte count , and in some cases , to aplas t ic  anemia .
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Various  types of leukemia have been report ed to result  from chronic
benzene exposure and possibly to ar ise  preferent ia l ly  in those persons
develop ing ap lastic anemia. Blood dyscras’ias and leukemias  have also
been noted among patients receiving cer ta in  drugs such as pheny lbutazone ,
chloramphenicol and some sulfonamides.  However , the evidence of an —

association of leukemias with blood dyscrasias  in these patients and those
exposed to benzene is equivocal and is based mainl y on unconvincing case
reports .

In an extens ive  ep idemiological  survey , Aksoy et al ,  ( 1) in 1974
repoi ’ted a cor re la t ion  between benzen e exposure  and l e u ke m i a .  Among
28 , 500 shoemake r-s in I s tanbul . 26 pa t ients  w i t h  acute  or p i ’e leukemia
were detected during a 7 -y e a r  pe r ’iod for ’ an annual  in c idence  of 13 per
100 , 000 , contrasted w i t h  6 per 100 , 000 among the general  populat ion.
rhe max imum benzene concen t ra t ions  to w h i c h  these wor ’ker ’ s were  exposed

were  210 to 650 ppm.  The mean dui ’at ion of exposure  was  9. 7 year’s.
Thorpe (4 1), on the other’ hand , r epo r t i ng  the same year’ , f a i led  to de tect
an increased inc idence of l e u k e m i a  among 38 , 000 pe t ro leum wor kers  who
were at least  potent ia l l y exposed to benzene .  A recent  r epor t  by the
National  Ins t i tu te  of Occupat ional  Safe ty and Health (14) compared  the
deaths f rom leukemia  among w h i t e , male  employees  exposed to benzene
in a large rubbe r plant .  w i t h  those in a con t r ol popula t ion  d u r i n g  the same
time period. Seven deaths among 748 men we r ’e  recorded in the former’  g roup ,
or approx ima tely  fi ve t imes  the inc idence  among the controls.  Largely on
the basis of this report , the Occupa t iona l  Safet y and h ea l th  A d m i n i s t r a t i o n
on May 27 , 1977 proposed a t e m p o r a ry  emergency  s t a n d a r d  r e du c i n g  t he
permiss ible  workroom levels of benzene  f rom 10 to I ppm (3 1) . On June  8,
1977 , the Environmental  Protection A gency  added b e n z e n e  to its list of
hazardou s air pollutant s (8) . These studies have not eliminated the possi-
bility that  agents other than benzene may be responsible for leukemogenesis
in the large study populations.

Stable or uns tab le  chromosornal  aber ra t ions  in man may be pr ’oduced
by high levels of benzene (several hund red  p p m )  ( 2 7 ) .  No cor re la t ion  has
been demons t ra te d be tween  the pers is tence of these changes  and the legree
of benzene exposures.

Despite its s tatus as a suspect  l eukemogen  in man , a t t e m p t s  to
induce  l eukemia  in an imal s  by benzene  exposure  have been unsuccessful  (42),
Benzene has f requent ly  been used in skin paint ing exper ’ imen t s  as a solvent
‘~- i thout  producing  tumors .  Because of th is  inab i l i ty  to induce  l e u k e m i a
in a n i m a l s , War d et al. (42)  speculate  that  benzene may induce l e u k e m i a
only in highl y sensitive persons or by synergis ti c  act ion w ith other
e n v i r o n m e n t a l  agents.
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No developmental  malformat ions  were  detected w h e n  pregnant
mice were exposed continuously to doses ranging f rom I to 670 mg per
of benzene vapor , but at the highest doses , the numbe r of fe tuses per litter
was reduced (36).

The possibility that benzene may be a leukemogenic agent in man
cannot be excluded on present evidence. After  a recent  cri t ical  review
of the relevant data , the Committee on Toxicology (27)  of the National
Research Council concluded that benzerr e must be considered a suspect
leukemogen but that more definitive data are required for an accurate
assessment of its effects.

T oluene

Workmen’s exposure to toluene is almost exclusively
through the lungs or skin, so that very limited data are available on its
oral toxicity. As shown in Table 9 the lethal dose by this route in the
rat is 5000 mg per kg. In animals , the toxic effects are primarily on the
central  nervous system and range from light narcosis to prostration,
depe nding upon the extent of exposure. No effects could be confirmed
on the blood or blood-forming organs when toluene was administered either
by inhalation or percutaneously, even at levels that produced marked
central nervous effects.

In man , too , the acute effects  are largely on the centra l  nervou s
system (5) . They are narcotic  and re sult  in muscular  weakness , incoordin-
ation and mental  confusion (24) .

The TLV for workroom exposure is 100 ppm (375 mg per n~ ). After
chronic exposure to atmospheric conc ent ra t ions of 100 t o 1100 ppm for
2 weeks t o 5 years , enla rged livers and macrocytosis were not ed in
about 20 percent of the subjects (11). Chronic exposure to approximately
200 ppm for 3 to 15 years produced no chromosomal changes in the
lymphocytes (9). Various reports in the early literature report toxicity
to blood and blood-forming organs by toluene. However, since industrial-
grade toluene contains significant amounts of benzene , many of the
reported effec t s may be attr ibutable to this contaminant.
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Xvi e ne

The acute toxicity of xylene in animals approximates that of
toluene (Table 9) . Inhalation for  4 hours of mixed xylenes by rats and dogs
in concentrations exceeding 500 ppm caused no apparent ill effects (4).
Guinea pigs exposed to 300 ppm for 4 hours daily, 6 days per week for 2
months showed only slight liver and lung effects (3 8) .  Recent investigations
with both dogs and rats revealed no gross or microscopic pathology nor
any hematological disturbances , even with exposures as high as 805 ppm
for 6 hours per day, 5 days per week for 13 weeks (4) .  Intraperitoneal
injection of xylene int o rats  caused liver necrosis and diffuse nephritis (2) .
Liver and kidney damage has also been reported in man af ter  inhalation of
sufficient xylene to cause unconsciousness (23).  However , the victims
recovered full y and there is no evidence in the l i tera ture  of irreversible
damage to either kidney or liver (2 5) .

Commercial xylene contains varying amounts of the ortho- , meta- ,
and para- isomers as well, as other aromatic and aliphatic hy drocarbons,
thiophene , pyridine and phenol. Consequently, many reports on the
toxicity of xylene are  unreliable since exposures were rarely to a pure
preparation. Thus , even though early reports attributed a myelotoxic
effect  to xylene , it is now believed that xylene poses no threat  to the
blood and blood-forming organs . Its toxic effects are very similar
to those of toluene and are reflected primarily in the form of headache ,
lassi tude, fatigu e and i r r i tabi l i ty, together with minor gastrointestinal
symptoms ( 10) . The TL\ of xy lene is 100 ppm or 435 m g  per ’ m 3

Berenblum (3) painted the skin of white mice with xylene alone and
with 3, 4 benzpyrene and xylene and concluded that xy lene was neither
carcinogenic nor co-carcinogenic . Pound (35 )  reported an increased
incidence of skin tumors in mi~ e pretreated with xylene and exposed to
ultraviolet light , but he attributed this increase to the hyperplasia induced
in the skin , rather  than to carcinogenic properties of the xylene. Pre-
treatment with croton oil or acetic acid caused similar increases in skin
tumors,

Russ ian  workers ( 17) investigated possible embryotoxic effects  of
x v i e n e  by exposing pregnant rats to para-xylene (115 ppm ) continuously for
20 day s .  No teratogenic effects  were noted.

