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PREFACE

The National Toxicology Program (NTP) and the National Institute of Environmental Health Sciences (NIEHS) established
the NTP Center for the Evaluation of Risks to Human Reproduction (CERHR) in June 1998. The purpose of the Center is to
provide timely, unbiased, scientifically sound evaluations of human and experimental evidence for adverse effects on
reproduction and development caused by agents to which humans may be exposed.

Acrylamide was selected for expert panel evaluation because of recent public concern for human exposures through its
presence in some prepared foods, especially starchy foods cooked at high temperatures, such as French fries and potato chips.
Acrylamide is used in the production of polyacrylamide, which is used in water treatment, pulp and paper production, and
mineral processing. Polyacrylamide is also used in the synthesis of dyes, adhesives, contact lenses, soil conditioners,
cosmetics and skin creams, food packaging materials, and permanent press fabrics. Acrylamide is a known health hazard. It
has been shown to induce neurotoxicity in highly exposed workers and in cases of acute poisoning. In animal studies,
exposure to acrylamide has been shown to cause cancer and adverse effects on reproduction and fetal development.

To obtain information about acrylamide for the CERHR evaluation, the PubMed (Medline) and Toxline databases were
searched with CAS RN for acrylamide (79-06-1), its metabolite glycidamide (5694-00-8), and relevant keywords. Since
recent reviews were available, the search was limited to studies published in English between 1991 and 2004. References
were also identified from databases such as REPROTOX®, HSDB, IRIS, and DART and from report bibliographies.

This evaluation results from the effort of a fourteen-member panel of government and non-government scientists that
culminated in a public expert panel meeting held May 17-19, 2004. This report is a product of the Expert Panel and is
intended to (1) interpret the strength of scientific evidence that acrylamide is a reproductive or developmental toxicant based
on data from in vitro, animal, or human studies, (2) assess the extent of human exposures to include the general public,
occupational groups, and other sub-populations, (3) provide objective and scientifically thorough assessments of the scientific
evidence that adverse reproductive/developmental health effects may be associated with such exposures, and (4) identify
knowledge gaps to help establish research and testing priorities to reduce uncertainties and increase confidence in future
assessments of risk. This report has been reviewed by CERHR staff scientists, and by members of the Acrylamide Expert
Panel. Copies have been provided to the CERHR Core Committee, which is made up of representatives of NTP-participating
agencies.

This Expert Panel Report is a central part of the NTP-CERHR Monograph on the Potential Human Reproductive and
Developmental Effects of Acrylamide. This monograph will include the NTP-CERHR Brief, the Expert Panel Report, and all
public comments on the Expert Panel Report. The NTP-CERHR Monograph will be made publicly available and transmitted
to appropriate health and regulatory agencies.

The NTP-CERHR is headquartered at NIEHS, Research Triangle Park, NC and is staffed and administered by scientists and
support personnel at NIEHS and at Sciences International, Inc., Alexandria, Virginia.

Reports can be obtained from the web site (http://cerhr.niehs.nih.gov) or from:

Michael D. Shelby, Ph.D.

NIEHS EC-32

PO Box 12233

Research Triangle Park, NC 27709
919-541-3455
shelby@niehs.nih.gov
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This report is prepared according to the Guidelines for CERHR Panel Members established by NTP/NIEHS. The
guidelines are available on the CERHR web site (http://cerhr.niehs.nih.gov/). The format for Expert Panel Reports
includes synopses of studies reviewed, followed by an evaluation of the Strengths/Weaknesses and Utility
(Adequacy) of the study for CERHR evaluation. Statements and conclusions made under Strengths/Weaknesses
and Utility evaluations are those of the Expert Panel and are prepared according to the NTP/NIEHS guidelines. In
addition, the Panel often makes comments or notes limitations in the synopses of the study. Bold, square brackets
are used to enclose such statements. As discussed in the guidelines, square brackets are used to enclose key items
of information not provided in a publication, limitations noted in the study, conclusions that differ from those of
the authors, and conversions or analyses of data conducted by the Panel.
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Abbreviations

ACGIH
ABT
ANOVA
AUC
BMDy
BMDL
bw

14

C

CAS RN
CERHR
CFR
CIT
CIR
cm’
CNS
CYP
DAPI
dB
DNA
DPM
DOE
EASE

Lp.
IPCS
IRIS
V.
JIFSAN

American Conference of Governmental Industrial Hygienists
1-aminobenzotriazole

analysis of variance

area under the concentration versus time curve
benchmark dose, 10% effect level

benchmark dose 95" percentile lower confidence limit
body weight

carbon-14

Celsius

Chemical Abstracts Service Registry Number
Center for the Evaluation of Risks to Human Reproduction
Code of Federal Regulations

Chemical Industry Institute of Toxicology

Cosmetic Ingredient Review

centimeter(s) squared

central nervous system

cytochrome P450

4’,6-diamidino-2-phenylindole

decibel(s)

deoxyribonucleic acid

disintegrations per minute

Department of Energy

estimation and assessment of substance exposure
Environmental Protection Agency

female

parental generation

first filial generation

second filial generation

Food and Agricultural Organization of the United Nations
Food and Drug Administration

fluorescence in situ hybridization

gram(s)

second gap phase of meiosis

gestation day(s)

Good Laboratory Practice

glutathione

glutathione-S-transferase

hour(s)

Hanks’ balanced salt solution

human chorionic gonadotropin

mercury

high performance liquid chromatography

Hazardous Substances Data Bank

International Agency for Research on Cancer
intraperitoneal

International Programme on Chemical Safety
Integrated Risk Information System

intravenous

Joint Institute for Food Safety and Applied Nutrition
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mmol

n or no.
NCFST
ng
NICHD
NIEHS
NIH
NIOSH
nmol
NOAEL
NOEL
NS
NTP
OECD
OSHA
PBPK
PBS
PEL
pmol

p-o.
ppb
PND
ppm
RACB
REL

SD
SEM
SOCMA
TLV
TWA
UDS
WHO

ng
um
pmol

receptor affinity

kilogram(s)

octanol-water partition coefficient

liter(s)

liquid chromatography

lethal dose, 50% mortality

low observed adverse effect level

male

molar

meter(s) cubed

milligram(s)

minute(s)

milliliter(s)

millimeter(s)

millimolar

millmole(s)

mass spectrometry

number

National Center for Food Safety and Technology
nanogram(s)

National Institute of Child Health and Human Development
National Institute of Environmental Health Sciences
National Institutes of Health

National Institute of Occupational Safety and Health
nanomole(s)

no observed adverse effect level

no observed effect level

non-significant

National Toxicology Program

Organization for Economic Co-operation and Development
Occupational Safety and Health Administration
physiologically-based pharmacokinetic model
phosphate-buffered saline

permissible exposure limit

picomole(s)

peroral

parts per billion

postnatal day(s)

parts per million

reproductive assessment by continuous breeding
relative exposure limit

standard deviation

standard error of the mean

Synthetic Organic Chemical Manufacturers Association
threshold limit value

time weighted average

unscheduled DNA synthesis

World Health Organization

change

microgram(s)

micrometer(s)

micromole(s)
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1.0 Chemistry, Use, and Human Exposure
1.0 CHEMISTRY, USE, AND HUMAN EXPOSURE

As noted in the CERHR Expert Panel Guidelines, Section 1 is initially based on secondary review
sources. Primary study reports are addressed by the Expert Panel if they contain information that
is highly relevant to a CERHR evaluation of developmental or reproductive toxicity or if the
studies were released subsequent to the reviews. For primary study reports that the Expert Panel
reviewed in detail, statements are included about the strengths, weaknesses, and adequacy of the
studies for the CERHR review process.

1.1 Chemistry

1.1.1  Nomenclature
The CAS RN for acrylamide is 79-06-1. Synonyms for acrylamide include (7):

2-propenamide; 2-propeneamide; acrylic amide; ethylene carboxamide; ethylenecarboxamide;

propenamide; propenoic acid, amide; vinyl amide.

1.1.2  Formula and Molecular Mass
Acrylamide has a molecular mass of 71.08; its molecular formula is C;HsNO (2). The structure
for acrylamide is shown in Figure 1.

/ NH,

Figure 1. Structure of Acrylamide

1.1.3  Chemical and Physical Properties
Acrylamide is available as an odorless, white crystalline solid or as an aqueous solution (3).
Physicochemical properties are listed in Table 1.

In air, 1 ppm acrylamide = 2.9 mg/m’ at 25°C (4).
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Table 1. Physicochemical Properties of Acrylamide

Property Value

Boiling point 125°C @ 25 mm Hg

Melting point 84.5°C

Flammability Non-flammable®

Specific gravity 1.122 g/mL

Solubility in water 2,215 g/L @ 30°C

Vapor pressure 6.75 x 10° mm Hg

Stability May polymerize violently at temperatures
above melting point

Reactivity Reacts with acids, bases, and oxidizing agents®

Log K, From -1.65 to -0.67

HSDB (2), EU (5)

*Mallinckrodt (6)

1.1.4  Technical Products and Impurities

The solid form of acrylamide is available as a technical grade that is 97% pure and an ultra-pure
grade that is 99% pure (2). Concentrations of aqueous solutions range from 40 to 50%. Copper is
often added at concentrations less than 100 ppm to inhibit polymerization. Trace impurities
depend on the method of manufacture and can include water, iron, butanol, sodium sulfate,
acrylic acid, sulfuric acid, acrylonitrile, 3-hydroxypropionitrile, 3-hydroxypropionamide, and tris-
nitrilopropionamide (2, 5).

Trade names for acrylamide include: AAM, Optimum, Amresco Acryl-40, and Acrylagel (7).

1.2 Use and Human Exposure

1.2.1  Production Information

The two main methods of manufacturing acrylamide include the sulfuric acid method or catalytic
hydration of acrylonitrile (2, 3). In the sulfuric acid method, acrylamide monomer is separated
from its sulfate salt using a base neutralization or an ion exchange column (2). With the catalytic
hydration method, acrylonitrile solution is passed over a fixed copper catalyst bed at 70—120°C to
produce a 48—52% solution (3). Unreacted acrylonitrile is recycled over the catalyst bed in a
continuous process. Acrylonitrile is removed by evaporation and catalyst is removed by filtration.
The catalytic method has been the preferred process since the 1970s because it yields purity, no
undesirable by-products, and greater conversion efficiency, and it eliminates a costly purification
step. An enzymatic hydration process using micro-organisms to convert acrylonitrile to
acrylamide can also be used to manufacture acrylamide (§).

Past or current manufacturers of acrylamide include: Ciba Specialty Chemicals Corp., Cytec
Industries Inc., Dow Chemical USA., and Nalco Chemical Co. (2). Additional manufacturers or
importers may include American Cyanamid Company, BF Goodrich Co., and Cosan Chemical
Corp (7). According to the North American Polyelectronic Producers Association, there are
currently 4 manufacturers of acrylamide in the US: Cipa Specialty Chemicals Corp., Cytec
Industries, Inc., Nalco Chemical Co., and Flocryl, Inc. (part of SNF, Inc.)

The demand for acrylamide was reported at 170 million pounds in 1999 and 205 million pounds
in 2003 (2). In 1997, the total output of acrylamide in the US was 217 million pounds (9). One
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hundred million pounds of acrylamide were produced in and 15 million pounds were imported
into the US in 1992 (10).

1.2.2  Use

Acrylamide is used in scientific research, as a cement binder, and in the production of polymers
and gels (17). The majority of acrylamide (>90%) is used in the manufacture of polymers such as
polyacrylamide. Such polymers can contain trace concentrations of monomer (2, 5). In 1999,
60% of polyacrylamide was used in water treatment, 20% in pulp and paper production, and 10%
in mineral processing (2). Polyacrylamide polymers are also used in certain cosmetics, some food
packaging materials such as paperboard, soil conditioning agents, plastics, and specialized
grouting agents (9, /2). A search of the NLM Household Products Database (73) revealed
polyacrylamide as an ingredient in several skin lotions or creams. Acrylamide polymers or co-
polymers are also used in textile industries, in electrophoretic gels, as a medium for
hydroponically-grown crops, in sugar refining, and in bone cement (/7). Polyacrylamide is also
used in crude oil production; coatings used in home appliances, building materials, and
automotive parts; explosives; adhesives; printing inks; adhesive tapes; latex; herbicidal gels; and
as a clarifier in food manufacturing (5, 9). Polyacrylamide is also used in gelatin capsules, in the
manufacture of dyes, and in co-polymers used in contact lenses (9).

1.2.3  Occurrence
Acrylamide could potentially be present in food, drinking water, indoor air, or the environment,
as a result of anthropogenic or natural processes.

