
CHAPTER 10 

Toxicants Formed during 
Food Processing 

T h e d e v e l o p m e n t of food processing technology—which includes frying, 
toast ing, roas t ing, evapora t ion , smoking , sterilization, pasteur izat ion, ir
radiat ion, pickling, freezing, a n d c a n n i n g — e x p a n d e d the potent ia l of 
food supplies greatly in the m o d e r n era . For example , smoke t r ea tmen t 
m a d e a yea r - round supply of fish possible a n d canned foods could be 
sent anyplace in t he world. 

In the Un i t ed States, commercia l food process ing is subject to regula
tion by the FDA a n d mus t mee t specified s tandards of cleanliness a n d 
safety. Somet imes par t icular m e t h o d s of food processing are cons idered 
u n d e r the category of food additives, since they may intentionally alter 
the form or n a t u r e of food. 

H o m e cooking is one i m p o r t a n t m e t h o d of food processing. Cooking 
increases the palatability (for example , flavor, appea rance , texture) a n d 
stability of foods; it also improves the digestibility of foods. Moreover , it 
kills toxic microorgan isms a n d deactivates such toxic substances as en
zyme inhibitors . Since antiquity, peop le apprec ia ted home-cooked food. 

T h e chemical changes in food c o m p o n e n t s , inc luding a m i n o acids, 
pro te ins , sugars , ca rbohydra tes , vi tamins, a n d lipids, caused by h igh-hea t 
t r e a tmen t have raised quest ions abou t the usual consequence of r educ ing 
nutr i t ive values a n d even the format ion of some toxic chemicals such as 
polycyclic a romat ic hydroca rbons (PAHs) , a m i n o acid or p ro te in pyroly-
sates, a n d iV-nitrosamines. A m o n g the m a n y reactions occur r ing in p ro 
cessed foods, the Maillard React ion plays the most i m p o r t a n t role in the 
format ion of var ious chemicals ( including toxic ones). 

D u r i n g processing, it f requent ly h a p p e n s tha t some foreign materials 
are mixed into foods. Some of these materials a re undes i rab le ones . 
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184 10. Toxicants Formed during Food Processing 

Al though most m o d e r n food factories a re eng inee red to avoid any occur
rence of food con tamina t ion d u r i n g processing, low-level contaminat ion 
is ha rd to el iminate entirely. Many instances of accidental contaminat ion 
of food by toxic materials have been r epor t ed . For example , in 1955 in 
J a p a n , a neutra l iz ing agen t (sodium phospha te ) that was con tamina ted 
with sod ium arseni te was a d d e d to milk d u r i n g a dry ing process; the final 
commercial d r ied milk con ta ined 10—50 p p m of arsenic. Subsequently, 
many serious cases of arsenic po isoning were r epor t ed . 

It is a c o m m o n m i s u n d e r s t a n d i n g that g a m m a irradiat ion, which is 
most often used for food i rradiat ion, p roduces radioactive materials in 
foods. In fact, a l t hough the e lec t romagnet ic energy used for irradiat ion 
is sufficient to pene t r a t e d e e p into foods a n d can kill a wide r ange of 
microorganisms, it is far below the r a n g e requ i red to p r o d u c e radioactiv
ity in the target mater ial . However , the re a re still uncer ta int ies abou t 
the toxicity of chemicals tha t may be p r o d u c e d d u r i n g irradiat ion. T h e 
energies used a re sufficient to p r o d u c e free radicals, which may in t u rn 
p roduce toxic chemicals. 

I. Polycyclic Aromatic Hydrocarbons 

Polycyclic a romat ic hydroca rbons occur widely in the env i ronmen t . T h e 
typical PAHs a re shown in Figure 10.1 . T h e y are found in water, soil, 
dust , a n d in m a n y foods. For over 200 years, carcinogenic effects have 
been ascribed to P A H s . In 1775, Percival Pott, an English physician, m a d e 
the association be tween the h igh incidence of scrotal cancer in chimney 
sweeps a n d their cont inual contact with ch imney soot. T h e research on 
the toxicity of PAHs , however , p rogressed somewhat slowly. In 1932, 
benzo[a]pyrene (BP) was isolated from coal tar a n d found to be highly 
carcinogenic in exper imen ta l animals . 