Discussion

The presence of toluene and xylene in the i r rad ia ted  beef
would seem little cause for concern. Xy lene doe s not appear to be a radiolyt ic
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product , and the concentration of toluene in thermal ly  s ter i l ized  beef is equal
to or greate r than that in the irradiated samples.  Both are w idely distr ibuted
in other foods, often in considerably greater amounts than in beef. The
amount  of benzene increases slightl y upon i r radia t ion , reaching a leve l of
15 to 19 ~.ig per kg afte r exposure to 56 kGy (5. 6 megarads) .  This would
represen t  a daily intake f rom irradiated beef of approximate l y 2 pe g.

Benzene has been detected in nonirradiated beef by numerous
workers , but comparison w i th  i r radiated samples is made d i f f i cu l t  by
the lack of quant i ta t ive  data . The only reported value is 2 ppb (6. 4 ~r.g per
m3 ) in the head space of canned beef (33) . In semiquantitative studies
the amount  of benzene has been character ized as “large ” in canned beef
stew (6 , 34) ,  and boiled beef (6 , 12) . It has also been de tected in roast
beef (22)  as wel l  as in a score of other foods.

Unavoidable absoi ’ption f rom air and wa te r  supplies  also cont r ibu te
s ign i f i can t ly to the daily intake of benzene . The average a tmospher ic
concent ra t ion  in met ropo l i t an  areas is about  45 ug per m3 and may increase
several  fold during peak t ra f f ic  periods. Body re tent ion  has been shown
to be 25 to 30 percent (28, 13) of the total inhaled or about 100 r~.g daily. This
is approximately 40 times the daily intake from irradiated beef. The
recent ly  imposed emer ’genicy measure  for workroom a tmospheres  reduces the
p e rmiss~b 1e levels f rom 10 to 1 ppm . Even at this sharply reduced l imi t ,
the average workman (after h~s 8 hour stint ) would retain about 2. 5 to 3. 0 mg
benzene or more than 1000 times that consumed in irradiated beef.

The (‘ommit tee  believed that a small addition of b~~nzene from
irradiated beef cont r ibutes  onl y a t r iv ia l  increment  to the normal bod y
burden  and is u n l i k e l y  to increase signif icant ly whatever hazard exists from
other sources.
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B. OXYGEN-CONTAINING COMPOUNDS

1. Alcohols

Methanol  and ethanol , the s imp le s t  of the p r imary  alcohols
have been detected in both irradiated and nonirradiated beef (Table 10).
The concent ra t ions  of methanol  in the t h e r m a l ly s ter ’ il ized samples are greater
than  those in the i r ’ rad ia ted  beef.  E thano l , on the othe r’ hand , increases
signif icant ly  wi th  ir r ad ia t io~’.

Occur renc e

M e t r .~~’ol and ethanol  are produced in huge quant i t ies  for
a variety of indus t r i a l , medic ina l  and household purposes . Methanol  has
been detected in wa te r  supp lies of six of ten cities tested (3) and , as shown
in Table 10, is a normal cons t i tuen t  of many  meats , bev~’ rages , f rui ts ,
vegetables and dairy products .  It is also found normal ly  in the bre.~r th ,
blood and urine of man and is cons ide rab ly  cleva ted  a f t e r ’  ethanol con-
sumption (7 ) .

Ethanol can result from the na tu r~ 1 or del iberate  fermentat ion of
numerous carboh ydrate foods. Mill ions of gallons are  consumed annually
in numerous alc oholic beverages. Even those persons who conscientiously
abstain from such beverages cannot avoid the ingestion of si~,nificant
amounts of ethanol from other sources. As is apparent  from Table 10,
milligram quanti t ies  or more can easily he ingested daily from f rui t s ,
fruit  juices , cheeses and var ious vegetables.

Metabolism

Because of its simple s tructure and high solubility, methanol
is rap idly absorbed from the intest inal  t r ac t  and dis t r ibuted evenly in
bod y water . Substantial amounts are  eliminated through the lungs but
its major  metabolic pathway is through formaldehyde and formic acid
to carbon dioxide and water . A small amount may escape conversion
and be excreted unchanged in the ur ine .  Small amou nt s o its glucuronide
and of formic acid can also be found in the u r ine  (11). Although it is
generally assumed that formaldehyde is the init ial oxidation product of
methanol , it has not been detected in the blood and ur ine , presumably
because of its rap id conversion to formic acid . Keeser~ 4) has found
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it in the aqueous and vitreous humors of rabbit s poisoned with methanol.
Formaldehyde is a powerful inhibitor of retinal respiration (5) and the
blindness often resulting from methanol consumption is believed attributable
to this action.

Ethanol , too, is readily absorbed from the gastrointest inal  tract .
Some is excreted through the lungs and kidneys but most is meta bolized
to carbon dioxide and water. It is first oxidized in the liver to acetaldeh yde ,
which is then converted to acetate or to its activated form , acety lcoenzym e A,
wh i c h  can enter the general  metabolic pool of two carbon fragments.

Several enzyme systems are  capable of oxidizing methanol and
ethanol and their  respective roles have not been entirely elucidated.
Alcohol dehydrogenase is primarily responsible for the oxidation of ethanol
and probably for that of methanol as well (2) .  Catalase (10) and a
microsomal oxidizing system in the liver (7)  may also pa rticipate under
certain conditions or in certain animal species.

The subsequent oxidation of the acetaldeh yde produced from ethanol
is accomp lished by acetaldeh y de dehydrogenase with possible contributions
from xanthine and aldehy de oxidases. Both of these enzymes rapidily
metabolize acetaldehyde and other aliphatic aldeh y des in vitro.  However ,
onl y traces of xanthine oxidase are present in the human liver (9), so its
signif icance in normal metabolism is questionable .

Toxicity

A l t h o u g h  methanol  or ethanol poisoning usuall y results f rom
an overly generous consumpt ion  of alcoholic beverages , both compou nds
are suf f ic ient ly  volatile to pose potential  hazards  to workmen  exposed to
their fumes,  C onsequent ly, threshold limit values have been establ ished
for workroom env i ronments  in the U . S .  For ethanol , the TLV is 1000 ppm
( 1900 mg per m° ), and for methanol  it is 200 ppm (260 mg per m°)  ( 1) .

The re la t ive  toxicity of these alcohols by d i f f e r en t  routes in
d i f f e r e n t  an imaJs  can be judged fr om representa t ive  values taken  from the
Regis t ry  of Toxic E ffects  of Chemical Substances (8) (Table I I ) .
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Table 11. Toxicity of methanol and ethanol.