The presence of acrylamide in some types of food cooked at high temperatures was reported by
the Swedish National Food Administration and researchers from Stockholm University in April,
2002 (14). In a limited survey of various food types, acrylamide concentrations were found to be
highest in starchy foods cooked by methods such as frying, grilling, and baking. There is
evidence that acrylamide concentrations increase with higher temperature and longer cooking
duration. The survey found no acrylamide in foods cooked at temperatures below 120°C. In most
surveys, acrylamide was not detected or present at low concentrations in unheated or boiled foods
(11, 15). Table 2 lists acrylamide concentrations detected in various food types. It was noted that
the types of food analyzed included staple foodstuffs representing more than one third of
consumer caloric intake in the US (76). Acrylamide concentrations measured in recent FDA
surveys of US foods are listed in Table 3 (FDA (17, 18). Acrylamide concentrations were found
to vary widely among food categories.
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Table 2. Acrylamide Concentrations in Foods, as Reported in Friedman (11)

Food

Acrylamide Concentration
(ng’kg=ppb)

Almonds, roasted
Asparagus, roasted

Baked products: bagels, breads, cakes, cookies, pretzels

Beer, malt, and whey drinks
Biscuits, crackers
Cereals, breakfast
Chocolate powder
Coffee powder

Corn chips, crisps
Crispbread

Fish products
Gingerbread

Meat and poultry products
Onion soup and dip mix
Nuts and nut butter
Peanuts, coated

Potato boiled

Potato chips, crisps
Potato, French fried
Potato puffs, deep-fried
Snacks, other than potato
Soybeans, roasted
Sunflower seeds, roasted
Taco shells, cooked

260

143
70-430
30-70
30-3,200
30-1,346
15-90
170-351
34416
800-1,200
30-39
90-1,660
30-64
1,184
64-457
140

48
170-3,700
200-12,000
1,270
30-1,915
25

66

559




1.0 Chemistry, Use, and Human Exposure

Table 3. Acrylamide Concentrations Measured in US Foods by FDA surveys (17, 18)

Food Type

Acrylamide
Concentrations (ppb)

Infant fruit-, vegetable-, starch-, or meat-based foods and juices
Infant sweet potato foods

Infant cereals

Infant snacks (biscuits, cookies, toast, fruit wagon wheels)
Infant formulas (soy or milk-based)

French fries (fast food or cooked supermarket fries)
Potato chips

Potatoes (fresh, boiled, or mashed)

Potatoes (baked)

Potato snacks other than chips

Starchy snack foods other than potatoes

Cereals

Untoasted breads or bakery products (bagels, breadcrumbs,
doughnuts, pizza, tortillas, pies, pastries, cake, muffins, pancakes,
pastas)

Toasted, baked, or fried breads or bakery products (bagels, pizza,
tortillas)

Crackers

Pastas or noodles

Cookies

Rice (not fried)

Rice (fried)

Fresh, frozen, or canned fruits, vegetables, and juices
Juice (prune)

Fruit spreads, jellies, or jams

Sweet potatoes

Olives

Protein foods (meat, poultry, fish, and non-meat products)
Gravies and seasonings

Nuts, nut butters, beans, and seeds

Coffee (not brewed)

Coffee (brewed)

Dried food (soups, macaroni and cheese, sauces)

Dairy foods (milk, cheese, ice cream, milk shake, pudding, sour
cream, yogurt, buttermilk)

Postum hot beverages (brewed)

Eggs

Instant breakfasts or food bars

Chocolate products

Candy, sweets/sugars/syrups (non-chocolate)

Gelatins

Fats/oils (butter, cream substitute, margarine, oils, salad dressings)
Beverages (beer, bottled water, sodas, tea, wine)

Mixtures (casseroles, sandwiches, soups, chili)

ND-118
37-121
ND—<10
20267
ND—<10
117-1325
117-2762
ND—<10
17-32
1168-1243
12-990
11-1057
ND-130

13-364

26-647
ND
36432
ND
14-34
ND-83
53-267
ND—<10
66-153
123-1925
ND-116
ND-151
ND-457
37-539
3-13
<10-1184
ND-43

93-3747
ND
70-398
ND-909
ND
ND—<10
ND

ND
ND-187
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Food Type Acrylamide
Concentrations (ppb)

ND=not detected; general limit of quantitation is 1 ppb for brewed coffee and 10 ppb for other food
products; values that were below the limit of quantitation but above 0 were reported as <10 ppb.

There are some data on mechanisms of acrylamide formation in foods. Data suggest that a large
portion of acrylamide in baked or fried foods is derived from heat-based reactions between the
amino group of the amino acid asparagine and the carbonyl group of reducing sugars such as
glucose (11). A Panel assembled by JIFSAN/NCFST (19), “. . . felt generally confident that free
asparagine and carbohydrates (especially free reducing sugars) accounted for the majority of
acrylamide in fried potato products.” Foods rich in both asparagine and reducing sugars originate
from plant sources such as potatoes or cereal grains, but apparently not animal products such as
beef, poultry, or fish (11).

The presence of trace acrylamide concentrations in food could also result from the use of
acrylamide polymers or co-polymers in food processing or food packaging materials. As noted in
an IARC (8) review, FDA regulates the use of acrylamide polymers or co-polymers in food
contact materials (21 CFR 175.105, 175.300, 177.1010, 176.180), limits residual acrylamide
concentrations to 0.05% (w/w) in resins used in food treatment (21 CFR 173.5) or as boiler water
additives (21 CFR 173.310), and limits residual acrylamide concentrations to 0.2% (w/w) in
polymers added to water used to wash fruit and vegetables (21 CFR 173.315), in polymers or
resins used in paper or paperboard intended for food contact (21 CFR 176.110, 176.170), or in
modified starch (21 CFR 178.3520).

Trace concentrations of acrylamide could also occur in some drugs. The FDA requires that
residual acrylamide concentrations not exceed 0.2% (w/w) in polymers used as film formers in
gelatin capsules (21 CFR 172.255) (8).

Acrylamide may be present in drinking water due to the use of polyacrylamide flocculants to
remove particulate contaminants. Federal regulations require that residual acrylamide
concentrations do not exceed 0.05% (w/w) when polyacrylamide is added to drinking water at 1
ppm [1 mg/L]; public water systems must annually certify (by third party or manufacturer
certification) to the State that polymer and monomer concentrations are within acceptable limits
(20, 21). Due to this regulation, acrylamide concentrations in drinking water are not expected to
exceed 0.5 ppb [0.5 pg/L].

Acrylamide is a component of cigarette smoke (12, 14); therefore, smoking could potentially be a
source of acrylamide in indoor air. Mainstream cigarette smoke acrylamide content is 1.1-2.34
ug per cigarette (reviewed by Smith, et al. (22)). No data were found reporting acrylamide
concentrations in indoor air from environmental tobacco smoke.

Acrylamide could be present in the environment as a result of direct releases or leaching of
residual monomer during the use of polyacrylamide polymers in applications such as water
purification or soil conditioning. During sludge conditioning processes, 92—100% of residual
acrylamide was reported to leach from acrylamide polymers (3). According to the TRI database,
8.7 million pounds of acrylamide were released to the environment from US manufacturing and
processing facilities in 2000 (23).

Acrylamide released into outdoor air can react with species such as hydroxyl radicals; the half-
life for the reaction occurring at room temperature was reported at 8.3 h (5). Because of its high
water solubility, rain will likely remove acrylamide vapor from the atmosphere.

Acrylamide released to surface waters will not likely volatilize to air because of its high water
solubility and low vapor pressure. Biodegradation appears to be the main process of removal
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from surface water. An OECD study found acrylamide to be readily biodegradable at
concentrations lower than 2 mg/L (5). Half-lives of 55—70 h were reported in fresh water under
aerobic conditions (3). IPCS (3) concluded that because acrylamide is readily biodegraded by
microorganisms and because it has a high water solubility and low lipid solubility (log Kqw=—
1.65), it is unlikely to bioconcentrate or biomagnify in food organisms.

Adsorption of acrylamide on soils or sediments is likely negligible and acrylamide is reported to
be highly mobile in soils (5). Acrylamide is degraded in soil with a rate dependent on soil type,
pH, and temperature. Half-lives for degradation in soil were reported at 20—45 h at 25 mg/kg at
22°C and 95 h at 500 mg/kg at 20°C (3, 5).

Information on acrylamide concentrations in environmental samples is limited to reports
published in the 1970s and 1980s (5). In those reports acrylamide concentrations were generally
low in surface or sea waters in the US or UK (<0.2-3.4 ug/L). The recent European Union (EU)
(5) analysis of exposures to acrylamide in drinking water as a result of treatment with
polyacrylamide resin estimated a worst-case concentration of 0.125 pg/L. Acrylamide
concentrations were below the detection limit (0.1-25 pg/L) in 5 drinking water samples from the
US. Concentrations in treated wastewaters from sewage and chemical plants can be much higher.
Sealing waste water systems with acrylamide-containing grout can lead to water contamination;
for example, 400 pg/L was measured in a sample from a treated drain in Japan. Acrylamide
concentrations ranged from <0.2 to 1,100 pg/L in various waste or process water samples
obtained primarily in the UK.

[The rapid biodegradation and lack of bioaccumulation of acrylamide do not eliminate the
possibility of a local pollution problem, but no data were obtained to indicate an existing
problem near any major source.]

Residual concentrations of acrylamide are present in some cosmetics and toiletries containing
polyacrylamide. According to the Cosmetics Ingredient Review (CIR) (24), concentrations of
residual acrylamide in polyacrylamide have been reported to range from <0.01 to 0.1%. Table 4
lists polyacrylamide and estimated acrylamide concentrations in cosmetics and toiletries based on
information submitted to the FDA and estimates conducted by the Cosmetics, Toiletries, and
Fragrance Association (unpublished data reviewed in CIR 2003 (24)).
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Table 4. Polyacrylamide and Estimated Acrylamide Concentrations in Cosmetics and
Toiletries, modified from CIR 2003 (24)

Product Category Total No. Containing  Polyacrylamide Estimated Acrylamide
(total number in Polyacrylamide in Concentration (%) Concentration® (ppm°)
category in 2002) 2002° Reported in 2002 "

Eye lotion (NS) NS 1.6-2.5 <0.1-<1.3
Eye makeup 2 0.05 0.003
preparations (152)

Hair conditioners 1 0.7-1 0.04—<0.05
(651)

Tonics, dressings, and 4 2 0.08
other hair grooming

aids (598)

Hair colors, rinses, NS NS NS
conditioners

Non-coloring hair NS 0.9-1.4 0.04-0.06
preparations (NS)

Foundations (324) 4 0.2-1.3 0.01-0.2
Other makeup 1 NS NS
preparations (201)

Nail and skin care NS NS NS
cosmetics (NS)

Nail creams and NS 0.6% <0.03
lotions (NS)

Underarm deodorants 1 NS NS

(247)

Personal cleanliness 2 NS NS
products (247)

Aftershave lotion 2 2 0.2

(231)

Skin cleansing 4 NS NS
products (775)

Face and neck lotions, 17 0.3-1.6 0.02-1.2
powders, and creams

(310)

Body and hand 16 0.2-2.8 0.02—<1.2
lotions, powders, and

creams (840)

Moisturizers (905) 24 0.3-1.5 0.01-<0.75
Night creams, lotions, 6 0.3-0.8 0.01-0.03
powders, and sprays

(200)

Paste masks/mud 6 0.3-0.7 0.04
packs (271)

Skin fresheners (184) 1 NS NS

Other skin 9 0.2-2.5 0.01-<0.1
preparations (725)

Suntan gels, creams, 2 0.5-1 0.06-0.1
and liquids (131)

Indoor tanning 8 NS NS

preparations (71)

NS = not stated. “Based on information submitted to the FDA
"Based on information or estimates from the Cosmetics, Toiletries, and Perfumery Association

1 ppm = 0.0001%
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1.2.4  Human Exposure

1.2.4.1 General population exposure
The general population can be exposed to acrylamide through oral, dermal, or inhalation routes.

As noted in Section 1.2.3, acrylamide is produced in some foods during high temperature
cooking. A Panel assembled by the FAO/WHO (14) estimated exposure to acrylamide through
food intake using food consumption data from Australia, Norway, the Netherlands, Sweden, and
the US. The lower bound estimate of typical acrylamide food exposures was 0.3—0.8 png/kg
bw/day; intakes in children were estimated to be 2—3 times the adult rate when expressed as a
body weight ratio. Although based on limited data, the FAO/WHO Panel stated that the data do
allow for uncertainty estimates for median food exposures for Western European, Australian, and
North American diets. These estimates give no indication of the upper limit of reasonable intake
levels. They also do not report the uptake levels in teenagers and young adults, who might be
expected to have the highest consumption of the foods with the highest concentrations of
acrylamide, such as French fried potatoes and potato chips.

Additional estimates of acrylamide intake through food were reported in a review by the
European Commission (25). The review reports acrylamide intakes ranging between 35 and 40
ng/day (~0.5 pg/kg bw/day based on a 70 kg bw) as estimated by a Swedish group. Intakes of
0.30-1.10 pg/kg bw/day in adults and 0.30-2.1 pg/kg bw/day in 13-year-old children were
estimated by a Norwegian group.

Results of initial food testing conducted by the FDA are in basic agreement with reported
concentrations of acrylamide in foods from other nations (15, 17, 18).

A more systematic estimate of US population dietary exposures has recently been presented by
scientists at the FDA.(26). FDA workers have compiled a substantial, although not necessarily
statistically representative, set of measurements of acrylamide in major types of foods consumed
in the US. Utilizing these limited measurements and the results of broad population surveys of the
consumption of different foods by large representative samples of the US population, DiNovi and
Howard constructed a Monte Carlo simulation model to assess the likely population distribution
of US dietary exposure to acrylamide. The dietary exposures of the general US population (age 2
and over) were estimated as a mean of 0.43 pg/kg bw/day, with a 90" percentile of 0.92 pg/kg
bw/day. Children in the 2—5 year age group were estimated to have higher exposures (mean 1.06
ng/kg bw/day and 90™ percentile 2.31 pg/kg bw/day). These findings correspond reasonably
closely to similar types of estimates made in other countries. The FDA will continue to estimate
and update exposure estimates as new data are obtained on acrylamide concentrations in foods.

Sorgel et al. (27) reported milk acrylamide concentrations of 10.6—18.8 ng/mL and 3.17-4.86
ng/mL in 2 women who consumed about 1 mg and 800 pg of acrylamide, respectively, by eating
potato chips. Based on an assumed daily consumption of 500 mL milk, Sorgel et al. estimated
acrylamide intake in infants at 2—10 pg/day. Intake in a 3-kg baby was estimated at 0.66-3.3
pg/kg bw/day.

