Exposure and Biomarkers
White Paper

|. Background

Until recently, the presence of acrylamide in food was not anticipated because it is not
generdly used in food processing and further it isahighly reactive molecule. Asaresult of
studies conducted in Sweden (Tareke et d., 2002), a number of governments have analyzed
foodsiuffs for acrylamide. Although there has been no comprehensve evauation of the US (or
other) food supplies, acrylamide has been reported to be present in avariety of foods. Thelevels
are generdly highest in foods that have been subjected to dry heat processing such as frying,
grilling or baking. Lower levels have been found in other heat-processed foods. Monitoring is
on-going by many organizations and the results are being posted to their websites. These Sites
may contain additiona information of interest to the workshop participants.

www.fan.org/es/esv/jecfalacrylmidehttp:/Aww.cfsan.fda.gov/~Ird/pestadd.html
(http:/Mww.dv.se/HeadM enu/livamedd sverket.asp;
http://www.bag.admin.ch/verbrau/aktud|/f/Acrylamidgehdt lise 2 F.pdf;
http:/Amww.ant.no/nyt/temalakrylamid/anayse eng.html; and
http://ww.foodstandards.gov.uk/multimedia/pdfs/acrylamideback.pdf).

The biocavailability of acrylamide in food is uncertain. However, thereis some evidence
that the population at large has detectible levels of hemoglobin-acrylamide adducts, and Hb-
adducts of the glycidamide epoxide metabolite, in blood (Tareke et d., 2002). There are many
guestions that need to be answered about this finding- how widespread are these adductsin the
population, and how do they vary with age, ethnicity, diet, etc. These adducts may be useful as
biomarkers of exposure. To date, thereis no firm evidence as to the source of the acrylamide
that has been measured in blood.

The mechanism(s) of formation of acrylamide in food will be addressed by another
Breakout Group (Mechanisms of Formation of Acrylamide in Foods). Prdiminary observations
that will affect the Survelllance, Exposure and Biomarkers WG discussons are summarized here
in order to help frame the workshop discussons. The available data appear to show that both
temperature and duration of heat processing are contributing factors in the formation of
acrylamide in foodstuffs. Recent reportsin the literature suggest that the presence of asparagines
and reducing sugars may be afactor that would limit the foods affected to those containing
asparagines and reducing sugars. To date, acrylamide has not been demonstrated in foods that
have been processed at temperatures below approximately 120. However, data are extremely
limited in thisregard. Water content also gppears to be an important factor as foods with high
water contents have had the lowest acrylamide levels.

There are likdly to be multiple sources of exposure to acrylamide. This paper addresses
only issues surrounding the potentia for exposure as aresult of resduesin foods. Nonetheless
other potentia sources of exposure will need to be considered in order to fully understand the
significance of food residues and the effectiveness of any proposed recommendations.
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Until recently the main concern for exposure to acrylamide came from occupational
exposure, from exposure to resdud acrylamide in polyacrylamide used in avariety of products,
and from exposure in water. Occupationa exposure to acrylamide is thought to arise from two
main routes inhdation exposure ether to dust or to vapor, and derma exposure.

[I. Acrylamide Levelsin Foods

The amount of information about resdues of acrylamideislimited. Table 1 summarizes
the available public data, which are extremely limited. The mean (arithmetic and geometric) and
median are presented along with the number of samples and the range of values reported.
Specificaly, small numbers of samples have been andyzed and these represent only alimited
number of foodstuffs. The foodstuffs analyzed to date represent only a subset of the types of
processing and cooking methods that foods undergo before consumption. These values should
be regarded as range finding estimates as the samples that have been analyzed are not
representative of the food supply. To date no systematic, satistically designed data collection
has been reported ether in the United States or elsewhere. The samples have not been sdlected
by processing characteristics (e.g. amount of time or temperature). Also, there has been no
review of the qudity of the available data or confirmation of findings. Thelevd of detall
available for samples varies widely (some samples were reported by broad category, other by the
gpecific food item). For some categories there are only 1 or 2 samples; even the category with
the most reported samples were represented by fewer than 100 analyses. FDA has undertaken
the andysis of many more foods and has recently presented summary information for the
avalableresults. Additiond information will be available at the conference including data for
cereds that were collected in Europe,

The food categories analyzed to date include staple foodstuffs and therefore represent
ggnificant components of virtualy al consumers diets (Tables 2, 3). These categories
contribute more than athird of the caloric intake for US consumers (Table 4).