LD50Substance A nimal Rout e mg/kg

Methanol Mouse Subcutaneous 9800
Monkey Inhalation 1000 (ppm)

Ethanol Mouse Subcutaneous 8285
Rat Intravenous 1440

Intravenous 1973
Rabbit Oral 6300
Guinea pi g Oral 5560

Discussion

The ethanol in a single beer or cocktail or glass of wine would
equal that present in many tons of irradiated beef , so that the potential
contr ibut ion of irradiated beef is t r iv ia l  and can be disregarded as a health
hazard.  Virtual ly  every category of foodstuffs  - - f ru i t s , vegetables , dairy
products , j uices , - - contains  s ignif icant  quanti t i es  of ethanol .

Methanol also is w idely distr ibuted among foodstuffs and consumed insignificant  amounts .  It has been detected i n  the water  supplies of six often Amer ican  citie s w h e r e  such analyses were made. While data are notavailable on m a n ’s normal  intake of methanol , it is believed to be far higherthan the 3 to 4 ~j .g that would be contr ibuted daily from irradiated beef.

The Commit tee  believe s the amounts  of these alcohols consume dfrom irradiate d beef do not constitute a hazard to health.
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2. Aldehydes

Occurrence

A number of aldehydes were detected in the irradiated uncooked
beef samp les (Table 12). A part from 2-methy l pentanal, all were relatively
long chain compounds ranging from 11 to 18 carbon atoms. The total aldehyde
content was approximately 0. 8 mg per kg of beef. Almost half of this
amount came from octadecenal and presumably arose from oleic acid , a
major constituent of beef fat. The concentrations of the remaining aldehy des
varied from 0. 011 to 0. 127 mg per kg of beef.

As is evident from Table 12, the free fatty aldehydes are widely
distr ibuted in nature . They have been identified in yeast (7), bacteria (5),
f r u i t  (9), vege table s (9) and in va rious mammal ian t issue s (6, 12 , 14 , 26).
Some are natural flavoring substances and are present in relatively large
amounts in certain foods, especially in citrus fruits. In fact, the longe r
chain alciehydes are the major flavor constitutents of most citrus oils (2).
Thus, a k ilog ram of orange oil contains 140 to 4500 mg undecanal  ( 17),
760 to 4600 mg dodecanal (2 , 17) and 130 to 1240 mg teti’adecanal (2).
Hexadecanal has also been identified as one of the major aldehydes in orange
oil, although its concentration was not reported (2).

Dodecanal and tetradecanal have been used as fragrances for
approximately 50 years and undecanal sinc e the 1940’ s. Approximately
20, 000 pounds each of undecanal and dodeca nal and 2000 pounds of
te t radecanal  are used annually in soaps , detergents, creams, lotions
and perfumes .

The fatty al dehydes have also been identified as naturally occurring
components in mammalian lipids, where they occur both in free and in bound
forms.  Gilbertson et al . (13) have isolated from the hearts of rat , dog
and cow all the aldehydes found in irradiated beef except for 2-methyl
pentanal. The total free aldehyde concentrations were approximately 20 to
40 mg per kg of fresh heart muscle. Hexadecarial and octadecanal
were  the principal  aldeh y des present , wi th  the fo rmer  accounting for’
roughly half of the total. Only trace amounts of undecanal and dodecanal
were detected. More recently. Ferrell and Radloff (8) measured the free
fatty aldehy des (C8 to C18) in normal and infarcted hearts. In th3 apparent ly
normal hearts of two men, 46 and 72 years old respecti vely, they found
1. 91 and 9. 14 ~j .  mol€s of aldehydes per 100 mg lipid (21). The principal
f r ee aldehydes detec ted were dodecanal , he xadecanal , heptadecanal . octa-
decanal and octadecenal.  The infarc ted hear t :~ howed increased aldeh yde
concentrations, especia1I~ of tetradecarial. Free aldeh ydes have also been
found in rat brain (26). human serum (12) and mouse Iiver(6),
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Table 12. Distribution of aldehydes found in irradiated beef.*

Irradiated
Compound beef

uncooked Other foods

~g/kg  pg/kg

2-Methyl pentanal 11 Found in beef, chicken, coffee, crisp
bread , garlic , meat , onion, peanut ,
tomato, vinegar

Undecarial 76 Bilberry - 50; oil, orange - 140, 000-
4, 500, 000; oil , roasted peanut - 150;
also found in fruit, meat, dairy products

Dodecanal 63 Bilberry - 20; milk , dry - 5; beef,
cooked - 100; egg - 7400; citrus oils -
760 , 000- 4, 600 , 000; tomato - 7710;
oil, roasted peanut - 93; found in
approximatel y 20 foods : dairy, fruit
meat , beverages

Tetradecanal 54 Bilberry - 20; citrus oils - 130,000
1, 240 , 000; oil, roasted peanut - 230;
also found in grape, lemon

Pentadecanal 46

Hexadecanal 127 Found in beef, bilberry, chicken, citrus
fruits, cranberry, pork

Octadecanal 30 Found in beef, chicken, pork

Hexadecenal 33 Oil, roasted peanut - 63

Octadecenal 398

*None of these aldehydes were found in the thermally sterilized, frozen
control or raw beef samples.
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Metabolism

It is generally stated that  aldehydes are readil y oxid ized in
the an imal body to the corc ’~sponding a c i d s  ari d convert ed by beta oxidation
to carbon dioxide and water  (27) .  This oxidation is catalyzed by three enzyme
systems: aldehyde dehydrogenase (20) , aldeh yde oxidase (22)  and xanthine
oxidase (23).  Although this pathway is well documented , there is growing
evidenc e that reduction of the aldehyde to its alcohol also occurs and may
actuall y be the favored route, especially for xenobiotic aldehydes and ketones .
Kessler and Ferrell (16) isolated an alcohol dehydrogenase from the
supernatant fraction of mouse liver homogenate capable of reducing aldehydes
ranging from acetaldeh yde to octadecanal.  Bachur (1) has recently compiled
a list of ca rbonyl-reducing enzymes whose characteristics are remarkably
similar . Alt these enzymes are found in the cytoplasm and are widely
distr ibuted in t issues.  Baciiur has termed this ubiquitous class of enzymes
“cytoplasmic aldo-keto reductases. ”

Toxi-~ ity

Toxicity data on these aldeh ydes are disappointingly sparse.
Oral rat LD 50 values for  2-methyl pentanal (25 ) ,  undecanal (24) ,  dodecanal
( 3 ), and t etradecat - ial (18) are all g rea ter  than  5 g per kg bod y weight . Rats
surv ived inhalat ion of 8000 ppm of 2 -me th yl pentanal  for 4 hours wit h no
deaths (25). After intraperitoneal injection of tetradecanal, hexadecanal and
octadecanal into mice, the LD50 s were 2.2, 2.0 and 1.3 g per kg body wei ght
respectively (11). L)ata on oral ingest ion are available only for te t radecanal
which was fed to micc at levels of 166 mg per kg for 130 days with no apparent
toxic effe~-t (11). No data have been found on the toxicity of hexadecenal
and octadec-enal.