Drinking water consumption was assumed by the EU (3) to be the only significant source of
human environmental exposure to acrylamide. Such exposure can be estimated by assuming that
drinking water contains the maximum concentration of acrylamide (0.5 pg/L in the US, see
Section 1.2.3), an intake rate of 2 L./day, and a body weight of 70 kg (5). Based on these
assumptions, the estimated upper bound exposure for adults would be 0.014 pg/kg bw/day in the
US. The EU (5) also estimated local human exposures that could potentially result following
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sewer repairs using acrylamide grouts. A value of 0.11 pg/kg bw/day was estimated for small-
scale repairs. Using acrylamide concentrations measured in surface or ground water following an
incident during tunnel construction in Sweden and assuming that the contaminated water would
be used for drinking water, a worst case exposure was estimated at 2,620 ug/kg bw/day.
[CERHR notes that the incident involved unintended leaking of a grouting agent into a
nearby waterway by contamination of waste water, and that this event represents an
unlikely exposure scenario because the use of acrylamide grouts has been phased out.]

Strengths/Weaknesses: There are several sources of ingestion exposures. Industrial releases of
acrylamide to surface waters are limited and unlikely to accumulate because of biodegradation.
Water contamination with acrylamide will not result in bioaccumulation because the acrylamide
is highly water soluble and not lipophilic. In the 1970s and 1980s, acrylamide was present in
public water supplies as a result of water treatment with polyacrylamide to aid flocculation.
Polyacrylamide/free acrylamide content in drinking water is expected to be well below 0.125
ng/L in Europe. Currently there are few data, but acrylamide concentrations in all drinking water
samples were lower than the limits of detection. The current data for assessment of food, water,
and general environmental exposures are limited and highly uneven spatially and temporally. The
most data are available for major baked, roasted, and fried food sources, most of which show low
acrylamide concentrations of approximately 15-350 pg/kg of food. However, baked and fried
carbohydrates containing asparagine and reducing sugars, especially potatoes cooked at high
temperatures for prolonged periods, can produce 120-12,000 pg/kg of acrylamide. There is the
possibility of acrylamide uptake by food from container coatings, but limits on free acrylamide in
the polyacrylamide used in coatings are likely to minimize the levels of food contamination.
There are no data to show the extent of contamination. Exposures by ingestion of contaminated
food have been extrapolated from the limited data on food content by making assumptions about
the quantities of food items eaten by various population subgroups. These contamination
estimates must be considered very rough and approximate. Uptake from cosmetics, consumer
products, some gardening products, paper and pulp products, coatings, and textiles is possible
because of contact with polyacrylamide containing free acrylamide, but such exposures have not
been characterized. Uptake is unlikely to exceed trace levels because of limits on acrylamide
content for individual products. Although acrylamide has been measured in cigarette smoke, there
are no data on indoor exposures from environmental tobacco smoke. While the major routes of
intake have been identified and indications of the ranges of exposure are available, there are
insufficient statistical data to indicate the probability of exposure at various levels. For example,
the highest concentrations appear to occur in some fried foods. Milk samples from only two
nursing women have been tested after consumption of potato chips to obtain an indication of
uptake by a nursing infant.

Utility/Adequacy for CERHR Evaluative Process: The data for general population ingestion
exposures are too limited and anecdotal to provide more than indications of possible exposures of
importance. Risk assessments to estimate dose have been conducted by several agencies using a
range of assumptions. Given the limited data to guide these calculations, the accuracy of these
estimates is uncertain.

CERHR is aware of four acrylamide dermal exposure estimates.

In estimating dermal exposure through contact with consumer products, the EU (5) considered
exposure patterns of cosmetic use, soil-conditioning gardening product use, and contact with
paper and pulp products, coatings, and textiles that contain polyacrylamide. It was concluded that
the only relevant consumer exposures resulted from sporadic use of soil conditioners (5 pg/use)
and potential daily exposure to cosmetics (67 pug/day). Using assumptions for residual acrylamide

10



1.0 Chemistry, Use, and Human Exposure

concentrations (0.01%), 75% absorption, and 70-kg bw, a worst-case exposure level of 1 ug/kg
bw/day was estimated. The EU noted that the Scientific Committee on Cosmetic Products and
Non-Food Products Intended for Customers recommended reducing residual acrylamide
concentrations in cosmetics. Based on those recommendations, the EU estimated that use of new
cosmetics would result in exposure levels that are 200—1,000-fold lower.

In an unpublished review by Dybing and Sanner (1999, reviewed in CIR 2003 (24)), dermal
exposure to acrylamide was estimated at 65 pg/day for “leave-on” cosmetics and 1.4 pg/day for
rinse-off toiletries, for a total daily exposure level of 66.4 ng/day (1.1 pg/kg bw/day or 0.95
ng/kg bw/day based on a 60- or 70-kg body weight, respectively). Assumptions used in the
exposure estimate were daily application of 38.8 g cream, containing 2% polyacrylamide with
0.01% acrylamide monomer, at 1 mg/cm” over an area of 19,400 cm”. It appears that 100% skin
absorption was assumed. Without equivalent analyses, it was estimated that use of a hair setting
product would result in acrylamide exposure of 24 pg/day and nail polish would result in
exposure to an additional 0.5 pg. Assumptions used to estimate exposure to rinse-off products
such as shaving cream or soap were total daily use of 2 g and 4.8 g, respectively, with 10%
residue left on skin. [The Expert Panel used 1.1 ng/kg bw/day to represent a conservative
estimate of upper bound dermal acrylamide exposures in women. Half that level (~0.5 pg/kg
bw/day) was selected as a conservative estimate of mean dermal exposure from contact with
personal care products.]

The European Cosmetic Toiletry and Perfumery Association estimated a worst-case dermal
acrylamide exposure of 0.33 pg/kg bw/day by assuming that >90% of polyacrylamide-containing
products have acrylamide concentrations <1ppm and more than 75% have concentrations <0.4
ppm (unpublished study reviewed in CIR 2003 (24)). No additional details about the exposure
estimate were provided.

An unpublished analysis by Shipp et al. (2000, reviewed in CIR 2003 (24)) estimated acrylamide
lifetime average daily dose (LADD) from nine personal care and grooming products including
deodorants, cleansing products, aftershave, special creams (e.g., face lotions), and shampoos.
Factors considered in the estimate were percent polyacrylamide and acrylamide in product,
amount of product used in 1 year, absorption and deposition factors, years of exposure, and body
weight. Since each of these factors is best represented by a distribution, a Monte Carlo approach
was used. As an example, a lognormal distribution was developed using mean, minimum, and
maximum acrylamide concentrations of 0.03, 0.001, and 0.1%, respectively. Information on the
amount of product used each year was collected from the Nielsen Household Panel market
research survey, which was based on information from ~40,000 households. Data from the
Sumner (1999 and 2001) studies were used to back calculate the percentage of dermal acrylamide
absorption from an aqueous solution at 1.16—7.56%. [From information presented earlier in
the CIR report, it appears that dermal absorption was 2.4% over 24 hours in the Sumner
(1999) study (calculated by CERHR based on a statement that a dermal dose of 137 mg/kg
bw results in uptake of 3.3 mg/kg bw from skin), but the Sumner (2001) study stated that
dermal absorption was 22% in 24 hours.] A uniform distribution of 1-2% residue was
estimated for rinse-off products. Deposition factor was unity for products applied to skin and was
in direct proportion to surface area of hair, hands, and scalp for hair styling products. Based on a
Monte Carlo analysis, the median, mean, and 90™ percentile acrylamide LADD for females was
estimated at 62x10°, 260x10°, and 43010 pg/kg bw/day, respectively. The respective values
in males were 50x10°, 20010, and 340x10° pg/kg bw/day.

Cigarette smoke is another source of acrylamide exposure. The acrylamide content in mainstream
cigarette smoke has been measured at 1.1-2.34 pg per cigarette (22). [Assuming that a 70 kg
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adult smokes 20 cigarettes per day, the average inhaled dose would be 0.67 pg/kg bw/day.
The upper bound exposure was estimated at 1.3 pg/kg bw/day by assuming that the
upperbound exposure is twice the average exposure.] Levels of acrylamide-hemoglobin
adducts in cigarette smokers are discussed in Section 1.2.4.3.

1.2.4.2 Occupational exposures

Occupational exposure to acrylamide could occur during the manufacture of acrylamide
monomers or polymers, during polyacrylamide use, in the preparation of polyacrylamide gels,
and during the use of polyacrylamide grouts (5). Exposure is a function of the quantity of free
acrylamide present. Historically, under uncontrolled manufacturing conditions, exposures have
been very high, such as 1-3 mg/m’ in China (28). During the use of polyacrylamide, where the
exposure comes from the residual acrylamide in the solid polymer, exposure levels are low.
Exposure to acrylamide is possible for workers in a wide range of industries that use
polyacrylamide: paper and pulp, construction, foundry, oil drilling, textiles, cosmetics, food
processing, plastics, mining, and agricultural occupations. However, the amount of free
acrylamide is limited to 0.1% in the polymer, which sharply limits the level of exposure to the
monomer in situations where there is contact. Workers could be exposed by inhaling dusts or
vapors and through dermal contact with monomers or polymers. In the National Occupational
Exposure Survey, the National Institute of Occupational Safety and Health (NIOSH) estimated
that 10,651 workers, 721 of them female, were exposed to acrylamide in 1981-1983 (29).
Researchers or technicians who prepare polyacrylamide gels may also experience variable and
intermittent exposures to acrylamide.

The American Conference of Governmental Industrial Hygienists (ACGIH) established a time
weighted average (TWA) threshold limit value (TLV) of 0.03 mg/m’ for acrylamide based on
central nervous system (CNS) effects, dermatitis, and carcinogenicity (observed only in
experimental animal studies) (30, 37). A skin notation was included because limited data
demonstrated toxicity following absorption of acrylamide through intact skin of humans and
animals. NIOSH (32) also established a TWA recommended exposure limit (REL) of 0.03
mg/m’, with a notation for dermal absorption for acrylamide. The Occupational Safety and Health
Administration (OSHA) permissible exposure level (PEL) for acrylamide is 0.3 mg/m® (33). [The
documentation for these standards may be useful to estimate exposures, but the limits
themselves are not.]

The EU (5) summarized workplace exposures to acrylamide; these values are listed in Table 5.
Acrylamide exposures were highest during monomer production, with geometric means ranging
from 0.09 to 0.13 mg/m’. Polyacrylamide production had lower exposures, with geometric means
from 0.01 to 0.02 mg/m’. Later stages of polymer production represent less risk for exposure
because the excess acrylamide monomer becomes trapped in the polymer matrix. Use of
acrylamide grout for sewer sealing applications offers more opportunity for exposure because the
free monomer as a powder may be used to make the grout on-site (use of water solution of
monomer produces less exposure opportunity). In addition, the EU review noted that some of the
values were obtained for production work processes that have since been automated, which would
reduce exposure. Some of the measurements were taken during accidents or prior to installation
of engineering controls. In addition, respiratory protection was used in some cases and actual
inhaled respiratory exposures would be lower. The only US data reported in Table 5 were for use
of acrylamide grout in small-scale sewer repair operations. Those data were collected in two
surveys conducted in 1986 and 1987 (35).

[The Expert Panel estimated occupational acrylamide inhalation exposures using the Table
5 values reported for European workplaces. Based on geometric means of 0.01-0.13 mg/m’®
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and assumptions of an 8-hour work day, an inhalation volume of 10 m® air/work day, and a
70-kg body weight, mean workplace inhalation exposures were estimated at 1.4—18.6 pg/kg
bw/day. Assuming that the PEL (0.3 mg/m’) represents the upper bound exposure, high-end
worker exposure was estimated at 43 pg/kg bw/work day. Data from skin exposure and
uptake are unknown and difficult to measure.]

Table 5. Workplace Inhalation Exposures to Acrylamide, European Union (5)°

Industry Country Number Arithmetic Geometric  Range
of Mean Mean (mg/m°)
Samples (mg/m’) (mg/m’)
Acrylamide UK 11 0.18 0.09 0.05-0.34
manufacture Germany” 44 0.01 No data <0.001-0.022
Netherlands® 87 0.17 0.13 <0.05-1.3
Polyacrylamide UK* 422 0.05 No data 0.01-0.77
manufacture UK® 10 0.03 0.02 0.001-0.08
UK* 4 0.01 0.01 0.01
Germany® No data No data No data all <0.03
Germany” 23 0.03 0.02 <0.001-0.099
Electrophoresis gels UK® 4 0.03 0.006 0.002-0.012
(manufacture
)
UK (use) 2 0.04 NA <0.005-0.067
Polyacrylamide use EASE model NA NA NA 0.0001-0.003
UK* No data No data No data All <0.015
Netherlands ~ NA NA NA <0.001-0.012
Large-scale Sweden 9 0.018 0.01 0.005-0.076

acrylamide grout use
(i.e., tunnel work)

Small-scale uUsS 5 0.047 0.029 0.008-0.12
acrylamide grout use
(i.e., sewer repair)

"Personal samples. "Values measured within an air-fed pressure suit. “Information was obtained from Table
4.16 in the European Union report. Much of the information in this table is historical. See text for
explanation. NA=Non-applicable. EASE=estimation and assessment of substance exposure.