A. Occurrence 

O n e of the most a b u n d a n t food sources of PAHs is vegetable oil. It is 
possible that the h igh levels of PAHs in vegetable oils are d u e to endoge
nous p roduc t ion , with env i ronmen ta l con tamina t ion playing only a minor 
role. However , some of the P A H s in vegetables a re apparen t ly d u e to 
env i ronmenta l con tamina t ion because levels of these substances decrease 
with increased distance f rom industr ial ized centers a n d freeways. T h e 
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I. Polycyclic A r o m a t i c Hydrocarbons 185 

C h r y s e n e B e n z o [ b ] f l u o r a n t h r e n e 

Figure 10.1 Polycyclic aromatic hydrocarbons. 

occurrence of P A H s in m a r g a r i n e a n d mayonna ise appea r s to be d u e to 
contamina t ion of the oils used to make these p roduc t s . 

Levels of P A H s in soil can be qui te h igh , even in 'a reas distant from 
industrialized centers . Levels of P A H s of 100—200 p p m in the soil were 
found in some locations dis tant f rom h u m a n popula t ions . It is t h o u g h t 
that these levels resul t pr imari ly as a res idue from decaying vegetat ion. 
T h e significance of these relatively h igh levels of potentially carcinogenic 
substances in the soil is no t fully unde r s tood . 

Charcoal broi l ing o r smoking of food also causes PAHs contamina t ion 
(Table 10.1). P A H s a re fo rmed mainly f rom carbohydra tes in foods at 
h igh t e m p e r a t u r e s in the absence of oxygen. Broil ing mea t over ho t 
ceramic o r charcoal br iquet tes allows the mel ted fat to come into contact 
with a very ho t surface. P A H s are p r o d u c e d in the ensu ing react ions. 
T h e s e p roduc t s rise with the resul t ing cooking fumes a n d are deposi ted 
on the meat . Similarly, t he p resence of P A H s in smoked meats is d u e to 
the presence of these substances in smoke. PAHs levels in mea t tha t is 
cooked at a g rea te r dis tance from the coals a re lower t han in mea t that 
is cooked close to the coals. Obviously, food processing p roduces PAHs 
in certain levels. It is of major impor t ance to be aware of the presence of 
carcinogenic P A H s in o u r foods, a n d the overall public hea l th hazard 
should be evaluated a n d control led. 
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186 10. Toxicants Formed during Food Processing 

TABLE 10.1 
Polycyclic A r o m a t i c Hydrocarbons Found in S m o k e d Foods (ppb) 

Benzo[a] Benzo[a] Benzo[e] 
Food anthracene pyrene pyrene Fluoranthene Pyrene 

Beef 0.4 _ 0.6 0.5 
Cheese 2.8 2.6 
Herring 3.0 2.2 
Dried herring 1.7 1.0 1.2 1.8 1.8 
Salmon 0.5 — 0.4 3.2 2.0 
Sturgeon — 0.8 — 2.4 4.4 
Frankfurters — — — 6.4 3.8 
H a m 2.8 3.2 1.2 14.0 11.2 

B. Benzo[a]pyrene 

T h e most commonly known carcinogenic P A H is benzo[a]pyrene (BP), 
which is widely dis t r ibuted in various foods (Table 10.2). BP was repor t 
edly fo rmed at a level of 0.7 a n d 17 p p b at 370 to 390 a n d 650°C, 
respectively, w h e n starch was hea ted . A m i n o acids a n d fatty acids also 
p r o d u c e d BP u p o n h i g h - t e m p e r a t u r e t r ea tmen t (Table 10.3). Many cook
ing processes utilize the 3 7 0 - 3 9 0 ° C r a n g e ; for example , t he surface 
t e m p e r a t u r e of bak ing b read may a p p r o a c h 400°C a n d d e e p fat frying is 
4 0 0 - 6 0 0 ° C , suggest ing that cooking p roduces some PAHs, inc luding BP. 
T h e mea t inspect ion division of the USDA a n d FDA analyzed 60 assorted 
foodstuffs a n d re la ted mater ials for BP. Samples tha t conta in relatively 
high levels of B P a re shown in Tab le 10.1 . 