Discu ss ion

The long chain alciehydes are important  f lavor components
of f rui ts  and other foods. With the exception r ,f pentadecanal  and octadecenal ,
each of the compounds found in the i r radia ted beef has been reported in
ot her foods and most of them have been detected in cardiac tissue. Those
tha t  ha ve bern  tested have ~ery low toxicit ies  and what is known of their
metabol ism suggests that  these aldeh ydes are read i ly  converted to innocuous
mater ia ls .  Some of these compounds or their  close re la t ive s are u t i l i z ed
by the food i n d u s t r y  to s imula te  the odor and taste of na tura l  foods (15) . The
Food and Drug Admin i s t r a t ion  ( 19) sanct ions the use of dodecanal and
tetradec’anal for this purpose as well as several closc relatives of undecanal;
n a m e ly , undeca lac tone , undecenal , undecanone , undec~~l alcohol and undecenyl
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acetate (21 CFR 172. 515, forme rly 21 CFR 121. 1164) (19). The Council of
Europe (4) has approved undecanal itself as a flavoring adj uvant  as well  as
dodecanal. and tetradecanal . Similarly , these three aldehyde s have been
approved as food flavor s by an expert committee for the British Ministry
of Agr iculture (10). The acceptable daily intake s are roug hly 1000 to 10, 000
times the amounts of the respective aldehy des from the irradiated beef.

The Committee doe s not believe the amounts  of the various aldehydes
found in irradiated beef constitute a significant increment  of hazard to the
consumer.
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3. Ketones

Occur rence

The two simp lest ketones , acetone and 2-butanone (methyl
ethyl ketone ) were present in concentrations of 139 and 89 t.~.g per’ kg respectively
in the irradiated beef (Table 13). No other’ ketones were  detected.

Both compounds are widely distributed in nature.  Acetone has been
detected in vir tual ly every food examined , Its presence has beer-i c-~p ’ ~ : I
in over 70 foods includ ing beve r’-~rges , f r u i t s , vegetables and meat .
A mounts in excess of I mg per kg (I ppm) have been reported for beer ,
but ter , certain cheeses, milk,  eggs, s t rawberr ies  and other foods.
It is found in s ignif icant  amounts  in diesel exhaust  (25) ,  in the e f f l uen t s
from wood b u r n i n g  (14) and solid waste  inc inerat ion  (27 ) ,  in d r i n k i n g
water (8) and in ambien t  air  (10) (Table 13) . It no rmal l y is found icr small
amounts in the t issues and f luids of man and other animals . In severe diabetes ,
when fat is the predominant  metabolic  subs t ra te , as much as 100 grams per
day of acetone , beta hv~~1-o) :vbutvric and acetoacetic acids (ketone bodies)
may be produced and cxc r et  e~1 , Comparable  amounts  may also be produced
during starvation.

2-Butanone  is a lso  ub iqu i tous  food c o n s t i t u e n t , found na tu ra l ly  in
a variety of f rui ts , vec~et ab 1es , mc:it s and da i ry  products.  It is also widely
used as a f lavoring cons t i tuen t  in cer ta in  beverages , ices , candy and baked
goods .

Metabolism

Because of its extreme soluhility, acetone is readily
absorbed into the blood stream af ter  inhalation . Whether  inhaled or ingested ,
acetone is rapidly excreted through the lungs with the kidneys serving as
secondary excretory organs (6 , 7, 26) .

Small amounts are oxidized to carbon dioxide or converte d to
formate  or acetate. Price and Rittenberg (19) adminis tered 1 to 7 mg per kg of
labeled acetone to rats and found that about half was exhaled as carbon
dioxide within 24 hours. The labeled atom which  app~ ared in a number  of
compounds , including glycogen , urea and cholesterol , suggested that  acetone
was split to one or two carbon atoms and u t i l i z e d  in various metabolic cycles.

Recently, Leibman (13) demonstrated that acetone , in common with
various other ali phatic and aromatic ketones , can be reduced by the broa d
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category of liver and kidney enzymes which Bachur (3) has termed the
cytop lasmic aldo-keto reductases. However, in contrast with other aldeh ydes
and ketones , only a small fract ion of absorbed acetone is reduced to alcohol
and excreted as its glucuronide (26) .

L ittle can be added concerning the metabolic pathways of 2-butanone ,
the other ketone detected in irradiated beef . Variations from acetone seem
related to differences in physical properties of the two ketones. Since
2-butanone is somewhat less volatile than acetone , less is excreted unchanged
through the lungs ant i  more is subjected to enzymat ic  action (21) .  It appears
that butanone can be reduced to a secondary alcohol by the liver and kidney
cytoplasmic reductases described above (13). Divincenzo et al. (5)
also detected 3-h y droxy-2 butanone and 2 , 3-butanediol af ter  butanone
administration indicating that some of the compound follows arm oxidative
pathway.

Toxicity

Both acetone and 2-butanone are  generall y conside- ed to be
relat ively nontoxic.  The Joint FAC /WHO Exper t  Committee on Food
Additives (11) has approved the use of acetone as a solvent in accordance
with ‘good manufac tur ing  practices ” and states that “many years of
human industrial experience have shown no evidence of organ damage.
The Food and Drug Administration (17) also permits the use of 2-butanone
in foods as a synthetic flavoring substance (2 1 CFR 172 . 515 , for ’merl y 21 CFR
121. 1164), as doe s the Brit ish Ministry of Agr icul ture  (9)  and the Counc il of
Europe (4 ). The lat ter’  permission has been on a temporar’y basis since 1973 ,
pending additional medium term toxicity studies on a sensitive spe c ie s but no
stud y of this type has been reported.  McCann e t a l .  (15) reported that acetone
was nonmutagenic in Salmonella ~yph imur ium .

For inhalation , the threshold l imi t  values adopted by the Amer i can
Conference of Governmenta l  Industrial  Hygienists for workroom atmosphere C

(2) are 1000 ppm (2400 mg per m3 ) for acetone and 200 ppm (590 mg per m3)
for butanone. Oglesby e t al. (18) stated that a study of thousands of mill
worker ’s exposed to acetone revealed at most , only minor’ i rr i tat ion of eyes
and nose at levels of 2500 to 3000 ppm.

2-Butanone is widely used as an industrial solvent and although
workers frequently complain of its objectionable odor , it has been stated
that exposure to 700 ppm in the air gave no evidence of permanent ‘ill
effects  (7). I)ermatoses are common among workers handling butanone
and numbness of fingers ane arms were reported by some exposed to 300 to
600 ppm ( 2 2 ) .  The question of possible neuropath y was reconsidered when
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a recent outbreak occurred among workers in a color-print and plast ic-
coated fabric plant exposed to 2 -hexanone, a close relative of but anone (1).
Saida and co-workers (20 ) produced extensive peripheral nerve changes
in rats exposed to hexanone but none upon continuous exposure to butanone
at concentrations of 1125 ppm for up to 55 days. Similar results were obtained
with cats (24) .  DiVincenzo et al. (5) at t r ibuted the toxicity of the hexanone
to the enzymatic formation of 2, 5-hexanedione , which produced a marked
peripheral neuropathy in rats. However , when rats were exposed to the
combined vapor at a ratio of one part hexanone to five parts of butanone
(225: 1125 ppm ) a marked potentiation of the peripheral neurotoxicity was
observed (20 ) .

Lethal concentrations by different routes in different species are
summarized in Table 14.

Table 14. Toxicity of ketones .