Some US occupational exposure data were reported by IARC (8) and values for personal
exposures are summarized in Table 6. All of the data are more than 10 years old. As seen in the
European data, monomer production had the highest exposures, with geometric mean values
ranging from 0.065 to 0.085 mg/m’ in the 1980s. In the 1970s, concentrations were higher,
approximately 0.1-0.9 mg/m’. The overall trend in exposures in most US chemical production
facilities has been downward since the 1970s because of improvements in engineering controls
and personal protective equipment. Polymer production concentrations in the 1980s had
geometric mean values of 0.023-0.031 mg/m’. Average exposures varied by job with utility
workers having the highest geometric mean, 0.116 mg/m”. It is not known if the monitored
workers used personal protective equipment or if engineering controls were utilized. It is likely
that the use of all types of controls has increased. Neither Table 5 nor Table 6 considers exposure
that could occur through the dermal route. Since the addition of skin notations to the TLV for
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acrylamide, it is likely that protective equipment currently is used in large well controlled
industrial operations where skin contact is possible. Skin protection may not be adequate in small
businesses where there is frequently a lack of expertise and resources.

Table 6. Workplace Inhalation Exposures to Acrylamide in the US, IARC (8)

Operation/ Sample Type Number of  Air Concentrations (mg/m’) Year(s) Measured
Job Description Samples Mean Range

Monomer production

Reactor operator Personal 4-h 1 0.48 NA 1971-1975
Dryer operator Personal 4-h 1 0.52 NA

Packing Personal 4-h 2 0.64 0.52-0.76

Control room Personal 8-h NR NR 0.1-0.4

Bagging room Personal 8-h NR NR 0.1-0.9

Processing Personal 8-h NR NR 0.1-0.4

Monomer and polymer production

Monomer Personal 19 0.065GM  0.001-0.227 1984-1985
operators

Polymer operators ~ Personal 27 0.031GM  0.001-0.181

Monomer material ~Personal 4 0.085GM  0.017-0.260

handlers

Polymer material ~ Personal 4 0.023GM  0.018-0.035

handlers

Maintenance Personal 14 0.013GM  0.001-0.132

Utility operators Personal 4 0.116 GM  0.004-0.392

Continuous Personal TWA NR NR 0.1-0.6 1957-1970
monomer

production

Sewer line repair

Grouting operation Personal 12 0.010 0.003-0.02 1990

(2 sites)

Grouting operation Personal 2 0.005 0.002-0.007 1985
Grouting operation Personal 6 0.10 0.008-0.36 1988

Coal plant

Static thickening Personal 2 NR <0.001 1992

of coal waste

NR=Not reported. NA=Non-applicable. GM=Geometric mean

Dermal contact with acrylamide powder, solution, or vapor condensation may be a significant
source of worker exposure. The EU (5) estimated dermal exposures to workers. Using an
unvalidated method of measuring acrylamide levels on cotton liners worn within protective
gloves, mean and high-end exposures were estimated, respectively, at 0.004 and 0.01 mg/cm’
[skin assumed]/day during acrylamide manufacture and at 0.0004—0.01 and 0.08 mg/cm?/day
during polymer production. Dermal exposure during polymer use was predicted at from 1 x 107
to 1 x 10 mg/cm?/day using the EASE model, which has large uncertainties for dermal
exposures. For small-scale use of acrylamide grouts, the EU used a dermal exposure value of 5
mg/h in its risk characterization. The EU noted that additional dermal measurements included an
acrylamide value of 2.49 mg/glove (4.98 mg/working shift total). However, it is clear neither how
much of this acrylamide would have been absorbed, nor whether a worker could have tolerated
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this much acrylamide on his or her skin for 8 h. If all of the acrylamide were absorbed, the
exposure would lead to very high internal doses. [The very limited US data are consistent with
the European data; because EASE estimates are not precise, the Expert Panel believes it
appropriate to assume the European values apply to US workers.]

In 2002, Pantusa et al. (34) measured air acrylamide exposures for personnel from biomedical
research laboratories in Houston. Personal short-term air samples (15 minutes) were taken while
subjects weighed crystalline acrylamide or poured liquid acrylamide for the preparation of
polyacrylamide gels. Personal full-shift air exposures were measured during the entire period
when exposure to acrylamide was possible and TWAs were calculated. Twenty subjects used
crystalline acrylamide while nine subjects used solutions. Latex gloves were worn by all subjects
and five individuals using crystalline acrylamide wore dust masks. Fifteen subjects working with
crystalline acrylamide and six working with acrylamide solution wore lab coats. Short-term
exposures exceeded the detection limit in all but three subjects using crystalline acrylamide and
all but one subject using solution. Short-term exposures ranged from <0.00056 mg/m’ to 0.022
mg/m’ in users of crystalline acrylamide and from <0.0002 to 0.014 mg/m’ in users of acrylamide
solutions. TWA exposures ranged from 0.00007 to 0.020 mg/m” in subjects using crystalline
acrylamide and from 0.00009 to 0.0028 mg/m’ in subjects using solutions.

Strengths/Weaknesses: There are few current data for occupational exposures. In many of the
historical situations, both inhalation and dermal routes of exposure were important. There are
very few estimates of the degree of dermal contact; dermal exposure is difficult to estimate. The
data from the Pantusa et al. study are somewhat useful for laboratory workers and show that these
workers have very low exposures, although the number of observations is low. It is not clear how
relevant the EU data on 1980s production worker exposures are for current exposure assessment.

Utility (Adequacy) for CERHR Evaluative Process: The exposure data are inadequate for
estimating current exposures. There are too few observations and the data are generally not
current. The dermal exposures and uptake are unknown, as is the effectiveness of protective
gloves and clothing.

1.2.4.3 Exposures based on adduct formation

As discussed in Section 2.1.2, acrylamide and its metabolite, glycidamide, can both form covalent
bonds with hemoglobin. The hemoglobin adduct products are being investigated as biomarkers of
acrylamide exposure. Studies in rats have demonstrated dose-related increases in acrylamide
adduct formation (16).

Calleman (28) published a study conducted to establish relationships between total exposures,
diagnostic indicators, and toxic effects in Chinese workers. The study examined biomarkers of
acrylamide exposure and neurologic effects in 41 workers employed at a plant that produced
acrylamide monomers and co-polymers. Ten people from the same city were also examined and
used to determine control values. Mean levels of biomarkers are summarized in Table 7,
according to job categories. Concentrations of acrylamide valine adducts ranged from 300 to
34,000 pmol/g globin in exposed workers and were directly proportional to glycidamide adducts.
Concentrations of acrylamide adducts and acrylamide area under the concentration versus time
curve (AUC) over the active lifetime of workers correlated most highly with neurotoxicity.
Correlation was also noted with urinary mercapturic acid S-(2-carboxyethyl)cysteine, but that
biomarker is nonspecific because it also reflects acrylonitrile exposure. Plasma acrylamide
concentrations correlated poorly with neurologic symptoms. Based on toxicokinetic parameters
extrapolated from measurements in rats and adduct formation in a suicide victim, a first-order
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elimination rate of 0.15 h™' was estimated for humans and used in a model to convert hemoglobin
adduct concentrations to mg/kg bw/day concentrations.

Table 7. Biomarkers of Acrylamide Exposures in Chinese Workers, Calleman (28)*

Job category Plasma S-(2- Acrylamide Lifetime
acrylamide carboxyethyl)cysteine adduct acrylamide
(umol/L) (umol/24 h) (pmol/g globin) AUC
(mM*h)
Controls 0.92 3.0+1.8 0 0
Packaging 2.2 93+72 3,900+2,500 8.9+9.1
Polymerization 1.3 58+75 7,700+3,400 10.0+£5.8
Ambulatory 2.0 53+35 9,500+7,300 11.3£9.8
Synthesis 1.8+0.8 64+46" 13,400+9,800 19.2+10.6

*Values presented as means=SD; however, SD were not listed for some values
®This value was reported as 643 umol in the text of the study

A JIFSAN/NCEFST (16) panel noted limitations regarding the estimation of human exposure
levels to acrylamide based on adduct concentrations. First, the estimates represent exposures
occurring over 120 days, the life of a human red blood cell. Second, adduct formation depends on
numerous personal factors, such as absorption of acrylamide and rate of metabolic removal.
These factors limit the utility of adducts for predicting an individual’s exposure. However,
comparisons of adduct concentrations across exposure groups can give useful relative differences
in exposure magnitude where the differences are large. Additionally, because toxicokinetics and
metabolic factors vary among species, extrapolation of data from rodents may not result in an
accurate description of acrylamide and glycidamide kinetics in humans.

Although estimation of exposure based on adduct formation is uncertain, some values are
presented in this section for comparative purposes. Two recent original publications (35, 36) and
values reported in a JIFSAN/NCFST (16) review are presented below.

In a study conducted at a German university, Schettgen et al. (36) measured hemoglobin adduct
concentrations in 63 male and 9 female German subjects (ages 19-59 years) who were not
exposed to acrylamide in the workplace. The subjects were first divided into groups of smokers
and nonsmokers, based on the detection of N-cyanoethylvaline, an acrylonitrile adduct that is a
specific and sensitive marker for cigarette smoke. Concentrations of N-2-carbamoylethylvaline,
the acrylamide adduct, were reported separately for the 47 smokers and 25 nonsmokers, and those
values are outlined in Table 8. The study authors noted that their values for acrylamide adducts,
<12-50 pmol/g globin in nonsmokers and 13—294 pmol/g globin in smokers, were within the
ranges reported in other studies, which were 20—70 pmol/g in nonsmokers and 116 pmol/g in
smokers. Based on adduct concentrations, considerations discussed by Calleman (2§), and an
elimination rate of 0.15 h™', Schettgen et al. (36) estimated a median acrylamide intake of 0.85
ng/kg bw/day in nonsmokers, and estimated that the value in smokers was about 4 times higher.
[The Expert Panel questions the estimate of 0.15 per hour, which does not make sense
relative to the kinetics of the red cell if the adduct is stable, because the kinetics are not first
order.]

In another publication, Schettgen et al. (35) measured concentrations of N-2-
carbamoylethylvaline in workers exposed to ethylene and propylene oxide, but apparently not to
acrylamide. The range of N-2-carbamoylethylvaline concentrations was <11-50 pmol/g globin in
24 nonsmokers and 16294 pmol/g globin in 38 smokers. These investigators also examined the
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relationships between cigarettes smoked per day and acrylamide adducts; they estimated 6.1
pmol/g globin was formed per cigarette/day, which compared well with the 8.5 pmol/g globin per
cigarette observed by Fennel (37). Mainstream cigarette smoke has been measured for acrylamide
content, which was 1.1-2.34 pg per cigarette (22). In combination with the estimates of adducts,
there are approximately 3—8 pmol/g globin formed per pg of acrylamide in cigarette smoke. This
adduct formation represents pure inhalation exposure and may be helpful for calibrating other
inhalation exposure data.

Strengths/Weaknesses: The adduct data are relatively long-term measures that integrate all
sources of exposure. Insofar as the exposures can be isolated, their relative magnitude can be
estimated. Adduct concentrations in 2 groups of Germans (35, 36) and 1 group of Swedish
unexposed workers (38) were 10—70 pmol/g globin. These adducts most likely come from dietary
exposures, and possibly from environmental tobacco smoke exposures. Adduct concentrations in
smokers were higher by about 4-fold in nearly all cases. Workers with occupational exposures
measured by Calleman (28) had adduct concentrations that were orders of magnitude higher, as
expected from their very high inhalation exposures. The toxicokinetics of acrylamide in subjects
will not be identical, so some variability is expected. Additionally, the representativeness of the
German and Swedish background concentrations and data from other locations are unknown,
although the concentrations were of the same order of magnitude. More importantly, the Expert
Panel cannot determine how much of the variation in adduct concentrations resulted from
differences in exposures or differences in toxicokinetics, but the range in background
concentrations can provide an indication of the range in acrylamide from water and dietary
sources, and environmental tobacco smoke, if not the magnitude of intake.

Utility (Adequacy) for CERHR Evaluative Process: The hemoglobin adduct data from
Schettgen, et al. (35, 36) provide an estimate of the background concentration of adducts from
drinking water, cosmetics, dietary, and environmental tobacco smoke sources for nonsmokers. If
the smoking rates of the smokers are known, then the rate of adduct formation by an inhalation
exposure can be estimated. The occupational dermal exposures can be estimated if the inhalation
exposures are known. Given that the adduct concentrations in smokers are much lower than those
in occupationally exposed humans, the occupational inhalation exposures must be much higher
than smoking exposures.

[A second estimate of smoker exposure to acrylamide was conducted by the Expert Panel
using the adduct data (see estimate based on acrylamide concentration in cigarette smoke in
Section 1.2.4.1). Based on the calculation by Schettgen et al. (36) that 21 pmol/g globin
acrylamide adduct represents an intake of 0.85 pg/kg bw/day in nonsmokers, the median
(85 pmol/g globin) and 95™ percentile (159 pmol/g globin) adduct concentrations in smokers
were estimated to represent acrylamide exposures of 3.4 and 6.4 pg/kg bw/day respectively.]

Table 8. Concentrations of Acrylamide Adduct, N-2-Carbamoylethylvaline, in Non-
Occupationally Exposed German Subjects, Schettgen et al. (36)

Measurement N-2-Carbamoylethylvaline concentrations in pmol/g globin
(ug/L blood)
Nonsmokers Smokers

Range <12-50 (NE-1.4) 13-294 (NE-8.0)

Median 21 (0.6) 85(2.3)

95" Percentile 46 (1.3) 159 (4.3)

NE=Not estimated
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A JIFSAN/NCEFST review (16) summarized some values of acrylamide adducts measured in
occupationally and non-occupationally-exposed individuals and those values are outlined in Table
9. Although quantitation of acrylamide exposure is uncertain, the values suggest that acrylamide
exposures in some workers greatly exceed general population exposures. Values also clearly
show that cigarette smoking leads to a greater intake of acrylamide than dietary and other
background sources.