TABLE 10.2 
Benzo[a]pyrene Found in Various Foods 

Concentration 
Food (ppb) 

Fresh vegetables 2 . 8 5 - 2 4 . 5 
Vegetable oil 0 . 4 1 - 1 . 4 
Coffee 0 . 3 1 - 1 . 3 
T e a 3.9 
Cooked sausage 1 2 . 5 - 1 8 . 8 
Smoked hot sausage 0.8 
Smoked turkey fat 1.2 
Charcoal-broiled steak 0.8 
Barbecued ribs 10.5 
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I. Polycyclic A r o m a t i c Hydrocarbons 187 

TABLE 10.3 
A m o u n t s of P A H s Produced from Carbohydrates , A m i n o Acids, and Fatty Acids 
H e a t e d at 500 and 700 C (Mg/50 g) 

Starch D-Glucose L-Leucine Stearic acid 

P A H 500 700 500 700 500 700 500 700 

Pyrene 41 965 23 1680 1200 0.7 18,700 
Fluoranthene 13 790 19 1200 — 320 — 6,590 
Benzo[a]pyrene 7 179 6 345 — 58 — 4 ,440 

1. Toxicity 

BP has been subjected to extensive carcinogenic testing. It is a reason
ably po ten t contact carc inogen. Tab le 10.4 shows the relative carcinoge
nicity of BP a n d o t h e r PAHs . A diet conta in ing 25 p p m of BP fed for 
140 days to mice p r o d u c e d leukemias a n d l ung a d e n o m a s in addi t ion to 
s tomach tumors . Skin t umor s deve loped in over 60% of the rats t rea ted 
topically with approximate ly 10 m g of benzo[a]pyrene th ree t imes pe r 
week. T h e incidence of skin t u m o r s d r o p p e d to about 20% w h e n treat
m e n t was abou t 3 m g x 3 pe r week. Above the 10-mg range , however , 
the incidence of skin t umor s increased dramatical ly to nearly 100%. 

T h e c o m p o u n d is also carcinogenic w h e n adminis te red orally. In one 
exper imen t , weekly doses of g rea te r t han 10 m g adminis te red for 10 
weeks induced s tomach cancers , a l though n o s tomach cancers were p ro 
duced at the dose of 10 m g or less. At 100-mg doses, nearly 70% of 
the animals h a d deve loped s tomach t u m o r s by the comple t ion of the 
expe r imen t . 

TABLE 10.4 
Relative Carcinogenicity of Typical Polycyclic 
A r o m a t i c Hydrocarbons ( P A H ) 

PAH Relative activity 

Benzo[a]pyrene + + +
a 

5-Methylchrysene + + + 
Dibenz[a,/*]anthracene + + 
Dibenzo[a,i]pyrene + + 
Benzo[6]f luoranthene + + 
Benz[a]anthracene + 
Benzo[c]phenanthrene + 
Chrysene + 

a
 + + + , high; + + , moderate; + , weak. 
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188 10. Toxicants Formed during Food Processing 

2. Mode of Toxic Action 

BP is t r anspo r t ed across t he placenta a n d p roduces t u m o r s in the 
offspring of animals t rea ted d u r i n g p regnancy . Skin a n d lung tumors 
a p p e a r to be the p r imary lesions in the offspring. 

T h e biochemical mechan i sms by which benzo[a]pyrene initiates can
cer have been s tudied in some detail . Benzo[a]pyrene is not mutagen ic 
and carcinogenic by itself, bu t mus t be first conver ted to active metabo
lites. Th is metabolic conversion involves initially a cytochrome P450-
media ted oxidat ion, p r o d u c i n g a 7,8-epoxide. T h e 7,8-epoxide, in tu rn , 
unde rgoes an epoxide hydro lase-media ted hydra t ion , p roduc ing the 7,8-
diol which, u p o n fu r ther oxidat ion by cy tochrome P450, p roduces the 
cor respond ing diolepoxide. Th i s d iolepoxide is highly mutagen ic wi thout 
metabolic activation a n d is also highly carcinogenic at the site of ad
ministrat ion. T h e benzo[a]pyrene diolepoxide can react with various 
componen t s in the cells, inc luding DNA, in which case it is possible 
that a muta t ion will occur. Th i s is t h o u g h t to be the pr imary event in 
benzo[a]pyrene- induced carcinogenesis . 

IL Maillard Reaction Products 

In 1912, t he French chemist L. C. Maillard hypothesized the react ion 
that accounts for the b rown p igment s a n d polymers p r o d u c e d from the 
reaction of the a m i n o g r o u p of an a m i n o acid a n d the carbonyl g r o u p of 
a sugar . Maillard also p roposed that the react ion between amines and 
carbonyls was implicated in in vivo damages ; in fact, the Maillard reaction 
was later p roved to initiate certain damages in biological systems. Some 
produc ts fo rmed by this react ion in processed foods exhibi ted s t rong 
mutagenici ty, suggest ing the possible format ion of carcinogens. 