Compound A nimal Route LD 60 LD 100 Reference

Acetone Mouse Inhalation 46000 ppm 11
Inhalation 3200 ppm 23
Oral 10, 700 mg/k g 23
Oral 9, 700 m g/k g  11
Intravenous 4 mI/kg  11
Intraperitoneal 1297 mg/k g 16

Rabbit Oral 5300 m g/k g  16
Intragastric 5340 mg/k g 11
Int ravenous 6-8 mI/kg 11
Percutaneous >20 mi/ kg  23

Dog Oral 8000 mg/k g 11

2-Butanone Mouse Intraperitoneal 616 m g/ k g  16

Rat Ora), 3400 mg /kg 16
Oral 2730-5490mg /kg 11
Oral 6860 mI/kg 23
Inhalation 8000 ppm / 8 hr . 23

Rabbit Percutaneous >10 m i /kg  23
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Discussion

Acetone and butanone have been detected in score s of food-stuffs . In some commonly consumed foods , their concent rations exceed bya large ma rgin the quantities found in i r radiated beef. Both have been
approv ed by official bodies , incl uding the Food and Dru g Administrat ion for
use as a food extractant or addit ive.  Both are widely used in industry wi th-out evidence of chronic human toxicity.  Th”ir metabolic products pose noappa rent hazard. For these reasons, the Committee believes that the
amounts of acetone and butanone present in irradiated beef can be consumed
without harm.
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C. SULFUR-CONTAINING COMPOUNDS

Occurrence

Five sulfur-conta ining compounds - - four sulf i des an d one
thiol -- were  detecte d in i r radiated beef :  carbonyl  sulf ide , d ime th yl disulf ide ,
dimethyl sulfide , e thane thiol an d hydroge n su l f ide  (Table 15 ). Al l  we r e
foun d in both cooked and uncooked samples .  The t h e r m a l ly ster i liz ed
samples  conta ined considerabl y more carbonyl  sulf ide than did the
i rradiated specimens .  No e thane  thiol  or’ d imeth y l su l f ide  was de tec ted
in the nonii ’radiated beef , whi le  the amounts  of hy drogen su l f ide an d d imeth yl
disulf ide were  approximate ly the same in i r ra dia ted  and the rma l ly
steril ized samples.

Sulfur compounds originate f rom many natura l  and anthropogenic
sources. Significant amounts of hydrogen sulfide are constantly added to the
atmosphe re from volcanic and geothermal act ivi ty ,  f r om anaerob i c bacterial
ac t ion  and f r om various indus t r i a l  processes.  Natura l  gas is rich in hydro-
gen sulf ide and the processing techn iques to remove th i s  contaminant  give
r ise to considerable  amounts  of carbonyl su l f i de .  Carbony l sulfide is also
generated when fossil fuels  containing sulfur  are burned.  In man and o ther
animals, hydrogen su l f ide  is libe rated in the in tes t ina l  t rac t  and is a readil y
detectable component of flatus (9) and f’ecal material. In addition to these
sources , hydrogen sulfide,  carbony l sul f ide  and other sulfu r containing
compounds are also found in numerous foods , as show n in Table 15.

Su l fu r -con ta in ing  compounds are present  in a wide var ie ty  of food-
s tuffs  and are especially prominent  in many vegetables , meats  and roasted
products such as coffe e, cocoa and peanuts .  Volati le sulfu r compounds  were
detected in 21 of 23 varieties of vegetables invest igated (7) .  The broadest
distr ibution was noted for hydrogen sulf ide , dimethy l  sul f ide  and d ime thy l
disulfide , with a somewhat more limited occurrence  of e thane thiol .  (‘a r b o n y l
sulf ide  was found in large amount s in horseradish and was readily detectable
in other vegetables and m eats.

In ge neral , the concentrat ion of the se compounds  increases  s i g n i f i c a n t l y
a f t e r  heating.  Dimethyl disulfide has been reported in almost all cooked
vegetables (13) . It represents , for example , over 25 percent of the total
volatiles from fresh cabbage and almost 40 percent  of those from cooked
samples (10) . It is also evident af ter  heat ing beef , when it may reach levels
of 100 ~ig per k g and contr ibute  to the off- flavor of overcooked meat (19).
Hydrogen sulfide is a major cont r ibu tor  to the f lavor  and of f - f lavor  of cooked
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meats , fish , cer ta in  vegetables such as broccoli and cabbage , and especially
of eggs.

The origin of th ‘Se compounds has not been ex tens ive ly  invest igated ,
but meth ion ine  is generally believed to be thei r  major p recu r so r  (2 , 3),
especial ly for  dimethyl sulfide and dimethyl disul f ide .  The Mailla rd reactions
in heat-processed foods give rise to various alk yl  th iols  and carbony l sul f ide
( 13A whi le  hy drogen sulfide can arise f rom va r ious  s u l f u r -c o n t a i n i n g  a m i n o
acids , peptides and prote ins  and f rom th iamine .  Cysteine , however , appears
to be its chief precursor .

Metabolism

Surpris ingly  few studies have been conducted on the fate  of the
simple su l fur  volati les ident i f ied in the irradiated beef. By analogy wi th  the
bod y ’s t reatment  of known sulfur  xenobiot ics , oxidat ion  would appear to be
the pr eferre d pa thway of metabol ism.

H ydrogen sulf ide is ve ry susceptible to oxidat ion .  It is ox id ized  so
readily that its reported levels in the at mosphere may re f lec t  ar t i f i cal l y
low value s r”-~su1ting f rom oxidation dur ’ing sampl ing  and analysis (8) .
Although documentation could not be found , it seems likel y that  hydrogen su l f ide
is also oxidized in the body. In any event , the s implest  organic sulf ide - -

dimethyl sulfide - -  has been shown to undergo such oxidat ion , f i r s t  to the
sulfoxide (16) and then to the sulfone (6) .

The disulf ides , on the o ther  hand , are f i r s t  reduced to the corresponding
mercaptans  by a nonspecif i c nuc leot ide -dependen t  d i su l fide  reduc tase  ( 15) .
The resul t ing mercaptans maybe par t ia l l y eliminated, unchanged in the
expired a i r  and ur ine , but the bul K is oxidized as described above and exc reted
in the urine as its sulfone ( 14) or as inorganic su l fa te  ( 17). E thane  thiol
undergoes a s imi la r  t ransfo rmation , being par t ia l ly  exc reted unchanged in
the breath and ur ine  and part ial ly as the suif one and inorganic su l fa te  in
the ur ine . E thane  thiol  may also be methy lated by S-methyl t r ans fe rase to
produce its S-meth yl analogue (18). In addi t ion , thiols unde rg o  conj u gation
wi th  g lucuron ic  acid (17) a l though this  has not vet been d e m o n s t r a t e d  w i t h
etharr e thiol .

No report s could be found on the metabol ism of carbony l sulfide .
Since it is readily hydrol yzed by wa te r  to hydrogen su l f ide  and carbon
d io- ’~i de , i ts  fate in the  body would p resumably be the same as these  products .