Table 9. Acrylamide Adduct Concentrations Presented in Review by JIFSAN/NCFST (16)

Study Description Subjects Acrylamide Adduct
Concentrations (pmol/g
globin) ‘

Workers in a Chinese acrylamide Exposed workers 300-34,000

and polyacrylamide

manufacturing plant

Comparison in smokers, Lab workers 54

nonsmokers, and lab workers Smokers 116

using acrylamide to prepare Nonsmoking controls 31

polyacrylamide gels

Comparison in workers with and ~ Occupationally exposed 27-1,854

without occupational exposure Not occupationally exposed 30

Tunnel workers exposed to “Normal background range” in ~ 20-70

acrylamide and N- workers

methylacrylamide through

grouting material Remaining workers <17,000

*Values were converted to pmol and the remaining units were reported as presented in the review. [It is
assumed that g globin was the denominator for all these values, although it was not specified in some
cases.|

1.3 Utility of Data

Overall there are limited data that address the magnitude of current population exposures. There
are two types of exposure data, direct environmental measurements and hemoglobin adducts. The
direct measurements require some assumptions about bioavailability to estimate dose, whereas
hemoglobin adducts are indicators of total internal dose. Direct measurements include
occupational and food item measurements. There are too few occupational data to adequately
describe worker population exposures. Acrylamide has been measured in numerous foods over
recent years and population estimates of dietary exposures have been derived. These estimates,
however, are not yet based on fully representative sampling. There are increasing numbers of
hemoglobin adduct measurements that will allow determination of relative acrylamide exposures
from dietary (including drinking water), cosmetic, smoking, and occupational sources. Data on
exposures are critical for understanding the health risks associated with acrylamide.

1.4 Summary of Human Exposure Data

Humans may be potentially exposed to acrylamide by ingesting food or drink, through dermal
contact with acrylamide-containing materials, and by inhaling acrylamide vapors or particles.
Data available to characterize each of these routes are very limited.
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Most of the exposure data are for acrylamide present in food cooked at high temperatures.

Starchy foods, especially potato preparations, fried, grilled, or baked, had the highest
concentrations, ranging from ~10 to 12,000 pg/kg; concentrations in other foods were lower,
ranging from <10 to 1,925 pg/kg. Estimates by several national and international groups indicated
adult intakes in the range of 0.3—1.1 pg/kg bw/day and children’s rates 2—-3 times higher. A single
study with 2 nursing women who ingested about 1 mg of acrylamide in potato chips showed
breast milk to contain 3—19 ng/mL of acrylamide. Based on these data and a daily ingestion of
500 mL of breast milk, a 3-kg baby was estimated to have an intake rate of 0.7-3 pg/kg bw/day.

A more systematic estimate of US population dietary exposures has recently been presented by
scientists at the FDA (26). FDA workers have compiled a substantial, though not necessarily
statistically representative, set of measurements of acrylamide in major types of foods consumed
in the US. Utilizing these measurements and the results of broad population surveys of the
consumption of different foods by large representative samples of the US population, DiNovi and
Howard constructed a Monte Carlo simulation model to assess the likely population distribution
of US dietary exposure to acrylamide. The dietary exposures of the general US population (age 2
and over) were estimated as a mean of 0.43 pg/kg body weight/day, with a 90" percentile of 0.92
ug/kg bw/day. Children in the 2-5 year-old age group were estimated to have higher exposures
(mean 1.06 pg/kg bw/day and 90™ percentile 2.31 pg/kg-day). These findings correspond
reasonably closely to similar types of estimates made in other countries.

Industries producing or using large amounts of acrylamide may release significant quantities into
the environment. However, contamination of drinking water by industrial releases into domestic
water supplies is not a general exposure source because acrylamide is rapidly biodegraded.
Acrylamide also does not undergo bioaccumulation in the aquatic food chain because it is highly
water soluble and not lipophilic. These features do not eliminate the possibility of a local
pollution problem, but no data were obtained to indicate that one exists near any major source.
Drinking water is commonly treated with polyacrylamide resins to remove suspended
particulates. This practice was estimated to produce acrylamide concentrations much lower than
0.5 ug/L because of limits on the amount of free acrylamide in the polymer used, <0.05% w/w.
The estimated upper bound exposure is 0.01 ug/kg bw/day from drinking 2 L water/day. A
similar argument can be made for minimal contamination of food or drugs by acrylamide
leaching from container coatings (limited to <0.05% w/w) or gelatin capsules (limited to <0.2%
w/w) that contain polyacrylamide. Thus, only trace exposures are likely from these sources.

Exposure to acrylamide from dermal contact with cosmetics, consumer products, some gardening
products, paper and pulp products, coatings, and textiles is possible because the polyacrylamide
used in these products may contain some free acrylamide, which is most often estimated to be
<0.01% w/w. As a result, the amount of acrylamide available from these sources is likely to be
very small because of the restrictions on free acrylamide in the polymer. [The Expert Panel
selected 1.1 ug/kg bw/day and 05 pg/kg bw/day as conservative estimates of upper bound
and mean dermal acrylamide exposures, respectively, from contact with personal care
products (see Section 1.2.4.1).]

Historically, occupational inhalation and dermal exposures have been substantial in the
production and use of acrylamide. These airborne exposure scenarios include production of the
acrylamide monomer (geometric mean = 0.09-0.13 mg/m®) and polymer (geometric mean =
0.01-0.02 mg/m’), and in the use of acrylamide grout as a waste-water system sealant (geometric
mean = 0.01-0.029 mg/m’). One investigator (4) has estimated that skin absorption predominated
in monomer production exposures in China. The amount of exposure from skin contact and
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uptake is unknown and difficult to measure. Recent measurements of inhalation exposures during
the laboratory preparation of polyacrylamide gels from acrylamide crystals or solutions reflect
very low TWA air concentrations, 0.00007-0.03 mg/m’. [Based on geometric means of 0.01—
0.13 mg/m’ and an upper bound exposure of 0.3 mg/m® (PEL), the Expert Panel estimated
mean and upper bound workplace acrylamide inhalation exposures at 1.4-18.6 pg/kg
bw/day and 43 pg/kg bw/day, respectively (See Section 1.2.4.2). Data from skin exposure
and uptake are unknown and difficult to measure]

Mainstream cigarette smoke contains acrylamide at 1-2 pg/cigarette. Smokers have an exposure
that measurably increases their hemoglobin adducts 3—4-fold higher than nonsmokers with no
occupational exposure. [Using concentrations of acrylamide measured in cigarette smoke, the
Panel estimated mean and upperbound acrylamide exposures at 0.67 and 1.3 pg/kg bw/day,
respectively, in smokers (see Section 1.2.4.1).] Side-stream smoke has not been measured, but
probably also contains acrylamide, which will lead to indoor environmental tobacco smoke
exposures for nonsmokers. This source of acrylamide exposure has not been determined.

The relative intake of acrylamide from a variety of sources, including dietary, cigarette smoking,
and occupational exposures can be estimated from measurements of acrylamide adducts on
hemoglobin. Nonsmoking subjects without occupational exposures had a median adduct
concentration of 21 pmol/g globin and smokers had a median 85 pmol/g globin. These values are
consistent with values from two other studies. Based on the data from nonsmokers, Schettgen et
al. (36) estimated an intake of 0.85 pg/kg bw/day. Given a median adduct concentration about
four times higher in smokers, smoking appears to be a much more important source of acrylamide
exposure than daily dietary intake. [Total exposure in smokers based on adduct
concentrations was estimated by the Panel. The median (85 pmol/g globin) and 95"
percentile (159 pmol/g globin) adduct concentrations in smokers were estimated to
represent acrylamide exposures of 3.4 and 6.4 pg/kg bw/day respectively (see Section
1.2.4.3)]. Historically, adduct concentrations from non-US occupational exposures have tended to
cover a much wider range, going up to concentrations several orders of magnitude higher than in
smokers, depending on job activities. However, similar data have not been obtained from a US
occupational setting. While dermal exposures in occupational settings have been reported to be
high enough to cause skin damage, the magnitude of human intake by skin absorption has not
been measured and estimates are imprecise.
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2.0 GENERAL TOXICOLOGY AND BIOLOGIC EFFECTS

As noted in the CERHR Expert Panel Guidelines, Section 2 of this report is initially based on
secondary review sources. Primary studies are addressed by the Expert Panel if they contain
information that is highly relevant to a CERHR evaluation of developmental or reproductive
toxicity or if the studies were released subsequent to the reviews. For primary study reports that
the Expert Panel reviewed in detail, statements are included about the strengths, weaknesses, and
adequacy of the studies for the CERHR review process.

2.1 Toxicokinetics and Metabolism

2.1.1 Absorption

There are no known quantitative data on acrylamide absorption in humans. However, symptoms
observed in poisoning cases or occupational exposures indicate that acrylamide is absorbed
orally, dermally, and by inhalation (3, 5).

A pilot study conducted by a German group demonstrated that acrylamide is absorbed from food
(27). Urinary acrylamide concentrations were measured in 9 healthy male volunteers (age 1852
years) before and within 8 h after they ate up to 500 g of commercially available potato chips or
crisp bread. A newly-developed liquid chromatography/tandem mass spectrometry (LC/MS/MS)
method was used to quantitate acrylamide concentrations. Before eating, urinary acrylamide
concentrations could only be estimated in 3 subjects and ranged from 0.659 to 2.04 ng/mL or
from 0.338 to 1.084 pg excreted (minimal quantification concentration reported at 1 ng/mL).
Within 8 h after eating potato chips or crisp bread, acrylamide was detected in the urine of 8
subjects at concentrations ranging from 1.97 to 6.31 ng/mL or from 0.48 to 5.70 ug excreted.
[There was no mention of dietary restrictions prior to the study, the amount of acrylamide
in food samples was not reported, and acrylamide intake was not estimated.] Acrylamide
half-lives were measured using urinary excretion data in two subjects and those values are
reported in Section 2.1.4. In addition, Sorgel et al. (27) measured acrylamide concentrations in
human milk and conducted an in vitro placental transfer study, as discussed in Section 2.1.2.

Strengths/Weaknesses: The greatest strength of the study by Sorgel et al. (27) is the attempt to
obtain toxicokinetic data in humans exposed to acrylamide in food. Qualitative data are presented
indicating that ingestion of acrylamide-containing food results in increased concentrations of the
chemical in urine and milk. This pilot study was limited by its small sample (nine men and two
lactating women) and qualitative nature. The study also is hampered by the fact that intake was
not determined and by the measurement of acrylamide in the urine rather than in blood plasma or
serum. Excretion of acrylamide in urine accounts for only a small percentage of absorbed
material and does not provide information on the large fraction of the chemical that is
metabolized. The report suffers from inadequate, sketchy descriptions of the methodology used,
which makes the validity of the reported data questionable.

Utility (Adequacy) for CERHR Evaluation Process: The data are not useful for a quantitative
assessment of acrylamide absorption.

Rapid and complete uptake of acrylamide from the gastrointestinal tract of rats was evident by
elimination rates that were similar following gavage and i.v. dosing (4, §). Rapid absorption from
the gastrointestinal tract was also demonstrated in studies with mice, dogs, and miniature pigs (5,
39).
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Animal studies indicate absorption through the dermal route. In rats, 25% of 2 or 50 mg/kg bw
doses were absorbed within 24 h; 26% of a 0.5% aqueous solution was absorbed within 24 h with
35% remaining in the skin (4). Another review reported 14—61% absorption of a dermally applied
dose in rats (39). In studies comparing oral and dermal administration of '*C-acrylamide in mice,
less label was found in internal organs with dermal than with oral dosing (2); based on average
ratios for crude binding to proteins, RNA, and DNA, Calleman (28) estimated that uptake through
dermal exposure was about 35% of uptake through oral exposure. Studies in rabbits demonstrated
that a 10—30% aqueous solution of acrylamide was rapidly absorbed through skin (2, 3). In vitro
skin absorption studies demonstrated 42—93% absorption in rats, 94% absorption in pigs, and 27—
33% absorption in humans (39). Variability of dermal absorption in rats was confirmed in 4
animals that when treated topically with 162 mg/kg acrylamide, absorbed 14, 15, 27, and 30% of
the administered dose (40).

[The Expert Panel notes that information comparing irn vifro dermal absorption in rats,
pigs, and humans was obtained from three different studies. Direct comparison of the three
studies, which may have been conducted by different methods, may not be appropriate.]

An unspecified amount of acrylamide was reported to be absorbed in mice and rats following a 6-
h inhalation exposure to 3 ppm acrylamide (39).

Strengths/Weaknesses: The secondary sources disagree on whether acrylamide absorption is
complete. Some, such as Calleman and the NIOH/NIOSH document (4), reach the conclusion that
absorption is complete, but others, such as the JIFSAN/NCFST panel, suggest that such a
conclusion cannot be reached on the basis of the Miller study, which itself does not come to such
a conclusion. The workshop participants further pointed out that in another study by Barber et al.
(41), there was a difference in absorption between oral and i.p. administration of acrylamide,
suggesting that absorption from the gut is incomplete, although the different dose levels used, 20
and 50 mg/kg, might account for some of the discrepancy.

Utility (Adequacy) for CERHR Evaluation Process: The data indicate that absorption
following oral administration in rats is rapid. Different studies showing differences in absorption
following dermal applications cannot be directly compared. There may be more than a two-fold
difference in dermal absorption among individual animals.