T h e s u m m a r y of the Maillard react ion is shown in Figure 10.2. Many 
chemicals form from this react ion in addi t ion to the b rown p igments and 
polymers . Because of the large variety of const i tuents , a mix ture obta ined 
from a Maillard react ion shows m a n y different chemical a n d biological 
proper t ies : b rown color, characterist ic roasted or smoky odors , p ro - a n d 
anti-oxidants, a n d m u t a g e n s a n d carcinogens, o r p e r h a p s an t i -mutagens 
and ant i-carcinogens. It is c o m m o n practice to use the so-called Maillard 
b rowning mode l system consist ing of a single sugar a n d an amino acid to 
investigate complex, actual, food systems. T h e results of m u c h mutagenic
ity testing on the p roduc t s of Maillard b rowning mode l systems have 
been r epor t ed . Some Maillard mode l systems tha t p r o d u c e d mutagenic 
materials a re shown in Tab le 10.5. 
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III. A m i n o Acid Pyrolysates 189 

Aldose sugar 
(carbonyls) 

N-Substituted +
 glycosylamine 

Amino 
compounds 
i~alkylamines~ 
amino acids 

[proteins 

Figure 10.2 Summary of the Maillard reaction. 

III. Amino Acid Pyrolysates 

In the late 1970s, mutagenic i ty of pyrolysates ob ta ined from various foods 
was r e p o r t e d tha t could no t be accounted for by P A H s fo rmed on the 
cha r red surface of certain foods such as broi led fish a n d beef. T h e mu ta 
genic principles of the t r y p t o p h a n pyrolysates were later identified as 
n i t rogen-conta in ing heterocyclic c o m p o u n d s . A g r o u p of polycyclic a ro 
matic amines is p r o d u c e d primari ly d u r i n g the cooking of protein-r ich 
foods. T h e i r s t ructures a re shown in Figure 10.3. T h e early work on the 
isolation a n d p roduc t ion of these substances was based on their m u t a g e 
nicity. Some classes of cooked prote in-r ich foods t e n d e d to be m o r e 

TABLE 10.5 
Mutagenic Materials Produced from t h e Maillard Model 
S y s t e m 

Model system Salmolella typhimurium strains 

D-Glucose/cysteamine T A 100 without S 9
a 

T A 98 with S9 
C y c l o t e n e / N H 3 T A 98 without S9 

T A 1538 without S9 
L - R h a m n o s e / N H 3/ H

2
S T A 98 with S9 

M a l t o l e / N H 3 T A 98 with S9 
T A 100 with S9 

Starch /glycine T A 98 with S9 
Lactose/casein T A 98 with S9 
Potato s t a r c h / ( N H 4) 3C 0 4 T A 98 with S9 

T A 100 with S9 
Diace ty l /NH 3 T A 98 with S9 

T A 100 with S9 

a
 Metabolic activation. 

Amino-l-deoxy-
2-ketose 

Heterocyclic 
compounds 

Melanoidines 
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190 10. Toxicants Formed during Food Processing 

MelQx IQ 

Figure 10.3 Mutagenic heterocyclic amines. 

mutagenic t han o thers , a n d the ex ten t of hea t ing influenced the level of 
mutagen ic activity. T h e most highly hea t ed samples of milk, cheese, tofu, 
rock cod, a n d several varieties of beans , a l though heavily char red , were 
only weakly mutagen ic . H a m b u r g e r cooked at h igh t empera tu re s was 
r epo r t ed as mutagen ic . T h e mutageneci ty was, however , l imited to the 
surface layers where most pyrolysates are found. O n the o the r h an d , 
no mutagen ic activity was found in comparab le samples of uncooked 
h a m b u r g e r meat . T h e format ion of these mutagen ic substances seems to 
d e p e n d on t e m p e r a t u r e , a n d the t e m p e r a t u r e d e p e n d e n c e of m u t a g e n 
format ion in hea ted beef stock has b e e n d e t e r m i n e d quantitatively. 