A. Variation of acrylamidelevelsin foods. across sour ce materials, processing
types/methods

The data that are currently available were generdly not collected in away that dlows
andysis by processing/cooking method. Severa governments have reported some limited
studies in which some foodstuffs were cooked for alonger period of time. Based on those
sudiesit appears that prolonged cooking increases acrylamide levels, in some cases
dramaticaly. The UK cooked potato chips for an extended period of time and found the residues
of acrylamide increased from 3,500 ppb to 12,800 ppb. Many of the food samplesthat were
collected from the marketplace contained measurable amounts of acrylamide. As can be seen
from Table 1, resdue vaues vary among product categories and within categories. However,
inadequate informetion is available to adequately characterize the variation or to alow rdigble
prediction of resdues by processing procedure.
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B. Reportsto date by food, by processing technique/impact of heat/time, etc.

Some limited controlled cooking studies have been conducted by RIKILT (Netherlands)
and by the UK government. Acrylamide levelsincreased with both time and temperature during
frying. Additiond research is underway including studies by the US FDA.

[I. Food Consumption Patternsand L evels of Exposure

The FAO/WHO consultation concluded that the toxicologica effect of rdlevance to the
potentia exposures from residuesin foods is carcinogenicity since other effects would only
occur if exposure were much higher. Therefore, exposure assessment should be conducted to
reflect lifetime exposure in order to capture the higher exposure during childhood aswell asthe
exposures during adult years.  Lifetime can be accomplished for US consumers by utilizing the
USDA Continuing Survey of Food Intake for Individuas (CSFII). The CSHII isadatigticaly
representative sample of the dietary patterns of dl age groups. The most recent USDA CSHI|
conducted in 1994-96,98 was andyzed to provide an overview of consumption patterns and to
conduct arange-finding exposure assessment for acrylamide.

A. Characteristics of consumption of foods analyzed and reported to contain
acrylamide

Table 2 provides descriptive information about consumption patterns for US consumers
for foods of interest for the present discussons. The categories of foods that have been reported
to contain acrylamide are consumed by a Sgnificart portion of the US population. The serving
gzes range from 40 grams to 448 ml depending upon the food category. Thetota daily intake of
these foods also varies.

Table 3 provides information about the contributions of broad food categories to caorie,
protein, fiber and fat intake. These categories provide most of the caoric intake aswell as most
of the protein and much of thefat. Table 4 provides further detail about the contribution of food
categories that have been analyzed and reported to contain acrylamide. The categories identified
in Table 4 are more detailed than those presented in Table 3. The categorieslisted in Table 4
contribute dmost 1/3 of the daily calories (626 cdories of the dally intake of 1956 caories from
al foods). These categories represent about 20% of the protein intake.

B. Exposureto acrylamide

Exposure assessments, using different acrylamide concentration data were provided by
severd countries and the IARC for use by the FAO/WHO consultation. The assessments
included food consumption data from Audtradia, The Netherlands, USA, Norway and the IARC
EPIC study that included food consumption data for 10 different European countries. Most of
the analyses relied on data from Sweden for the levels of acrylamide in foods.

Exposure assessments using Monte Carlo statistical techniques were conducted using the
available food consumption data for two populations (Netherlands, US) in order to provide an
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edimate of likely short-term intakes based on the acrylamide residue data provided by Sweden.
Although the matching of the residue data to foods consumed and the modeling methods varied
dightly, the estimated exposures were Smilar. The resulting exposure estimates ranged from 0.8
ng'kg bw/day for the average consumer, to 3 pg/kg bw/day for the 951" percentile consumer, and
6.0 pug/kg bw/day for the 98" percentile consumer.