2.1.2  Distribution

Studies in rats, pigs, and dogs demonstrate that acrylamide absorbed through any exposure route
is rapidly distributed throughout the body (4). Higher concentrations have been found in the liver
and kidney of rats than in other tissues (2). Multiple dosing with 0.05 or 30 mg/kg bw for 13 days
did not greatly alter distribution in most tissues, with the exception of red blood cells, plasma, and
testis (4). Acrylamide and its metabolite glycidamide form adducts with sulthydryl groups of
hemoglobin and about 12% of the radiolabel is found in the red blood cells of rats dosed with
radiolabeled acrylamide (28). These adducts persist in red blood cells with a half-life estimate of
10.5 days, reported in several reviews (2, 4, 39). Calleman (28) noted that the half-life estimate of
10.5 days is most likely incorrect: the estimate mistakenly assumed first-order kinetics for
elimination. In contrast to red blood cells, plasma concentrations of acrylamide or metabolites
drop quickly (2). In testis, fat, liver, plasma, and kidney, there is a delay in reaching peak
concentrations due to an initial absorption phase of '*C-labeled chemical (2, 4). The high lipid
content of the testis may account for the delay in distribution of hydrophilic acrylamide and its
metabolites to that tissue (42). Acrylamide and its metabolites were not found to bioconcentrate
in neural tissues (4). While the formation of acrylamide DNA adducts in vivo has not been
detected, glycidamide was observed to form adducts with DNA in rats (76, 28).

22



2.0 General Toxicology and Biologic Effects

One human study was reviewed in detail because it measured transfer of acrylamide across the
placenta and into milk.

Sorgel et al. (27) measured the in vitro transfer of acrylamide in three isolated and perfused
human placentas. Acrylamide was added to a tissue culture maternal perfusate at 1 pg/mL and
concentrations of acrylamide were measured in maternal and fetal perfusate by LC/MS at 1, 3, 5,
9, 15, 25, and 30 minutes during perfusion. Average placental penetration of acrylamide was
18.2-23.2% during 5-30 minutes of perfusion. There was considerable variability with individual
placental transfer percentages ranging from 8.9 to 49.6.

In the milk transfer part of the study conducted by Sorgel et al. (27), acrylamide concentrations in
milk were measured in 2 mothers (ages 24 and 33 years) prior to and at 1, 3, 4, and 8 h after
consuming food contaminated with acrylamide. The mothers did not consume food that could
contain acrylamide for 10 h prior to the study. During the study, 1 mother ate 100 g of self-
prepared potato chips, resulting in an estimated acrylamide intake of 1 mg. The second mother ate
100 g of commercially available potato chips, resulting in an estimated intake of 800 pg
acrylamide. Prior to consuming the chips, milk-acrylamide concentrations were below the
quantification concentration (5 ng/mL by LC/MS) in both mothers. In the first mother,
acrylamide was detected in the milk at 3 and 4 h post-dosing at 10.6 and 18.8 ng/mL,
respectively. Acrylamide concentrations in milk from the second mother were measured at 4.86
and 3.17 ng/mL at 4 and 8 h post-dosing, respectively. Acrylamide concentrations at all other
time points were below the quantification limit. Sorgel et al. (27) estimated infant exposure levels
based on acrylamide concentrations in milk and those estimates are discussed in Section 1.2.4.1.

Strengths/Weaknesses: The placental transfer studies of Sorgel et al. (27) used only three
placentas, with considerable variability in the transfer results. While the authors attributed this
variability to individual characteristics of the subjects, it is not possible from the paper to know
whether there were technical problems in the placental perfusion preparations. The anatomic and
functional condition of the perfused placentas was not ascertained before or after the study. The
data on transfer in milk have the advantage of including estimates of acrylamide intake and milk
measurements before and after ingestion of potato chips.

Utility (Adequacy) for CERHR Evaluation Process: The Panel has no confidence that the
placental perfusion studies accurately represent in vivo placental transfer of acrylamide. The milk
studies are useful in estimating potential exposure of nursing infants after maternal consumption
of acrylamide-containing foods.

Another study evaluated the acrylamide-specific hemoglobin adduct N-2-carbamoylethylvaline
and the acrylonitrile-specific hemoglobin adduct N-cyanoethylvaline in the blood of 10
nonsmoking women and 1 smoking woman a few hours prior to childbirth and in umbilical cord
blood of their 11 neonates (43). The highest concentration of adducts were found in the blood of
the smoking woman and her neonate, and these were the only samples with detectable N-
cyanoethylvaline, which is specific for cigarette smoking. The maternal and neonatal
concentrations of N-2-carbamoylethylvaline were correlated in the nonsmokers (Pearson r=0.859
[P=0.0015]). Based on the maternal adduct concentrations, the authors estimated an average daily
intake of acrylamide for nonsmoking pregnant women at 0.85 pg/kg bw. Taking into
consideration the relative lifespans of maternal and fetal erythrocytes, the authors estimated that
fetal acrylamide internal dose on a weight-adjusted basis would be at least equal to that of the
mother.
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Strengths/Weaknesses: Schettgen et al. (43) clearly demonstrate a hemoglobin adduct of
acrylamide, namely N-2-carbamoylethylvaline, in the cord blood of newborn humans. The study
has strengths in the number of humans studied and a good statistical relationship between
concentrations in the mothers and in the cord blood. The data indicate that there is a fair degree of
parity between the concentrations observed in the mothers and the concentrations in their
offspring. Although there was only one mother who smoked, her data support the conclusions of
other studies with respect to higher concentrations of acrylamide adducts in smokers. Weaknesses
include the lack of information on exposure and the reliance on another study for exposure
estimates, but these estimates may not be too inaccurate. The extension of the calculations based
on the size of the neonates and the half-life of fetal erythrocytes is difficult to understand without
knowing the metabolic fate of acrylamide adducts upon turnover of erythrocytes.

Utility (Adequacy) for CERHR Evaluation Process: These data are very useful in estimating
placental transfer of acrylamide to term human fetuses. The study provides confirmation of
existing experimental animal data on placental transfer of acrylamide and its metabolic products.
The experimental animal and human data make reasonable the estimate that exposure of the near-
term fetus is similar to maternal exposure.

A number of original animal studies were reviewed in detail by CERHR because they examined
maternal-fetal toxicokinetics or distribution within testes.

Edwards (44) gave a single 100 mg/kg i.v. dose of acrylamide [purity unstated] in water to
pregnant Porton strain rats on gestation day (GD) 14 (n=4) or 21 (n=2) [plug day not specified].
One hour after dosing, rats were decapitated and fetuses removed. Fetuses were homogenized and
extracted in 0.1% tris in methanol. Acrylamide in the extract was measured
spectrophotometrically. Fetuses sampled on GD 14 gave mean acrylamide concentrations (+
SEM) of 1.41 £ 0.03 umol/g. Fetuses in 2 litters sampled on GD 21 gave acrylamide
concentrations of 1.43 and 1.41 umol/g. The authors cite a study showing that 1 h after male rats
were given acrylamide 100 mg/kg i.v., mean blood-acrylamide concentration (= SEM) was 1.28 +
0.04 pmol/mL. The author concludes that this finding “indicates that the placenta does not act as
a barrier to acrylamide.”

Strengths/Weaknesses: A strength of this study is its use of the Porton strain of rats, permitting
evaluation of a different strain than is used by other investigators. It is a weakness, though, that
this study used only one acrylamide dose, which was extremely high compared to anticipated
human exposures, and the number of litters sampled was very low. Adult values were obtained
from a previous study in males, rather than from the dams in the current study. In addition, the
spectrophotometric detection of acrylamide may lack the necessary specificity.

Utility (Adequacy) for CERHR Evaluation Process: These data are most useful in estimating
comparable placental transfer of acrylamide in the Porton rat compared to other strains.

In an industry-funded study, Marlowe et al. (45) administered a single '*C-acrylamide dose (116—
121 mg/kg bw) [purity unstated] by gavage to male Swiss-Webster male or female mice on GD
0.5 or 17.5 (plug day considered GD 0.5 at noon) [number of animals treated was not
specified]. Male mice were anesthetized and frozen at various time points between 0.33 and 9 h
and 1, 3, and 9 days following treatment. Pregnant mice were anesthetized and frozen 3 or 4 h
following treatment. The mice were later sectioned and exposed to x-ray film. Autoradiography
results indicated that absorption was nearly complete within 3 h and radioactivity was widely
distributed. Distribution was similar in the male and pregnant female mice. In male mice,
radioactivity was detected in testis parenchyma at 1 h, in the seminiferous tubules and head of
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epididymis at 9 h, and only in tail of epididymis and crypts of glans penis epithelium at 9 days.
The authors noted that the movement of acrylamide through the testis paralleled that of
spermatids. Radioactivity in GD 13.5 fetuses was fairly evenly distributed with possibly higher
concentrations in the CNS compared to concentrations in maternal mice. At 17.5 days, the fetal
distribution pattern closely resembled that of adult rats; radioactivity in fetuses was concentrated
in kidney, bladder, liver, intestinal contents, and forestomach mucosa. An intense accumulation
of radioactivity was noted in fetal skin on GD 17.5.

Strengths/Weaknesses: A strength of this study is the tracking of distribution over time and the
use of an alternative method for evaluating tissue distribution of a chemical. The semiquantitative
nature of the results is a weakness of the study. In addition, the results shown as autoradiographs
were claimed to be representative of all animals studied, but the number of animals studied was
not given in the paper and remains unknown. The study used only a single acrylamide dose,
which was high compared to anticipated human exposures. A limitation of the study is that it
speaks only to the distribution of a mixture of unchanged acrylamide and its metabolites and not
to individual components of the mixture such as the potentially toxic metabolite glycidamide.

Utility (Adequacy) for CERHR Evaluation Process: This study provides useful
semiquantitative information on distribution, and confirms placental transfer as shown in other
studies by other techniques. There are relatively high concentrations of acrylamide/metabolites in
the testis. The high radioactivity in the intestinal contents 9 days after the acrylamide dose
suggests enterohepatic cycling of acrylamide metabolites.

In a study conducted at the FDA, Ikeda et al. (46) examined maternal-fetal distribution of
acrylamide in pregnant beagle dogs and Hormel miniature pigs. The dog is noted to have a four-
layer endothelial-chorial placenta and the pig has a six-layer epithelial-chorial placenta. A single
i.v. dose of 5 mg/kg bw acrylamide (reagent grade)/*C-acrylamide (radiochemical purity of
>95%) was administered to dogs on GD 60 and pigs on GD 109. Dogs and pigs were anesthetized
110 minutes following treatment and fetuses were separated at 2 h. Tissue radioactivity levels
were measured in a total of 6 dog litters with 33 fetuses and 7 pig litters with 45 fetuses.
Radioactivity was widely distributed in maternal and fetal tissues of both species. In dogs, the
placental distribution factor was 17.7%, indicating that 82.3% of radioactivity passed through the
placenta based on fetal/maternal blood concentrations. Blood—brain distribution factors were
insignificant in maternal (5.9%) and fetal (0%) dogs. A placental distribution factor of 31% in
pigs indicated that 69% of the radioactivity passed through the placenta. An insignificant blood—
brain distribution (4%) was noted in maternal pigs, while radioactivity levels were higher in brain
versus blood of fetal pigs. The authors concluded that both fetal dogs and pigs lack blood—brain
barriers and their brains would therefore be exposed to acrylamide present in their circulation.

Strengths/Weaknesses: The 1985 paper by lkeda et al. (46) is very important with respect to
uptake by dog and pig fetuses. The data are generally very good compared to the data presented
in many other papers. The important conclusion regarding the possible vulnerability of the brain
to exposure is warranted. Although the dose is still high (5 mg/kg) compared to anticipated
human exposure under most circumstances, it is lower than in many other studies. The evaluation
of total radioactivity restricts the interpretation to a mixture of unchanged acrylamide and its
metabolites.

Utility (Adequacy) for CERHR Evaluation Process: The general conclusion of this study is

valid and useful. The observation of placental transfer in these animals as in laboratory rodents
supports the conclusion that placental transfer in humans is likely to occur in a similar manner.
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In another FDA study, lkeda et al. (47) sought to determine intra-litter distribution of acrylamide
in four animal species with different placenta types. The species examined were Osborne-Mendel
rats (single-layer hemoendothelial placenta), New Zealand White rabbits (single-layer
hemoendothelial placenta), beagle dogs (four-layer endothelial-chorial placenta), and Hormel
miniature pigs (six-layer epithelial-chorial placenta). Animals were given an i.v. dose of '*C-
acrylamide (=95% radiochemical purity)/reagent grade acrylamide late in gestation at 1 or 2 days
prior to expected delivery (i.e., GD 20 for rats, GD 30 for rabbits; GD 60 for dogs, GD 109 for
pigs). The dose for rats was 10 mg/kg bw and fetuses were removed 1 h following dosing. In the
remaining species, the dose was 5 mg/kg bw and fetuses were removed at 2 h following dosing.
All fetuses in 6-9 litters were examined for all species. The study authors reported that that
radioactivity was uniformly distributed throughout the litters. Fetal uptake of radioactivity was
not affected by fetal sex or fetal position within the uterus. Individual tissues were analyzed in
fetal dogs and pigs and it was reported that uptake of radioactivity in individual tissues was also
unaffected by uterine position.

Strengths/Weaknesses: The conclusions regarding distribution of the '*C-acrylamide are well
justified by the data. A weakness is that it would have been useful to have more quantitative
detail on the tissue distribution of the material that was administered. The evaluation of total
radioactivity restricts the interpretation to a mixture of unchanged acrylamide and its metabolites.