T h e identities of the m u t a g e n s p r o d u c e d u n d e r no rma l cooking con-
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IV. N -N i t rosa mi nes 191 

ditions have been established in some cases. T h e major m u t a g e n s in 
broiled fish a re the heterocyclic amines imidazoquinol ine (IQ) a n d me th -
yl imidazoquinol ine (MelQx) (Figure 10.3). T h e y are also m i n o r compo
nents of fried beef. Several o the r m u t a g e n s of this class are also p resen t 
in cooked meat . Beef extracts, which contain I Q a n d MelQx, a re metaboli-
cally conver ted to active m u t a g e n s by liver tissue from several an imal 
species a n d h u m a n s . A l though these substances a re highly po ten t mu ta 
gens, they are fairly weak carc inogens in rats. Following the mutagenici ty 
studies on these pyrolysates, carcinogenicity of t r y p t o p h a n e (Trp-P-1 a n d 
Trp-P-2) a n d g lu tamine (Glu-P-1) were demons t r a t ed us ing animals 
such as rats , hamste rs , a n d mice. For example , a h igh percen tage of 
t u m o r incidence was observed in mice fed a diet conta in ing Trp-P-1 or 
Trp -P -2 . T h e various r epor t s indicate tha t bo th a m i n o acid a n d pro te in 
pyrolysates may act as carc inogens in the a l imentary tracts of expe r imen
tal animals . Extensive research is present ly be ing conduc ted to d e t e r m i n e 
whe the r heterocyclic amines p r o d u c e d d u r i n g the cooking process a re 
haza rdous to h u m a n s . 

IV· N-Nitrosamines 

Mixtures of inorganic salts, such as sod ium chlor ide a n d sod ium nitr i te, 
have been used to cu re mea t for centur ies . Only relatively recently has it 
been recognized tha t the cur ing action results from the nitri te ion. Bac
terial r educ t ion can p r o d u c e nitr i te f rom ni t ra te ions, a l though today 
nitri te is used directly. Cer ta in fish p roduc t s a re also cu red with nitr i te. 
Some countr ies (but no t the Uni ted States) also pe rmi t the addi t ion of 
ni t ra te in the p roduc t ion of some varieties of cheese. 

A. Precursors 

1. Nitrite and Nitrate 

T h e nitr i te ion plays at least t h ree impor t an t roles in the cur ing of 
meat . First, it has an ant imicrobial action. In part icular , it inhibits the 
growth of the mic roorgan i sm tha t p roduces botul ism toxin, Clostridium 
botulinum. T h e mechan i sm a n d cofactors of this antimicrobial action a re 
not unde r s tood . However , since cu red meats a re often s tored u n d e r 
anaerobic condi t ions for ex t ended per iods , it is very impor t an t in ensur 
ing the safety of these foods. Nitr i te also impar t s an appea l ing r ed color 
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192 10. Toxicants Formed during Food Processing 

to meats d u r i n g cur ing . Th i s color arises from nitrosylmyoglobin and 
ni t rosylhemoglobin p igments . T h e s e p igments are formed when nitri te 
is r educed to nitric oxide, which t hen reacts with myoglobin a n d hemoglo
bin. If these p igments did no t form, cu red meats would have an u n a p p e 
tizing grayish color. Finally, nitr i te gives a desirable "cured" flavor to 
bacon, frankfurters , h a m , a n d o the r mea t p roduc ts . T h e levels of nitrites 
that are permissible in cu red foods vary from count ry to country and 
range from 10 to 200 p p m . T h e major portion of nitrite in humans results 
from reduct ion of dietary ni t ra te by bacteria in the m o u t h and in the 
intestinal tract. Ni t ra te is e n c o u n t e r e d in the diet, often in relatively 
high levels ( 1 0 0 0 - 3 0 0 0 p p m ) , in vegetables such as cabbage, cauliflower, 
carrots, celery, a n d spinach; the levels a re variable a n d the exact causes 
are uncer ta in . 

Ni t ra te is widely found in foods. T h e dietary intake for adul t Amer i 
cans has been es t imated at 100 m g p e r day. Vegetables, especially leaf 
a n d root vegetables, account for over 8 5 % of the total, while cured meats 
contr ibute abou t 9%. In certain areas , well water contains h igh levels of 
ni t rate . While exposu re from mea t p roduc t s may have d r o p p e d in recent 
years, the use of ni t ra te in fertilizers, a n d its concomitant widespread 
occurrence in soils a n d water , m e a n s tha t vegetables cont inue to be sig
nificant sources. 