The FAO/WHO Consultation considered whether estimates of exposure over longer
periods of time, including chronic or lifetime exposures, could be assessed given the present state
of knowledge for acrylamide. It was agreed that the small and un-representative sample sets for
acrylamide occurrence in foods limited the degree to which extrgpolations could be made for
subsets of populations based on either biologic (e.g., gender, age, ethnic background) or food
consumption differences. Nonetheless, the data do allow bounding statements for the typica or
median exposures that occur through food for Western European, Audtrdian and North
American diets. The genera agreement of the several methods used to estimate exposure using
well described food consumption data from Australia, US, Norway, The Netherlands, Swveden
and from the IARC (European EPIC) indicate alower bound estimate of typical exposuresin the
range of 0.3 to 0.8 pg/kg bw/day depending upon whether the average of median exposureis
estimated and which age groups were eva uated.

Within a population, the FAO/WHO consultation speculated that children would have
exposures that are 2-3 times those of adult consumers when expressed on a body weight basis.
However, in comparing these results to the toxicologica endpoint for carcinogenicity, the
estimates must be adjusted to reflect the short time period of this exposure. Therefore, a
weighted US population average seems most appropriate.

Although there is inadequate data to reliably estimate exposure for high consumers', their
exposure could be severa times the mean exposure.

Based on the available data, food gppears to contribute a significant proportion of total
exposure (based on the limited data, it scemslikely that there are other important sources as
well).

The foods for which residue data were submitted does not aways match the foods
reported as consumed. This could be a source of uncertainty in the resulting exposure estimates.
The currently available information does not permit empirical inferences to be drawn on the
detalled differences in ingredients or food processing that influence the level of acrylamide
present in food as consumed, with the exception of limited information on the effects of duration
and temperature of cooking. Thisinformation strongly suggests that the duration of cooking at
high temperatures is positively, but not necessarily linearly, correlated with the level of
acrylamide found in the food.

IV. Biomarkers of Exposure: Adducts (Hemoglobin and DNA) -

! High consumers would be individuals who consume larger quantities of foods containing acrylamide on aregular
basis
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A limited number of studies have been conducted on hemoglobin adducts derived from
acrylamide and glycidamide in rodents exposed to acrylamide under defined conditions, and in
humans exposed to acrylamide in the workplace or via cigarette smoking.  Initid studies of the
pharmacokinetics of acrylamide in ratsindicated that radioactivity derived from C acrylamide
was extensvely bound to hemoglobin in rats (Miller et d., 1982). Initid adduct sudies were
conducted with andlysis of acrylamide bound to cysteine residues to form
carboxamidoethylcysteine by Bailey et d. (1986). Anaysiswas conducted by acid hydrolyss of
globin, followed by separation and derivatization of the formed carboxyethylcysteine, and
andysisby GC/MS. A non-linear (sublinear) dose response was observed. Caleman et d.
(1990) expanded on these observations, by measuring the acrylamide adduct at the cysteine
residue, and also a cysteine adduct derived from glycidamide, a metabalite of acrylamide.
Bergmark et al. (1991) evauated the dose response for these adducts in rats dosed with 0-100
mg/kg by i.p injection, and reported alinear dose response for the acrylamide adduct, and a non-
linear dose response for the glycidamide adduct. This data suggested saturation of the oxidation
of acrylamide to glycidamide. By evauating the dose rate effect of administering the same
cumulative dose over a short or long duration, they suggested that the conversion of acrylamide
to glycidamide occurs at a higher percentage at lower administered doses of acrylamide. A
detailed pharmacokinetic modd for acrylamide and glycidamide based on the hemoglobin
adduct data was produced, which indicated that the oxidation of acrylamide to glycidamide was a
saturable process, and results in a higher percentage of acrylamide oxidized a lower exposures
(Cdleman et d., 1992)

In astudy of occupationa exposure in Chinaiin afactory manufacturing acrylamide and
polyacrylamide from acrylonitrile, extensve adduct levels derived from acrylamide, glycidamide
and acrylonitrile were detected in exposed workers (Bergmark et a., 1993). Since acid
hydrolysis of acrylamide and acrylonitrile adducts at cysteine residues produce identical products
for analys's, anew method for analysis was used, which consisted of cleaving the adduct formed
a the N-termind vdine resdue with the “modified Edman degradation” and andysis by GC/MS.
Extremdy high levels of adducts were found in the exposed workers, with levels of the
acrylamide-vdine adduct ranging from 0.3-34 nmol/g globin. A clear digtinction could be made
between adduct levelsin the exposed workers, and those in unexposed individuas. The
glycidamide-valine adduct was reported to be 1.6-32 nmol/g. A more extensve analyss of the
data and of the neurotoxicity associated with acrylamide exposure was reported by Calleman et
d. (1994). A number of difficulties are gpparent in relating the extent of exposure with adduct
formation. Limited air sample data were obtained over the few months preceding the sampling
for analyss of hemoglobin adducts. High variability of adduct levels between exposed workers
suggested that inhalation exposure was not the predominant route. The contribution of dermal
exposure to total exposure could not be estimated.