Utility (Adequacy) for CERHR Evaluation Process: The Ikeda et al. conclusions add to the
overall weight of evidence of the ready uptake of acrylamide into fetuses from maternal
circulation. The observation of placental transfer in four species with different types of placentas
supports the conclusion that similar placental transfer is likely to occur in humans.

2.1.3  Metabolism

It has been reported that major metabolic pathways for acrylamide are qualitatively similar in
humans and experimental animals, but that quantitative differences must be considered when
conducting risk assessments for humans (74). A proposed metabolic pathway is illustrated in
Figure 2.

In experimental animal studies, acrylamide is rapidly eliminated through biotransformation. It has
been reported that <2% is excreted unchanged through urine or bile in rats (2, 4, 39). In other rat
studies, 80% of radiolabel was excreted within 7 days, 90% as metabolites (3). One major
pathway for acrylamide biotransformation is first-order conjugation with glutathione, catalyzed
by hepatic glutathione-S-transferase (GST) (4, 48). The pathway leads to the formation of the
urinary metabolite N-acetyl-S-(3-amino-3-oxypropyl) cysteine in rats and mice. N-acetyl-S-(2-
carbamoylethyl) cysteine is the major metabolite excreted in human urine (77). GST is present in
the liver, kidney, brain, and erythrocyte of mice and rats, but the enzyme is three times more
efficient at conjugating acrylamide in the liver versus the brain of rats (39). The second major
metabolite of acrylamide, glycidamide, is formed through a saturable reaction with cytochrome
P450 (48). There is some evidence that acrylamide can induce cytochrome P450 (28).
Cytochrome P450 2E1 (CYP2EL1) is the specific enzyme involved in this reaction in mice (49).
Glycidamide is metabolized through conjugation with glutathione to form mercapturic acids or
metabolized by epoxide hydrolase (epoxide hydratase) (28, 48).
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Figure 2. Acrylamide Metabolic Pathway, Adapted from Kirman et al. (48).
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The percentage of acrylamide converted through each major pathway may vary by species and
dose. Conversion of acrylamide to glycidamide is greater in mice than in rats as evidenced by the
observation that in rats, N-acetyl-S-(3-amino-3-oxypropyl) cysteine represents 70% of urinary
metabolites, while this compound represents 40% of urinary metabolites in mice (39). Consistent
with that observation, it was reported that the proportion of glycidamide-derived metabolites in
urine following a dose of 50 mg/kg bw was 59% in mice and 33% in rats (§). The percentage of
unchanged glycidamide excreted in the urine of mice and rats was 16.8 and 5.5%, respectively,
following a dose of 50 mg/kg bw (28).

The excretion rate of radiolabel was independent of dose in rats orally administered 1.0-100
mg/kg bw radiolabeled acrylamide (42). In rats, high doses of acrylamide can inhibit GST or
deplete GSH (2, 3, 39). One model suggested that appreciable glutathione depletion is not
expected in the rat until doses exceed 10 mg/kg bw/day (48). Conversion of acrylamide to
glycidamide appears to saturate because it was reported that the proportion of glycidamide
produced is inversely related to dose (14). Consistent with that observation was a non-linear dose
response for glycidamide adduct formation in rats i.p. injected with acrylamide doses ranging
from 5 to 100 mg/kg bw; percent conversion to glycidamide was estimated at 51% following a 5
mg/kg bw dose and 13% following a 100 mg/kg bw dose of acrylamide (39, 50). The formation
of acrylamide adduct was linear in rats at doses up to 100 mg/kg bw. It was noted in an IARC (8)
review that although specific urinary metabolites were not studied at doses below 50 mg/kg bw,
increases in glycidamide-derived metabolites and decreases in acrylamide-derived metabolites
would be expected at low doses. [The Expert Panel finds the study of Bergmark et al. (50) to
be critical in identifying the relationship between acrylamide dose and glycidamide adduct
formation.]

The detection of glycidamide-hemoglobin adducts in workers exposed to acrylamide
demonstrates that humans also metabolize acrylamide to glycidamide (28). The average AUC
ratio of glycidamide to acrylamide in the workers was 0.3, a value that is lower than the ratio
estimated for rats (0.58). Calleman stated that the lower ratio in humans indicates either lower
conversion of acrylamide to glycidamide or increased glycidamide elimination in humans.
Further investigation revealed that concentrations of urinary mercapturic acids were much lower
in humans compared to rats and suggested that the acrylamide elimination rate in humans may be
at least five times slower than the rate for rats. Based on estimates of free acrylamide in plasma,
hemoglobin valine adducts, urinary mercapturic acid concentrations, and a lower integrated
concentration-time ratio for glycidamide to acrylamide in humans, IARC (&) estimated that tissue
doses of glycidamide may be higher in humans versus rats at equivalent doses of acrylamide.
[The Expert Panel believes the IARC authors may have misunderstood the Calleman (28)
report. The difference in rates of elimination of both acrylamide and glycidamide in
humans and rats will already have been reflected in their respective AUC.]

2.1.4  Elimination

Half-lives for acrylamide urinary excretion were reported at 2.2 h and 7 h in two male subjects

who consumed an unspecified amount of acrylamide by eating potato chips or crisp bread (27).
Additional details of this study are included in Section 2.1.1. [The Expert Panel considers the
Sorgel et al. (27) data, based on only two individuals, unreliable.]

Clearance of parent compound in rats is represented by a single compartment model, while
clearance of total '*C label is represented by a biphasic curve (4). At doses of 10-20 mg/kg bw
acrylamide in rats, the half-life of parent compound in plasma is reported at ~2 h (4, 14). The
half-life for the metabolite glycidamide is also reported at ~2 h following oral exposure of rats to
20 mg/kg bw or i.p. exposure to 50 mg/kg bw acrylamide (39). [Calculations by the Expert
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Panel using the Kirman et al. (48) rat pharmacokinetic model indicate a half-life for
acrylamide itself of about 1.8 h at low doses, and a similar half life for glycidamide of about
3.0 hours.] Biphasic distribution and elimination is noted for total '*C-label in rats with an initial
half-life of 5 h and a terminal half-life of 8 days in most tissues (2, 4). The initial part of the half-
life (5 h) is thought to result from biotransformation of acrylamide and binding of metabolites to
macromolecules; the terminal portion of the half-life (8 days) is most likely due to the release of
metabolites from tissues and degradation of adducts. The initial elimination half-life for testes (8
h) in rats was slightly longer than the 5-h half-life observed in most other tissues (42).

Excretion half-life of parent compound through rat urine is reported at ~8 h (2, 3). In animal
studies where radiolabeled acrylamide was given by the oral, dermal, or inhalation route, 40—90%
of label was eliminated through urine within 1 week (28, 39). Four to six percent of the dose is
eliminated as carbon dioxide in exhaled air (indicating an unidentified metabolic pathway) and
6% of the dose is eliminated in feces within 7 days (2, 4, 39); because the amount of radiolabel
entering bile is estimated at 15%, it appears that acrylamide or its metabolites undergo
enterohepatic circulation. Calleman et al. (28) noted that exhalation of radiolabeled carbon
dioxide was not consistently observed in different studies and only occurred when acrylamide
was labeled at the carbonyl carbon but not at the vinyl carbon.

2.1.5. Physiologically-based pharmacokinetic (PBPK) models

The JIFSAN/NCFST (39) review noted an attempt to develop a PBPK model for acrylamide; the
report was eventually published as Kirman et al. (48). It was noted that the model was developed
using data from six published studies and provides a good description of acrylamide and
glycidamide kinetics in the rat. The model focuses on internal dose measures for possible
mechanisms of toxicity, including genetic toxicity, reaction with sulthydryl groups, dopamine
agonist activity, and glutathione depletion. Variations in dose-metrics were found to result from
model parameters characterizing tissue binding and biotransformation through cytochrome P450
and GST. [The Panel notes that although an excellent paper, the Kirman et al. report is
limited to rats given a single dose of acrylamide. No fetal compartment was included in the
model. This paper is useful, however, in reviewing and modeling tissue-level data.]

2.2 General Toxicity

2.2.1 Human data

Information on acrylamide toxicity in humans is based upon case studies and occupational
epidemiological studies. Exposure levels in such studies are not well characterized due to
exposure usually occurring through multiple routes (e.g., oral, inhalation, and dermal) and lack of
a reliable biological index to determine total body burden (3, 5).

In cases of acute or subacute poisoning, CNS effects develop within hours or days of exposure
(3). Common CNS effects include confusion, memory problems, sleepiness, slurred speech,
inability to concentrate, and hallucinations (3, 4). Peripheral neuropathies develop insidiously
following a latency period of days to weeks. Axonopathies are most commonly observed and
impairment occurs in sensory fibers prior to motor fibers (2). Common symptoms or clinical
signs of peripheral neuropathies include loss of sensation, paraesthesia, numbness, muscle
weakness and/or wasting in extremities, and decreased tendon reflexes (3, 4). Tremors and gait
disturbances may occur as a result of midbrain and cerebellum disturbances (2). Anorexia, weight
loss, and nystagmus have also been observed with acrylamide exposure (3, 4). In some cases, the
reporting of symptoms such as sweating, peripheral vasodilation, and difficulty urinating and
defecating suggest autonomic nervous system involvement (3). The most consistent
electrophysiological finding is reduced nerve action potential amplitude in the distal portion of
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sensory neurons (3). Generally neurologic symptoms continue to deteriorate for 3—4 weeks after
exposure ends and then a gradual improvement occurs over a period of months to years (2, 3). A
full recovery occurs in most poisoning victims.

Symptoms consistent with CNS involvement followed by the development of peripheral
neuropathies were observed in a 48-kg woman who ingested 18 g of acrylamide (375 mg/kg bw);
additional symptoms included seizures, gastrointestinal bleeding, respiratory distress, and liver
toxicity (2, 5). CNS symptoms and subsequent development of peripheral nervous system effects
were also observed in adults of a Japanese family following contamination of their well water by
an acrylamide grout used in sewer repair (2, 5, 57). The adults recovered within 4 months. Less
severe effects were observed in one 10-year-old and one 13 year-old child, presumed to be due to
lower exposures because of school attendance during the day. An acrylamide concentration of
400 ppm was measured in the well water at a single time point.

In occupational settings where exposures occurred through inhalation and dermal contact,
dermatitis characterized by peeling of skin on palms was the first sign of toxicity; it was followed
by the development of peripheral neuropathies, as described above (4). Such effects were noted in
workers of a Chinese acrylamide factory who did not have adequate personal protection and were
exposed dermally to a 27-30% aqueous acrylamide solution from 1 to 18 months. Air
concentrations were not measured for most time periods but were reported at 5.6-9.0 mg/m’
during a 4-month period of heavy activity. Air concentrations were reduced to 0.03 mg/m’
following renovations at that plant. Some cases of dermatitis and peripheral nervous system
effects were noted in additional occupational surveys addressed in a review by the EU (5). The
review noted that prevalence of symptoms related to peripheral neuropathies is increased in
workers exposed to >0.3 mg/m’ acrylamide (8-h TWA), but it is not possible to determine
contribution from skin exposure.

Effects of occupational acrylamide exposure in workers were reviewed by NICNAS (52). Clinical
examination and nerve conduction studies showed abnormalities most consistently in workers
with symptoms, but the authors of one study (53) concluded, “Electroneuromyographic changes,
including a decrease in the sensory action potential amplitude, neurogenic abnormalities in
electromyography, and prolongation of the ankle tendon reflex latency, are of greater importance
in the early detection of acrylamide neurotoxicity since they can precede the neuropathic
symptoms and signs.” According to the review, atmospheric acrylamide concentrations in the
workplace ranged from 0.03 to 9 mg/m’, and skin contact with acrylamide-contaminated water
also occurred. Estimates of personal doses of affected and unaffected workers were not provided.

2.2.2  Experimental animal data

Neurologic effects such as ataxia, tremors, convulsions, and muscular weakness were observed in
rats, mice, guinea pigs, rabbits, and cats following acute acrylamide poisonings (3). Additional
signs observed included circulatory collapse and weight loss. Death can occur following acute
exposure to high acrylamide levels and LDsos observed in various species are listed in Table 10.
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Table 10. Ranges of LDsys Reported from Acrylamide Exposures

Species (route) LDs, in mg/kg bw References

Rat (oral) 107-251 IPCS (3), EU (5), NTP (54)
Rat (dermal) 400 IPCS (3), NTP (54)

Rat (i.p.) 90-120 IPCS (3), NTP (54)

Mouse (oral) 107-170 IPCS (3), NTP (54)

Guinea pig (oral) 150-180 IPCS (3), EU (5)

Rabbit (dermal) 1,148 EU (5)

Cat (i.v.) 85 IPCS (3)

Neurologic effects are also observed following repeated exposures of experimental animals to
acrylamide. Effects are similar to those noted in humans and result from a peripheral neuropathy
that starts at distal portions of limbs, then advances to proximal regions (3). Overt signs are
consistent among different species and include tremors, incoordination, motor dysfunction,
neuromuscular weakness, and reduced motor-nerve conduction velocity (3, 39). Histologic
evidence of neurotoxicity includes degeneration of distal portions of long sensory- and motor-
peripheral nerve fibers. Degeneration of long axons in the spinal cord, Purkinje fibers in the
cerebellum, the optic nerve, and autonomic fibers have also been reported in experimental animal
studies. Demyelination of sciatic, tibial, median, and ulnar nerves has been noted. Dose-responses
are best characterized in rats, since various studies were conducted to identify NOAELSs. Similar
effects were noted in other species including mice, cats, dogs, and monkeys (39). However the
majority of studies in those species were not designed to identify NOAELSs. In a JIFSAN/NCFST
review, it was noted that dose rate appears to determine time of onset but not magnitude of
neurologic toxicity, suggesting a cumulative effect of acrylamide exposure.