T h e r educed nitr i te is no t found in significant a m o u n t s in most foods. 
T h e chief dietary source is cu red meats , in which it is p resen t as an 
intent ional food addit ive because of its desi red antimicrobial , flavor, a n d 
color proper t ies . Most ingested nitr i te comes from saliva, which is esti
ma ted to cont r ibute 8.6 m g of the total daily intake of 11.2 m g from the 
diet. 

B. Occurrence 

Nitrosat ion of secondary a n d tert iary amines p roduces stable nitrosa-
mines. Unstable ni t roso c o m p o u n d s are p r o d u c e d with pr imary amines . 
T h e react ion ra te is p H - d e p e n d e n t a n d is m a x i m u m near p H 3.4. T h e 
nitrosation of weakly basic amines is m o r e rap id than that of m o r e 
strongly basic amines . Several anions , such as halogens a n d thiocyanate, 
p r o m o t e the ni t rosat ion process; on the o the r h an d , ant ioxidants , such 
as ascorbate a n d vi tamin E, inhibit the react ion of dest roying nitr i te. 
Diethylni t rosamine (DEN) a n d d imethyln i t rosamine (DMN) occur in the 
gastric ju ice of exper imenta l animals a n d h u m a n s fed diets conta in ing 
amines a n d nitr i te. T h e ni t rosat ion react ion is also known to occur d u r i n g 
h igh - t empera tu re hea t ing of foods, such as bacon, which contain nitri te 
a n d certain amines . 
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IV. N-Ni t rosamines 193 

In Norway in 1962, following an ep idemic of food poisoning in sheep , 
extremely h igh levels of n i t rosamines were detec ted in h e r r i n g meal 
t rea ted with nitr i te as a preservat ive. T h e sheep suffered severe liver 
disease a n d m a n y of t h e m died. It was later shown tha t the ra te of 
spon taneous format ion of n i t rosamine in ni t r i te- t reated fish was d e p e n 
den t on the t e m p e r a t u r e of p r epa ra t i on following the addi t ion of nitr i te. 
T h u s , refr igerated fish t rea ted with nitr i te h a d no m o r e n i t rosamine t h a n 
fresh fish t rea ted with nitr i te , bu t hea t t r ea tmen t of fish increased the 
rate of n i t rosamine format ion following addi t ion of nitr i te. It was sug
gested tha t increased levels of n i t rosamines in hea ted fish a re d u e — a t 
least in p a r t — t o increased concent ra t ions of secondary amines resul t ing 
from pro te in deg rada t ion d u r i n g the hea t ing process. 

H e a t i n g of o the r ni t r i te- t reated foods has also been shown to p r o d u c e 
ni t rosamines . C u r e d meats have all been shown to conta in n i t rosamines 
(Table 10.6), the h ighe r levels a p p e a r i n g in cu red meats tha t have been 
subjected to relatively h igh hea t ing . It is i m p o r t a n t to no te tha t the levels 
of n i t rosamines de tec ted in various foods a re qui te variable. T h e reasons 
for this variability a re no t clear bu t seem to be d e p e n d e n t on the type of 
food a n d the laboratory conduc t ing the examinat ion . 

T h e levels of volatile n i t rosamines in spice premixes , such as those 
used in sausage p repa ra t ion , were found to be extraordinar i ly h igh. 
T h e s e premixes con ta ined spices with secondary amines a n d a cur ing 
mix ture tha t inc luded nitr i te. Volatile n i t rosamines fo rmed spon tane 
ously in these p remixes d u r i n g long per iods of s torage. T h e p rob lem was 
solved simply by combin ing the spices a n d the cur ing mix tu re j u s t p r ior 
to use. 

Analyses of cer tain beers have also shown considerable variability 
in levels of n i t rosamines . A l though the m e a n concent ra t ion of volatile 
n i t rosamines in bo th Amer ican a n d impor t ed beer is generally qui te low, 
the levels in cer ta in samples can be as h igh as 70 p p b of d imethyln i t ro-
samine. It was soon found that beers p r o d u c e d from malt d r ied by direct 

TABLE 10.6 
Ni trosamine C o n t e n t in Typical Cured Meats 

Meat Nitrosamine Level (ppb) 

Smoked sausage Dimethylnitrosamine < 6 
Diethylnitrosamine < 6 

Frankfurters Dimethylnitrosamine 1 1 - 8 4 
Salami Dimethylnitrosamine 1 - 4 
Fried bacon Dimethylnitrosamine 1 - 4 0 

Nitrosoproline 1 - 4 0 
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194 10. Toxicants Formed during Food Processing 

fire r a the r t han by air -drying h a d the highest levels of n i t rosamine . T h e 
direct fire-drying process was shown to in t roduce nitri te into the mal t ing 
mix ture . Domestic beer manufac tu re r s quickly conver ted to the air-
drying process. 