Bergmark (1997) carried out a study of acrylamide-vaine in smokers, non-smokers, and
laboratory workers who used acrylamide in the preparation of polyacrylamide gels. Acrylamide-
vdine adducts in the PAGE workers (mean 54 pmol/g) were significantly increased compared to
nonsmoking controls (mean 31 pmol/g). The acrylamide adducts in smokers (mean 116 pmol/g)
correlated with the number of cigarettes smoked per day. The high level of adduct in smokers
was interpreted as confirmation of acrylamide in cigarette smoke. The unexpectedly high levels
in nonsmoking controls was noted, with the source not known.
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Perez et d. (1999) developed a more sengitive method for andysis of AAVa and GAVd
using GC with tandem mass spectrometry. A background of 30 pmol/g was found in individuas
without any known exposure to acrylamide. AAVA levelsin 11 occupationdly exposed workers
were in the range 27-1854 pmol/g globin. Recorded levels of GAVd were 3-12% of those of
AAVA.

Hagmar et d. (2001) reported the elevated level of AAVA in tunnd workers who hed
been exposed to high levels of acrylamide and N-methylolacrylamide in a grouting materid.
Adducts were detected in the “normal background range”’ from 0.020-0.070 nmol/g in 46 of the
210 workers examined. In the remaining 163, adducts ranged up to 17.7 nmol/g globin. Adducts
above 0.5 nmol/g were associated with a higher level peripherd nervous system effect. No
measurement of GAVa was reported.

There are anumber of difficulties encountered in rdating the hemoglobin adducts from
acrylamide with the extent of exposure to acrylamide: the long duration of the red cell in
circulation requires estimation of exposure over 120 days, exposure in occupationa settings can
occur viadermd and inhdation exposures, while exposure monitoring is generdly only
conducted viaar sampling. The extent of acrylamide adduct formation for a given exposure will
depend on factors including the dosg, its rate and extent of absorption, and the rate of itsremova
by metabolism to glycidamide and to glutathione conjugates (Calleman (1996)). Adducts from
glycidamide will depend on factors including the rate of metabolism of acrylamide to
glycidamide, and the rate of remova of glycidamide by excretion and by further metabolism.
Since these factors can vary between species, a smple extrapolation from data obtained in
rodents will not necessarily yield an accurate representation of the behavior of acrylamide and
glycidamide kinetics in people. Thus information to relate quantitatively biomarkers of exposure
to acrylamide exposure is necessary.

DNA adducts from acrylamide have received very little attention. Adducts formed by
direct reaction of acrylamide with DNA in vitro have been reported (Solomon et d., 1985). The
direct reaction of acrylamide with DNA in vivo as asgnificant mode of action isthought to be
unlikely, since this occurs so dowly, in comparison with its reaction with other macromolecules,
and its metabolism and dimination. While saveral studies have been conducted in which
radiolabeled acrylamide was administered to rodents to evauate covaent binding to DNA, only
one study has involved the measurement of a specific adduct formed in DNA. Glycidamideisa
reective epoxide metabolite that is mutagenic and is thought to mediate the carcinogenic effects
of acrylamide. Glycidamide reacts with guanine to form 7-(2-carbamoyl-2-
hydroxyethyl)guanine. A single sudy has evauated the formation of this adduct in tissues from
rats and mice administered a single dose of acrylamide (Segerback et d., 1995). Anadysswas
conducted by administration of **C acrylamide, and quantitation of radioactivity released from
DNA that comigrated with a cold standard of 7-(2-carbamoyl- 2-hydroxyethyl)guanine. No
Studies have been conducted that relate the level of DNA adducts with GAVd or with AAVd in
rodents exposed to acrylamide.
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V. Research Needsin the Area of Exposure Assessment |dentified by WHO Consultation