Toxic i ty

The ingestion of vola t i le  sulfu r compounds is large ly self-
l i m i t i n g  because of t he i r  s t rong odor and tas te . Small amounts  may be
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necessary to impart a desirable, character is t ic  flavor to the food , but
excessive quant i t ies  discourage consumption by all except  those wi th
highly insensit ive or idiosyncrat ic  tastes.  The quan t i t i e s  detected in the
irradiated beef fall well within the range naturally present  in many foods.
The C ouncil of Europe (4) has approved the addit ion of several of these
compounds as f lavoring ad juncts.  The acceptable daily intake for  dimethyl
sulf ide  has been set by this group at 1. 5 ppm lCf ingested food (about 1. 5 to
2 . 5  mg per day) and for ethane thiol at 1 ppm (about 1.0 to 1. 5 mg per day) .
No level has been set for hydrogen sulfide , presumably because of the self
l imit ing aspect mentioned above. British author ities ha ve recommended
approval of hydrogen sulfide, dimethyl sulfide , dimethyl disulfide and ethane
thiol  as food fla voring adjuvar it s (5) .  The Food and Drug Adminis t ra t ion
im poses rio limit in its approva l of dimethyl sulfide (21 CFR 172. 515 , formerly
21 CI~’R 121. 1164) as a synthetic fla voring substance that may be safely used
in foods (12) .

The threshold  limit value for workroom atmospheres has been set
at 0 .5  ppm (1 mg per m’S ) for e thane  thiol and at 10 ppm (15 mg per m3 )
fox’ hy drogen sulf ide  (1). The acute toxicities of these compounds are
summa rized in Table 16, constructed from data collected by the Nat ional
Ins t i tu te  for  Occupat ional  Safety and Health (11). H yd rogen sulfide in high
concentrat ions acts directly upon the ne rvous system cau sing paralysis of
the respiratory center and olfa ctory system. It also decreases the oxygen
carrying capaci ty  of hemoglobin by the format ion of sulfhemoglobin. Li t t le
is known of the acute effects of the other sulfur-containing compounds.

Table 16. Toxic i ty  of sulfur’ compounds.

Compound Animal  Route LD 50

1)imeth yl su l f ide  Mouse Oral 3700 m g / k g
Hat Oral 535 m g/ k g

Ethane thiol  Mouse Inhalation 2700 m g/ k g
Rat lnt i ’aper i toneal  450 m g/ k g

Inhalat~on 4 4 2 0  p p m / 4  hr
Oral 682 m g/ k g

Hydrogen sulf ide  Mouse  Inha l a t i on  683 p p m / I  h r
[tat Fohalation 713 p pm/ I h r

—
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Discussion

The amounts of the sulfur-containing compound s in irradiated
beef are extremely small , in no case exceeding lOp. g per kg. Three of the
five compounds (carbony l sulfide , dime thy l disulfide and hydrogen sulfide ),
were more abundant in the thermally sterilized than in the irradiated samples.
Each (except carbony l sulfide ) has been detected in numerous foods and in
every case where quantitative analysis has been performe d the quantity in
meat , fish, eggs , fruits and vegetables is far greater than that in irradiated
beef. Most of those compounds have been approved by official bodies as
flavoring ad j uvants at levels several orders of magnitude greater than thcir
concentrations in irradiated beef.

The Committee believes the concentrations of sulfur-containing
com pounds in irradiated beef are trivial and pose no hazard to the consumer .
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D. NITROGEN-CONTA~~jN~ COMPOUNDS

Occurrence

Acetonitrile was the only nitrogen containing organic volatile
detected in the irradiated beef. It was present in both the cooked and uncooked
irra d iated samples (Table 17). The concentrations did not diffe r significantly
from those in the frozen controls and were considerably less than those
in the thermally sterilized beef. This suggests that acetonitrile is not a
radiolyt ic product, a suggestion strengthened by the observation that
nitriles can be produced from amino acids at conventional cooking
temperatures.

No report could be found listing acetonitrile as a normal
constituent of food. However , Volimin and colleagues (8) have shown tha t
nitriles are produced in abundance when amino acids are subjected to
high temperatures. Acetonitrile was a major product when the following
amino acids were heated to 700 ° C: glycine, alanine, proline, serine,
cysteine, methionine, aspart ic acid, ornithine and gamma amino butyric
acid. Lien and Nawar (4) using milde r treatments, detected the formation
of acetonitrile when beta alanin e was heated at 200 ° C in vacuo. The
compound apparently resulted from successive decarboxylation and
dehydrogenat ion as follows:

CH2 - CH2 - COOH -
~~~~~~~~

-) CH2—CH 3
i + Co ) CH 3CH~~NH + H ) CH3C5N + 112

NH2 NH2

Lien and Nawar also demonstrated that triglycerides and amino acids
interact readily to produce secondary amides which hydrolyz e to form
nit riles.

Acetonitrile has been identified in cigarette smoke (2) and in the
urine of smokers (5) . About one mg of acetonitrile is produced from the
smoke of a single ciga rette. The ave rage urinary excretion among smokers
was more than 100 ~g per liter wit h heavy smokers excreting twice this
amount . The highest value detected among nonsmokers was less than

• lO 1,~,g per liter of urine.
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Table 17. Acetonit rlle in beef.

Irradiated Thermally Sterilized Frozen Cont rol
cooked uncooked cooked uncooked cooked uncooked

~&g/kg p.g/kg pg/kg

3 1 21 57 6 3

Metabolism

The alkyl cyanides (e. g., acetonitrile) are hydrolyzed to
hydrocyanic acid and a correspond ing acid with one less carb on atom.
The cyanide is converted to thiocyanate which is excreted unchanged,
while the acid is metabolized through norma l metabolic pathways to
carbon dioxide and water (9) .

CH3CN ) HCOOH + HCN ) HCNS

CO 2 + H 20

Toxicity

The acute toxicity of acetonitrile is summarized in
Table 18. It was the least toxic of all alk yl nitrile s tested in mice and

• rabbits (9). Pozzani et al. (6) subjected rats to acetonitrile vapor
for seven hours daily for 90 days . No deaths were encountered even

• at levels of 655 ppm, but two monkeys exposed to this concentration
died within 23 and 51 days respectively. One monkey inhaling 330 ppm
survived the 91 day test pe riod as did three dogs. No gross pathology was
evident but histological examination revealed focal emphysema and
diffuse proliferation of alveolar septa.
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The TLV is 40 ppm (70 mg per ma ) (1). This value seems based
primarily on the study by Pozzani et al. (6) on human subjects who inhaled
the vapor at this concentration for 4 hours. Two ci the three sub jects
reported no adverse effects. No cyanide could be detected in their blood
nor was there any increase in the level of urinary thiocyanate. The third
subject exper ienced a slight tightness and a sensation of coolness in the chest
after the exposure. There was a slight increase in his urinary thiocyanate .

Table 18. Acute toxicity of acetonitrile.

Minimum Lethal
Animal Route Dose LD~o Reference

Mouse Intraperitoneal 250 mg/kg 6

Rat Intragastric 1. 7-8. 5 glkg 6
3.8 g/kg  7

Subcutaneous 5 mI/kg  3
Intraperitoneal 0. 95-5. 62 g/kg 6
Intravenous (portal) 0. 71 ml 1kg 6
Intravenous (tail) 1. 68 mI/kg 6
Inhalation 8000 pprn /4 hr. 16000 ppm/4 hr 6
Percutaneous 1. 25 mi/kg 6

5.0 mI/kg I
Inhalation 2800 ppm/4 hr 6

Guine a pig Inhalation 5635 ppm /4 hr 6

~ iscussion

Acetonitrile is a nonradiolytic product. The minute amounts
in irradiated beef are no greater than in frozen controls , and are considerably
less than in thermally sterilized samples. Evidenc e also points to its rapid
hydrolysis in the body. The Committee conclude s that ingestion of acetoni-
trile in the amounts found in irradiated beef should have no harmfu l effects.
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E. HALOGEN-CONTAINING COMPOUNDS

‘1 etrachloroethylene

Occurrence

Tetrachioroethylene (perchioroethylene ) was the only organo-
chlorine compound detected in the irradiated beef in concentrations sufficient
to permit quantitative analysis ( 1 ppb ). Its concentration (8 to 11 ~g per
kg) (Table 1) was not significantly different from the amounts detected in the
nonirradiated samples , nor did it increase with higher irradiation doses.

Because of its nonflammability and its excellent solvent ability,
tetrachioroethylene is found in a number of consume r and industrial
products. It is the leading dry cleaning solvent in the U.S. ; it is used
extensively to degrease metals; it serves as a solvent for silicoaes; it is
an intermediate in the synthesis of fluorocarbons and at one time it was
used extensively as a human and veterinary antihelminthic. Its
production on a world-wide basis exceeds one million tons per year, wit h
approximately one-third of this amount ~‘roduced in the United States.

As is evident from Table 19, it has been detected above the
North Atlantic and in the air of rural and metropolitan areas. It is
present in the ocean waters, in rivers and in municipal water supplies; in
aquatic organisms, fish, birds , mammals and man; in fruits 1 vegetables,
beverages and dairy products. It was detected in eight of ten wa~er
utilities surveyed by the Environmental Protection Agency (4) as well
as in other drinking water sources.

Metabolism

Tetrachioroethylene usually enters the body through the lungs
although absorption is also possible through the skin or gastrointestinal
tract. Regardless of the absorptive site , virtually all is excreted
unchanged through the lungs . Daniel (3) administered 36C1-labe led
tetrachloroethylene by stomach tube to rats and recove red 98 percent of the
radioactivity in the expired air within 48 hours . After exposure to te t ra-
chloroethylene, human subjects excrete most of the absorbed compound
through the lungs within 24 hours. Following repeated exposures , a
prolonged e.~ponential decay of the compound in the subjects ’ breath was
observed extending for 14 days or more (14). An epoxide , which has been
recovered as an inte rmediate, is the f irst  metabolic product . This
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undergoes a slow rearrangement to trichioroacetyl chloride, which is then
rapidly hydrolyzed to yield trichloroacetic acid as the major end product (16).

Cl~~ ,çl Cl~,, ,0 ,Cl Cl .... 
•
0 Cl. . , ,1

C C  ---)  C — C  ---)~~Cl - C - C  - - -) C l - C - C O O H
Cl Cl Cl’ Cl Cl / Cl

Only traces of trichioroethanol were excreted in the urine of mice, rats or
man af ter exposure to tetrachloroethylene vapo r (6) .

Toxicity

Tetrachloroethylen e is re lat ively noritoxic after acute
exposure. This is evident from the LD 50 values shown in Table 20 , as well
as by the TLV for workroom exposure (100 ppm or 535 mg per m3 ) (1). Men
exposed to 1000 ppm showed slight inebriation in 45 minutes but no narcosis
after 95 minutes. At levels of 2000 ppm, light narcosis was produced
within a few minutes (2). Stewart et al. (14) exposed human volunteers
to 100 ppm for  7 hours daily for S consecutive days. Over half
complained of mild eye, nose or throat irritation developin g within the
firs t few hours and then usually subsiding. About one-quarter reported
mild headaches. Neurological, pulmonary and laboratory tests were normal.
However, Kylin et ~1. (9) reported significant fatty degeneration of the
live r in mice chronically exposed to atmospheres of 200 ppm for 4 hours
daily, 6 days weekly for periods of 1 to 8 weeks.

Table 20. Acute toxicity of tetrachioroethylene .

Animal Route LD~~ Reference

Mouse Oral 5. 2 ml/kg  15
Intraperitoneal 4.6 g/kg 7
Intraperitoneal 5.7 g/kg 5

Rat Inhalation >3000 ppm (8 hr) 12
Inhalation >9000 ppm (3 hr) 2

Dog Intraperitoneal 3. 4 g/kg 8

- 101 -



Pregnant mice and rats were exposed to 300 ppm tetrachioroethylene
for 7 hours daily on days 6 to 15 of gestation (15). Cesarean sections were
performed on gestation days 21 in rat s and 18 in mice. The tetrachioroethylene
exposure to the pregnant mice and rat s caused no significant maternal embryonal
or fetal toxicity nor any teratogenicity.

An unpubiirhed study (11) recent ly completed for the National Cancer
Institute revealed a significant ly increased incidence of hepatoceilular
carcinoma in bot h male and female BGC3FI mice receiving large doses of
tet rachioroethylene. The compound dissolved in corn oil was administered
by gavage five days per week for 78 weeks followed by an observation period
of 12 weeks. The time-weighted-average dosages for male mice were
1072 and 536 mg per kg per day; and for female mice were 772 and 386 mg
per kg per day.

Both treated and control mice displayed variou s neoplastic and
other lesions. However , primary malignant tumors of the liver were
significant ly tiigher in the mice receiving tetrachioroethylene (Table 21).

Table 21. Incidence of he patocellular carcinoma in mice receiving
tetrachioroethylene.

Treatment Males Female s

Controls 7/ 79  0/ 20
Low dose 32/49 (P <0.001) 19/48 (P <0 . 001)
High dose 27148 (P <0.001) 19/4 8 (P <0 . 001)

The time to the first observed tumor was 27 weeks for male mice and
41 weeks for the females.

Male and female rats were also exposed to tw o dose levels of
te trachloroe thylene administere d as described above : 941 and 471 mg per kg
per day for male rats and 962 and 481 mg per kg per day for female rats.
There was rio observable carcinogenic effect of the compound in rats but the
results were considered inconclusive because of the poor survival of the
animals, Half of the high dose males and females died within 44 and 66 weeks ,
respectively. Lesions indicative of pneumonia were observed in most control
and dosed aminals alike at necropsy. A high incidence of the tetrachioroethylene-
treated rats displayed toxic riephropathy.
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Discussion

It has been convincingly demonstrated that the small  amounts
of tetrachioroethylene de tected in irradiated beef were of extraneous rather
than radiolytic origin. Thus , there is no significant difference in concentra-