C. Toxicity 

T h e carcinogenic activity of many ni t rosamines has been examined . Of 
the over 100 food substances assayed so far, approximate ly 80% were 
shown to be carcinogenic in at least o n e animal species. Diethylnitrosa-
mine is active in 20 an imal species. Dimethyl- a n d die thylni t rosamine are 
two of the most po ten t carc inogens in this g r o u p . Adminis t ra t ion of 
dimethyln i t rosamine at 50 p p m in the diet p roduces mal ignant liver 
t umors in rats in 2 6 - 4 0 weeks. H i g h e r doses p roduce kidney tumors . As 
the dose of d ie thylni t rosamine is r educed below 0.5 mg /kg , the lag per iod 
between dos ing a n d onset of t umor s increases, with the total t u m o r yield 
r ema in ing roughly the same. With a dose of 0.3 mg /kg , the lag t ime is 
500 days, whereas for a dose of 0.075 mg /kg , the lag t ime is increased to 
830 days. N o clear th resho ld dose for carcinogenicity of ni t rosamines in 
the diet has yet been established. 

D. Mode of Toxic Action 

Nitrosamines, like o the r g roups of chemical carcinogens, requi re meta
bolic activation to r e n d e r t h e m toxic. T h e activation process is media ted 
by enzymes a n d involves, at least in some cases, hydroxylat ion of the a-
carbon (Figure 10.4). T h e n i t rosamines exhibit a good deal of o rgan 
specificity in their carcinogenic effect (Table 10.7); for example , dimethyl
n i t rosamine is an active liver carc inogen with some activity in the kidney, 
a n d benzylmethyln i t rosamine is specific for the esophagus . Th is o rgan 
specificity is apparen t ly d u e , at least in par t , to site-specific metabolism. 

Adminis t ra t ion of cer tain n i t rosamines to p r e g n a n t animals can result 
in cancer in the offspring. T h e t ime of adminis t ra t ion seems to be critical. 
For example , in rats, adminis t ra t ion of the carcinogens mus t occur later 
t han 10 days into gestat ion to p r o d u c e cancer in the offspring, a n d 
the fetuses are most sensitive j u s t p r ior to te rm. Th i s deve lopmen t of 
sensitivity coincides with the deve lopmen t of the metabolic activation 
system of the fetuses. In addi t ion, c o m p a r e d to the adults , the fetuses 
seem to be unusual ly sensitive to the carcinogenic effects of these sub
stances. For example , at a ma te rna l dose of only 2 mg/kg , which is 2% of 
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Figure 10.4 Formation of alkylating agent from nitrosamines. 

the carcinogenic dose r equ i r ed for adul ts , N-ni t rosoe thylurea caused a 
carcinogenic r e sponse in t he ne rvous system of offspring. 

U n d e r acidic p H , t he nitr i te ion can be p r o t o n a t e d to form ni t rous 
acid ( H O N O ) . T h e a n h y d r i d e of n i t rous acid, N 2O s , p re sen t in equilib
r i um with n i t rous acid, can ni t rosate a variety of c o m p o u n d s , especially 
secondary a n d ter t iary amines . Hal ide a n d thiocyanate ions, p resen t in 
foods a n d digestive fluids, can catalyze t he format ion of N-n i t roso com
pounds . 
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TABLE 10.7 
Sites of T u m o r s Produced by 
N-Ni troso C o m p o u n d s 

Site C o m p o u n d 

Skin Methylnitrosourea 
Nose Diethylnitrosamine 
Nasal sinus Dimethylnitrosamine 
T o n g u e Nitrosohexamethyleneimine 
Esophagus Nitrosoheptamethyleneimine 
Stomach Ethylbutylnitrosamine 
D u o d e n u m Methylnitrosourea 
Colon Cycasin 
Lung Diethylnitrosamine 
Bronchi Diethylnitrosamine 
Liver Dimethylnitrosamine 
Pancreas Nitrosomethylurethane 
Kidney Dimethylnitrosamine 
Urinary bladder Dibutylnitrosamine 
Brain Methylnitrosourea 
Spinal cord Ν itrosotrimethy lurea 
T h y m u s Nitrosobutylurea 
Lymph nodes Ethylnitrosourea 
Blood vessels Nitrosomorphol ine 