a. Sysematic examination of the reation between acrylamide levels and
processing/cooking conditions

b. Hypothess-driven modd studies to ducidate sources, mechanism(s) of formation and
fete of acrylamide in heated foodstuffs

c. Optimization of formulation, processing and cooking conditions to minimize and
possibly diminate acrylamide levelsin foods prepared indudtridly and a home

d. Extend the range of foods investigated to include staple foods from different regions
and diets

e. Conggent system for collecting and describing the available data

f. Biomarkers of exposure are needed to provide the most direct means of evauating
exposures to acrylamide from food and other sources. Biomarkers need to be
evauated and cdibrated and their correlation with dietary intakes investigated

0. Investigate sources of exposure to humans to acrylamide to better define the relative
contribution of food, smoking and other sources including the potentia for
endogenous formation of acrylamide

h. Investigate quantitative risk assessment modds on the basis of scientific merit and
uncertainty of estimates (exposure Sde of risk assessment)

Further investigation using different food groups according to cooking methods could be
consdered once more specific information is available on the relationship between
cooking/processing methods and the presence/formation of acrylamide in foods.
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V1. Questions for the Breakout Group

The FAO/WHO consultation concluded that the known food exposures did not appear to
explain the levels of acrylamide-hemoglobin adducts observed. The consultation felt that
tobacco smoking could provide substantia exposure to acrylamide. In contract, “exposure
evauations that exist for cosmetics, food packaging, water treatment sources,” suggest that
exposure levels from these known potentid sources did not contribute significantly.

What factors should be considered in developing an exposure analysis for use by risk
asessors? For example, should population subgroups (e.g. infants and children) be considered?
Or should a population average be used? Are data available worldwide to permit such analyses?
If not, what data should be developed to permit avaid exposure andyss of acrylamide intakein
food?

Can the formation of hemoglobin-acrylamide adducts be considered as a biomarker for
food exposure? What experiments are necessary to establish this relationship? What other
circulaing molecules should be investigated for adduct formation (e.g. dbumin)? What
characterigtics of such adducts define them as indicators of exposure vs. protective mechanisms
vs. toxicologicaly relevant?

What are the important measures to be derived from exposure assessment:  the amount of
acrylamide in diet, the amount of acrylamide from other sources, the total amount of acrylamide
exposure, the amount of acrylamide absorbed, or the metabolic fate of the absorbed acrylamide?

Can other markers of exposure be used in assessing exposure to acrylamide, in assessing
the amount of acrylamide absorbed, and in assessing the metabolism of acrylamide to
glycidamide?
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Tablel. Acrylamidelevelsin different foods and food product groups from Netherlands, Norway, Sweden, Switzerland, the

United Kingdom and the United States of America

Arithmetic Geometric Median Minimum- | Number of Data sour ces
Mean (ug/kg) | Mean (ugkg) |  (ug/kg) Maximum | Samples | CcSP| | Norway |Netherlands| Sweden | Switzerland | UK

Bread 3% 35 30 12-162 78 X X X X
[French Fries 887 293 320 <60-12,000 67 X X X X X X
lPotato Chips 1241 967 1115 <60-3,100 60 X X X X X X
[Biscuit/Cookie 399 132 100 2251035 44 X X X X

llcrisp Bread 1082 233 176 <30-4,000 28 X X X
llcereal 216 163 189 <30-1,346 2 X X X X X
llcorn Chips 742 116 162 10.6-385 6 X X

llPop Corn 416 416 416 416 1 X

‘Battered Fried

Products 37 141 39 30-64 4 X

[Fried Potato 170 145 183 61-230 4 X X

llcoffee 250 249 255 200-310 4 X
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Table2. Consumption information for all food groups examined