tion between the irradiate d and nonirradiated beef.  In some samples of
beef supplied by the sarn ’~ processing f i rm , no tetrachioroethy lene could
be detected. In the numerous  publications on irradiated beef and other
meats , the presence of tetrachloroe ~iylene has never been reported.
Similarly, Merr i t t  and co-workers  (10), with many years ’ experience
with  beef irradiation, stat e they have rarely detected chlorinated hydrocarbons ,
arid in these rare cases , the amount  detected was inde pe ndent of the radiation
dosage. To verif y the nonradiolytic origin of the tetrachloroethylene in beef ,
two separate samples of beef were exposed to increasing doses of gamma
irradiation. The levels in the nonirradiated samp les were  zero and 6 pg
per kg respectively. Afte r exposure of each ..ample to 30, 60, 90 and 120
kGy (3, 6, 9, 12 megarads ) the tetrachloroet~ ylene concentrations were
unchanged , remaining at 0 in the one sampk and 6 pg per kg in the other.

Nevertheless , the recent  indictment of tetrachioroethylene as a
carcinogen - - - even at levels a million times greater than its intake from
beef - - - intensified a search for the source of contamination. It was
discovered that  te trachioroethylene was used as a cleaning solvent in the
meat packing plant and stored near the beef processing area . To trap the
compound , samples of lard , free fr om tetrachioroethylene , were placed
at various sites. In one of the beef-processing areas the lard was found
to contain 91 ppb of tetrachioroethylene, indicating a significant atmospheric
contaminat ion at this site .

The Commit tee  conclude s that the small amount  of te trachioroe thy lene
de tected in each type of beef sample represents a con taminant  from prior
stages of preparat ion , unrelated to the i r radia tion process. The exercise
of reasonable care during all processing stages should e l iminate  this
compound from beef .
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VII . GENERAL DISCUSSION

A s pointed out earlier , this report reviews only those com pounds
which were de tected in beef irradiated and analysed by the technique s
employed at the Natic k Laboratories and described in the experimental
section (see pages 10 - 15). Major modifications of these irradiation ,
isolation or analytical procedures could change the nature or amount of the
com pounds identified. In attempting to assess the possible health hazards
of these compound s, the Committee was often frustrated by the pauc i ty of
information on their toxicity . Such gaps in our knowledge have been pointed
out in the individual sections and additional studies in these areas are highly
desirable.

By conventional toxicological standards , the concentration of each
compound was low , as was the total of all the compounds. For those
com pounds w here such data are available , the least toxic doses are several
orders of magnitude greate r than the contribution from irradiated beef.
There seems no chance that the volatile compounds in the irradiated meat
could cause an acute intoxication follow ing its consumption.

Evaluation of pos sible chronic toxicity is a more difficult and
uncertain task. Virtually every compound under consideration has been found
in significant amounts in commonly consumed natural and processed foods.
Very few of these products have been subjected to the long-term animal
studies or to the rigorous epidemiological surveys that would detect
sub t le or slowly developing pathology or carcinogenesis. The Committee
gave this problem particular attention and examined close ly all data related
to chronic toxic ity or carcinogenicity .

Several alkanes and alkenes and one aromatic hydrocarbon (benzene)
p roduced by beef irradiation have been implicated as carcinogens or co-
carcinogens under certain conditions .

Several highe r alkanes promoted tumor production when painted
on mouse skin pretreated with carcinogenic doses of polycyclic aromatic
hydrocarbons. These result s were considered to have little relevance to
the effect of alkanes in irradiated beef . Not only were the routes of
administration quite different , but the doses required in these experiments
were huge compared with the amount s consumed in beef.

Relatively little is know n of the fate and action in the body of the
various alkeries found in irradiated beef. It is now ge nerally accepted that
epoxide s are obligatory intermediates in their metabolism and epoxides are
viewed by many investigators as potential carcinogens. This view is
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VII. GENERAL DISCUSSION

As pointed out earlier , this report reviews only tho~ie compounds
which were detected in beef irradiated and analysed by the techniques
employed at the Natick Laboratories and described in the experimental
section (see pages 10 - 1.5). Major modifications of these irradiation ,
isolation or analytical procedures could change the nature or amount of the
com pounds identified. In attempting to assess the possible health hazards
of these compounds , the Committee was ofte n frustrated by the paucity of
information on their toxicity . Such gaps in our knowledge have been pointed
out in the individual sections and additiona l studies in these areas are highly
desirable .

By conventional toxicological standards , the concentration of each
compound was low , as was the tota l of all the compounds. For those
compou nds where such data are available , the least toxic dose s are several
orders of magnitude greate r than the contribution from irradiated beef.
There seems no chance that the volatile compounds in the irradiated meat
could cause an acute intoxication following its consumption.

Evaluation of possible chronic toxicity is a mor e difficult and
uncertain task. Virtually every compound under consideration has been found
in significant amounts in commonly consumed natural and processed foods.
Very few of these products have been subjected to the long-term animal
studie s or to the rigorous ep idemiological surveys that would detect
subtle or slow ly developing pathology or carcinogenesis. The Committee
gave this problem particular attention and examined closely all data related
to chronic toxicity or carcinogenicity .

Several alkanes and alkenes and one aromatic hydrocarbon (benzene)
produced by beef irradiation have been implicated as carcinogens or co-
carcinogens under certain conditions .

Several higher alkanes promoted tumor production when painted
on mouse skin pretreated with carcinogenic doses of polycyclic aromatic
hydrocarbons. These results were considered to have little relevanc e to
the effect of alkanes in irradiated beef . Not only were the routes of
adm inistration quite different , but the doses required in these experiments
were huge compared with the amounts consumed in beef.

Relatively little is know n of the fate and action in the body of the
variou s alkenes found in irradiated beef. It is now generally accepted that
epoxides are obligatory intermediates in their metabolism and e poxides are
viewed by many investigators as potential carcinogens. This view is



supported by the findings that such potent carcinogens as benzo(a ) pyrene ,aflatoxin and vinyl chloride seem to owe their carcinogenic ity to theirconversion to epoxide intermediates . On the other hand , many epoxides orcompounds having epoxide metabolic intermediates are considered to benoncarcinogertic . Of all the epoxide metabolic intermediates like ly to beformed fr om the alkenes in irradiated beef , very few have been tested fortumorigenicity . Of these , only epoxyhexadecane has caused increasedtumor production and the se results are equivocal, it appears that there maybe structural features which cause some epoxides to be carcinogenic whileothers are not. it is not possible at this time to designate the specificstructural or electron distribution characteristics that impart carcinogenicityto an epoxide intermediate. Additional studies are desirable , but avail ableevidence does not implicate the alkenes in irradiated beef as carcinogenswhen ingested in the amounts present in these samples.

Animal studies have failed to demonstrate a leukemogenic action ofbenzene and more definitive studie s are necessary. The amount of benzeneingested from irradiated beef is less than 2 ~.&g per day, an extremely smallfraction of that absorbed from such unavoidable sources as the atmosphere,municipal water supplies and numerous foods. The amount consum ed fr omthe irradiated beef is believed to add an insignificant increment to the usualbody burden.

The Committee considered , too , the possibility that interactionsin the body among the variou s volatile compounds in irradiated beef mightcause toxicity . The possibility of additive or synergistic effects cannotbe excluded. There are, however, no known or suspected dangerousinteractions among these compound s and the lack of data renders unprofitableany further speculation along these lines at the present time .
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VIII. CONCLUSION

The Committee has examined the available evidence on the possible
health effects of the various volatile compounds identified in beef prepared
by low-temperature irradiation preservation . In its opinion , the data do
not demonstrate or suggest that the volatile compounds present any significant
increment of hazard to the public from the normal consum ption of beef
processed in this way.
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