E. General Considerations 

Efforts to reduce n i t rosamine format ion in cured meats have been qui te 
successful. Simply a d d i n g a r educ ing agent , such as e ry throba te or ascor-
bate , to the cur ing mix greatly r educed or e l iminated n i t rosamine forma
tion in the final p roduc t . Domest ic manufac tu re r s of cured mea t p roduc ts 
now generally a d d these r educ ing agents to the cur ing mix tu re a long 
with the m i n i m u m a m o u n t of nitr i te necessary to achieve the desired 
effect. However , t he n i t rosamines found in foods a re almost exclusively 
highly volatile. Very little is present ly known about the concentra t ions of 
nonvolati le n i t rosamines p resen t in foods. 

T h e risk to h u m a n heal th of dietary nitri te a n d ni t rosamines is diffi
cult to assess. As discussed in the p reced ing section, in vivo reduct ion of 
the ubiqui tous ni t ra te ion to nitr i te appea r s to be the major source of 
ingested nitr i te, con t r ibu t ing m o r e t h a n th ree t imes the nitri te ingested 
with cu red meats in the average Amer ican diet. Both catalysts a n d inhibi
tors of ni trosat ion may be presen t in a typical meal . In addi t ion, the re 
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are significant nond ie ta ry sources of exposu re to n i t rosamines a n d ni t ro-
satable c o m p o u n d s , inc luding tobacco, some pharmaceut ica ls a n d cos
metics, a n d cut t ing oils used in industry . Isolat ing effects d u e to diet a lone 
appea r s impossible. Nonethe less , it is p r u d e n t to minimize controllable 
exposures . 

V. Food Irradiation 

In the Uni ted States, commercia l food processing is subject to regula t ion 
by the FDA a n d mus t mee t specified s tandards of cleanliness a n d safety. 
In certain si tuations, m e t h o d s of food processing are considered u n d e r 
the category of food additives since they may intentionally alter the form 
or n a t u r e of food. T h e use of ionizing radiat ion to preserve food falls 
into this category. 

G a m m a radia t ion is most often used for food i rradiat ion. G a m m a 
rays a re a form of e lec t romagnet ic radia t ion p r o d u c e d by such radioactive 
e lements as Cobalt-60 a n d Ces ium-137. Such sources emit radiat ion with 
energies of u p to 10 million electron volts (MeV). Th is is sufficient to 
pene t ra t e d e e p into foods, bu t is far below the r ange requ i red to p r o d u c e 
radioactivity in the target mater ial . Since the re is n o direct contact be
tween the source a n d the target , t he re is n o mechan i sm tha t can p r o d u c e 
radioactivity in i r radia ted foods. 

Studies in the use of ionizing radia t ion to preserve food began shortly 
after Wor ld W a r I I . A large n u m b e r of potent ia l applicat ions have been 
identified. Ioniz ing radia t ion can sterilize foods, control microbial spoil
age, control insect infestations, a n d inhibit undes i red sprout ing . Food 
irradiat ion has t he potent ia l to substantially r educe postharvest applica
tions of pesticides to p reven t spoilage d u e to insects a n d fungi. I r radia t ion 
can be used to destroy Salmonella in cases whe re hea t t r e a tmen t is no t 
possible, for example , in frozen chicken. 

Despite the potent ia l of food i r radiat ion as a preserv ing technique , it 
is widely misunde r s tood a n d controversial . Some opposi t ion arises from 
a p p a r e n t confusion be tween " i r radia ted" a n d "radioactive." G a m m a irra
diation of foods is in some ways ana logous to sterilization of medical 
e q u i p m e n t with ultraviolet light. Bo th of these processes can kill a wide 
r ange of microorganisms by radia t ion. 

Some o the r critics have raised quest ions abou t the toxicity of chemi
cals tha t may be p r o d u c e d d u r i n g i r radiat ion. T h e energies used a re 
sufficient to p r o d u c e free radicals, which can combine with each o the r or 
form new bonds to o the r c o m p o u n d s tha t may be present . However , it is 
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198 10. Toxicants Formed during Food Processing 

impor t an t to r e m e m b e r tha t hea t t r ea tments commonly used in food 
processing are likely to p r o d u c e a h ighe r deg ree of chemical modification 
than is i rradiat ion. 
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