Per centage of Mean Mean Per Capita | Mean Per User®
USPopulation | NLEA Serving | Consumption Consumption Consumption
Consuming Size Per Eating (g/day) (g/day)
Food Category Food Occasion 2-day Ave 2-day Ave
Fries 28% 709 934 161 56.7
[Potato Chips 18% 309 419 4.5 255
Cereal 41% 15g, 30, 55g 49.1 159 385
Y east Breads and Rolls 88% 509 65.9 74.2 83.9
Baked Potato 8% 1409 1285 4.63 69.1
Salty Snacks 30% 3049 55.1 114 382
Cookies 31% 3049 392 9.0 28.8
[Fried Potato 2% 709 1134 24 60.6
[Fried Breaded Meat 2% 859 110.1 199 749
lcrackers 2% 0g 264 43 181
l[Quick Breads 3% 50g 786 208 57.0
[Fried Fruits & Veggies 3% 85¢g 1105 20 62.2
l[cakes 19% 559, 80g, 125¢ 89.1 107 55.2
[Fried pastry 8% 55¢ 769 38 454
lBars 4% 40g 40.7 11 272
[Nuts Seeds Butters 4% 2tbsp (~329) 4.4 14 318
Coffee 45% 240 ml 4481 2493 561.5
Total: All Foods 99%

! User defined as having consumed on at least 1 day of the survey.
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Table 3. Nutrient intakesfrom broad CSFII food categories: All foods

Contribution To

Contribution To

Contribution To Average Total Contribution To Average Total
Average Total Daily [ Protein Daily Protein  |Fat Average Total Fiber Daily Fiber
Food Group (1 digit level) Calories | Calorielntake (g/day) Intake (g/day) | Daily Fat Intake | (g/day) Intake
M eat, Poultry Fish and Mixtures 3854 20% 3.1 45% 21.3 2% 11 8%
Grain Products 677.3 35% 0.1 0% 204 28% 6.4 43%
Sugars, Sweets, and Beverages 2629 13% 1.0 1% 12 2% 0.3 2%
Sugarsand Sweety  66.24 3% 04 1% 0.1 0.1% 0.05 0.3%
NonAlcoholic Beveragey 1532 8% 04 1% 11 2% 0.2 1%
Alcoholic Beverage§ 4342 2% 0.2 0.3% 0.009 0.01% 0.096 1%
Milk 2242 11% 115 16% 10.7 15% 0.2 1%
\Vegetables 174.8 % 4.1 6% 74 10% 3.6 24%
Fruits 90.64 5% 10 1% 05 1% 17 1%
[Fats, Oils, and Salad Dressing 60.7 % 01 0% 6.4 %6 001 0.1%
Dry beans, peas, other legumes, nuts
and seeds 48.34 2% 2.2 3% 2.6 4% 13 )
Eggs 3L.87 2% 2.066 % 2.3 % 0.02 0.1%
All CSFI1 Foods 1956 74 73 15
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Table4. Nutrient analysesfor foods analyzed for acrylamide categories2-day aver age per capita

Contribution
Contribution To Contribution To ToAverage Contribution To
AverageTotal Daily | Protein | Average Total Daily Fat Total Daily Fiber Average Total
Food Category Calories Intake (g/day) Intake (g/day) Intake (o/day) Daily Intake
Fries 41 % 05 % 2.1 %% 05 8%
lPotato Chips 2 4% 03 2% 14 6% 0.2 3%
Cereadl 59 %6 13 7% 06 2% 10 18%
Y east Breads and Rolls 201 3% 7.6 40% 54 24% 2.1 3%
Baked Potato 6 1% 01 1% 0.1 1% 01 2%
Salty Snacks 46 7% 1.0 5% 2.2 1% 05 %
Cookies 40 6% 05 3% 16 % 0.2 4%
IFried Potato 5 1% 01 04% 03 1% 01 1%
[Fried Breaded Meat 50 8% 44 2% 2.7 12% 01 1%
llcrackers 20 3% 04 2% 0.7 3% 0.1 2%
llQuick Breads 60 10% 15 8% 2.2 10% 05 8%
[Fried Fruits Veggies 4 1% 01 0.3% 03 1% 0.04 1%
llcakes 38 6% 04 2% 14 6% 01 2%
IFried pastry 15 2% 0.2 1% 09 4% 01 1%
lBars 4 1% 01 0.5% 01 1% 0.04 1%
INuts Seeds Butters 8 1% 03 2% 0.7 % 01 2%
Coffee 6 1% 03 2% 0.05 0.2% 0.001 0.02%
Total: All Swedish Foods| 626 19 23 6
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