In the IRIS review of acrylamide, a subchronic drinking water exposure study in rats by Burek et
al. (55) was used in the risk assessment of neurologic toxicity (56). The NOEL for neurotoxicity
was identified at 0.2 mg/kg bw/day. A LOAEL of 1 mg/kg bw/day was identified based on a
slight but significant increase in peripheral axolemmal invaginations in the left sciatic nerve as
observed by electron microscopy. The study by Burek et al. (55) is reviewed in detail below
because it included an examination of reproductive organs.

The EU (5) used a 2-year drinking water study in rats by Johnson et al. (57) to conduct a risk
assessment of neurologic toxicity. A NOAEL of 0.5 mg/kg bw/day was identified in that study. A
LOAEL of 2 mg/kg bw/day was identified based on degenerative lesions in the tibial nerve. The
study by Johnson et al. (57) is reviewed in detail in the Carcinogenicity section (Section 2.4.2).

Other organ systems that were affected with higher acrylamide doses in animal studies included
kidney, liver, and the hematopoietic system (3, 5).

Burek et al. (55) examined subchronic toxicity of acrylamide administered in drinking water to
Fischer 344 rats in an industry-sponsored study. At 6 weeks of age, male and female rats were
administered acrylamide (>99% purity) in drinking water at doses resulting in exposure to 0,
0.05, 0.2, 1, 5, or 20 mg/kg bw/day. Stability and concentrations of dosing solutions were
verified. Males were dosed for 92 days and females for 93 days. Numbers of rats treated included
10 females per group and 23-29 males per group. Ten males were used for the subchronic study,
10 were held for a 144-day recovery period, and 3—9 were used for interim sacrifices and
ultrastructural analysis of nerves by electron microscopy. Data generated in this study were
analyzed by one-way ANOVA followed by Dunnett test. During the treatment period, rats were
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observed daily and body weights and food and water intake were monitored. Body weight gain
was significantly reduced in males and females of the 20 mg/kg bw/day group. In the 20 mg/kg
bw/day group, water intake was consistently and significantly reduced in female rats beginning
on day 21 of the study and was significantly reduced in males during 4 of 13 periods. Hindlimb
splay tests were conducted weekly in the control and high dose groups. Splaying was observed in
the 20 mg/kg bw/day group on day 22 and became more pronounced on day 29, when the test
was stopped. Other clinical signs in the 20 mg/kg bw/day group included curled toes,
incoordination, crossing of back legs when held up by tail, and posterior weakness. Clinical signs
progressed during the study and eventually led to dragging of back legs. No splaying was noted in
the 5 mg/kg bw/day group and none of the dose groups exposed to <5 mg/kg bw/day developed
clinical signs of neurotoxicity.

At sacrifice, rats were necropsied. Blood was collected for an analysis of hematology and clinical
chemistry and urine was collected for urinalysis. All major organs were collected and preserved
in phosphate-buffered 10% formalin and a select number of males were prepared for electron
microscopic examination of nerves. The only statistically and toxicologically significant clinical
chemistry observations were decreased serum-cholinesterase activity and marginally increased
serum-alkaline phosphatase activity in females of the 20 mg/kg bw/day group. Packed cell
volume, red blood cell count, and hemoglobin concentration were significantly reduced in
females of the 5 mg/kg bw/day group and males and females of the 20 mg/kg bw/day group. No
treatment-related abnormalities were observed in the urinalysis. Significant organ weight effects
in the 20 mg/kg bw/day group included decreased absolute weight of brain, heart, liver, kidneys,
thymus, and testis; increased relative weights of brain, heart, liver, and kidneys; and decreased
relative weight for thymus (females only) and testis. The authors questioned whether a significant
increase in absolute and relative liver weight in the 5 mg/kg bw/day males was related to
treatment.

Gross treatment-related observations in the 20 mg/kg bw/day group included perineal soiling,
reduced adipose tissue, reduced liver size, dark kidneys, mottled foci on lungs, decreased
testicular size or flaccidity, reduced male accessory genitalia size, decreased uterus size, changes
in peripheral nerve appearance, skeletal muscle atrophy in posterior body, distended urinary
bladder, and diffuse mural thickening of stomach. Histologic evaluations revealed severe
degeneration of peripheral nerves and slight degeneration of the spinal cord in the 20 mg/kg
bw/day group. Less severe degeneration of the peripheral nerves was observed in the 5 mg/kg
bw/day group. In males examined by electron microscopy, very slight nerve degeneration was
observed at 1 mg/kg bw/day. Additional histologic findings believed to be treatment-related
included skeletal muscle atrophy, slightly increased hematogenous pigment in the spleen (females
only), ulcerative gastritis or hyperkeratosis in the stomach (males only), mesenteric fat atrophy
(females only), testicular atrophy (n=10/10), mineral in the seminiferous tubules (n=5/10),
cellular debris and decreased spermatogenic elements in epididymides (n=9/10), vacuolization of
the urinary bladder smooth muscle, and inflammation in the lungs. [It was not stated but
presumed that these histologic findings were observed in the 20 mg/kg bw/day group.] No
treatment-related lesions were found in the brains of rats administered 20 mg/kg bw/day
acrylamide.

Male rats treated with 20 mg/kg bw/day and allowed to recover for 144 days demonstrated
improvement of clinical neurologic symptoms and partial or complete reversal of neurological
lesions. Complete reversal of neurologic lesions occurred in rats of the 1 and 5 mg/kg bw/day
groups. Although some testicular lesions in the 20 mg/kg bw/day group were partially reversed,
slight testicular effects remained after the recovery period. The effects included focal or
multifocal atrophy of individual seminiferous tubules and mineral and cellular debris in tubules
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with no effect on spermatogenesis. A slight decrease in red blood cell numbers remained in rats
of the 20 mg/kg bw/day group up to 92 days in the recovery period. Body weight gain was
recovered in the 20 mg/kg bw/day group.

Strengths/Weaknesses: This study was competently performed and reported and is considered
reliable. The inclusion of a recovery period is an important strength.

Utility (Adequacy) for CERHR Evaluation Process: The Burek et al. study is important in
showing effects on the nervous system and other organ toxicity at 20 mg/kg bw/day but not
generally at lower doses. This paper is very useful in showing a dose-response relationship and
has important information not only on nerves but also with regard to other tissues, particularly the
testes.

2.3 Genetic Toxicity

The Expert Panel notes the review of Dearfield et al. (58), which includes modeling approaches
to assessing heritable genetic risk from exposure to acrylamide. This review concluded that
exposure of men to acrylamide in drinking water might result in up to three children with
heritable genetic disease among 100 million offspring. The Expert Panel chose to place very little
weight on the estimated risks due to the uncertainties associated with the assumptions employed
in the model.

2.3.1.  Somatic or bacterial cells

Because thorough reviews of the genetic toxicity of acrylamide in somatic or bacterial cells were
conducted by numerous authoritative agencies, this section of the report will be based on the most
recent and complete review, which was conducted by the EU (5).

Results of in vitro genetic toxicity tests are listed in Table 11. Those for in vivo genetic toxicity
tests are listed in Table 12. In terms of in vitro genotoxicity, the EU (5) reported:

e Positive results for clastogenicity in Chinese hamster cells, both with (one study) and
without (two studies) metabolic activation, and in mouse lymphoma L5178Y cells,
without metabolic activation (one study).

e Positive results for mutagenicity in mouse lymphoma L5178Y cells, with (one study) and
without metabolic activation (two studies). In the study that evaluated mutant colony size
(without metabolic activation), the increase in mutagenicity was associated with an
increase in the frequency of small colonies, an indicator of chromosomal damage rather
than the induction of point mutations. This conclusion was supported by the presence of
chromosomal damage in these cells.

e Inconsistent results for the induction of point mutations in mammalian cells, with one
equivocal (with and without metabolic activation) and two negative studies (with and
without metabolic activation) at the hypoxanthine-phosphoribosyl transferase (HPRT)
locus in Chinese hamster cells. However, due to the absence of toxicity levels appropriate
for negative results, these studies are considered inadequate. More recently, Besaratinia
and Pfeifer (59) have reported that acrylamide is positive for mutations at the CII
transgene in BigBlue® mouse embryonic fibroblasts (without metabolic activation). The
increase was associated with an excess of G—C transversions and A—G transitions.

o Consistently negative results for the induction of point mutations in Salmonella
typhimurium, Escherichia coli, and Klebsiella pneumoniae, with and/or without
metabolic activation (10 studies). In one E. coli study (without metabolic activation),
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acrylamide was reported to inhibit transfection; however, the significance of this finding
in terms of genotoxicity is not clear.

o Inconsistent results in ex vivo rodent hepatocyte unscheduled DNA synthesis (UDS)
assays (tests to detect DNA damage recognized by excision repair processes), with three
positive and two negative studies.

o Inconsistent results for the induction of sister chromatid exchanges (SCE), an indicator of
replication on a damaged DNA template, in Chinese hamster cells, with two positive
studies (with and without metabolic activation) and one negative study (with and without
metabolic activation). The adequacy of the negative study was questioned in the
European Review (95).

o Relatively consistent positive responses for cell transformation in BALB/3T3,
C3H/10T1/2, or NIH/3T3 cells, with and without metabolic activation (four of five
studies).

e Positive results for effects on cell division (e.g., polyploidy, spindle disturbances,
malsegregation) in Chinese hamster and human fibrosarcoma cells, in the absence of
metabolic activation.

e Negative results for DNA amplification in Chinese hamster cells, without metabolic
activation; the significance of this finding is unclear.

[The Panel noted that acrylamide was positive in both the presence and the absence of
exogenous metabolic activation and that metabolic activation did not appear to modify its
genetic toxicity. This observation suggests either that acrylamide is not metabolized in these
in vitro systems or, if it is metabolized, the primary metabolite(s) must be as reactive as is
acrylamide.]

In in vivo studies in somatic cells, acrylamide is reported to be positive for the induction of:

e Structural chromosomal aberrations in bone marrow cells (three studies with one study
reported by the author as negative, but by the EU (9) as likely positive).

e Numerical chromosomal damage (e.g., aneuploidy, polyploidy) in bone marrow cells of
mice administered acrylamide by i.p. injection (one study) and in feed for up to 3 weeks
(one study) (reported by the author as negative but by the EU (3) as likely positive).

e Micronucleated erythrocytes scored in bone marrow and blood and micronucleated
splenocytes (after mitogen stimulation) collected from mice administered acrylamide
acutely by i.p. injection or orally by gavage (8 of 9 studies) (micronuclei arise from either
structural or numerical chromosomal damage). No efforts were made by the investigators
to identify the mode of action by the majority of studies. However, in an extensive flow
cytometric analysis of micronuclei frequency and micronuclei DNA content in blood
erythrocytes of mice treated i.p. at dose levels between 1 and 30 mg/kg, acrylamide
induced a non-linear increase in the frequency of micronucleated polychromatic
erythrocytes in blood; the lowest effect level was 6 mg/kg bw. The author concluded that
the induced micronuclei were associated with structural rather than numerical
chromosomal damage (60).

¢ SCE in mitogen-stimulated splenocytes of mice treated by i.p. injection (one study).

e Mutations at the LacZ locus in bone marrow cells of MutaMice® treated five times by
1.p. injection.

e Mutations in coat color loci in a mammalian spot test (discussed below).

In contrast to these positive in vivo studies, acrylamide was reported as negative for DNA damage

in a rat liver UDS study, for chromosomal aberrations in mitogen-stimulated splenocytes
collected from treated mice, or for the induction of SCE in bone marrow cells.
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Based on these results, the EU (5) concluded that acrylamide is genotoxic in cultured mammalian
cells and in somatic cells of treated animals, with the pattern of results indicating clastogenicity or
interference with chromosomal segregation rather than the induction of point mutations. These
conclusions are consistent with those of a JIFSAN (39) panel that stated . . . acrylamide is not a
direct acting mutagen in bacterial or mammalian cell assay systems. Acrylamide does, however,
have weak clastogenic effects.” However, the adequacy of the in vitro mammalian point mutation
assays (HPRT) is questionable and the study by Besaratinia and Pfeifer (59) demonstrates the
ability of acrylamide to induce gene mutations in the CII locus. In addition, acrylamide appears
capable of inducing cell transformation in vitro. In these in vitro studies, acrylamide is genotoxic
in both the presence of and absence of metabolic activation, and the presence of exogenous
metabolic activation does not appear to modify its genotoxic activity, suggesting that acrylamide
is not metabolized to an inactive metabolite.

The findings reported for the in vivo rodent studies support the conclusions of the in vitro studies.
The most common positive observation is structural chromosomal damage and micronuclei
(representing structural and/or numerical chromosomal damage). The observation that mitogen-
stimulated cultured splenocytes collected from treated animals exhibit an increase in the
frequency of SCE and micronuclei suggests that persistent DNA lesions are induced by
acrylamide. The results obtained for the MutaMouse® study are consistent with the ability of
acrylamide to be a weak inducer of point mutations.

Neuhéauser-Klaus and Schmahl (67) performed a mammalian spot test, supported in part by the
Umweltbundesamt, Berlin. T-stock female mice were mated with HT males (two females to one
male) and the day of a vaginal plug was counted as GD 1. Females were treated with acrylamide
(analytical grade) in distilled water at 50 or 75 mg/kg i.p. once on GD 12 or daily on GD 10, 11,
and 12. Control females were injected with distilled water. Five replicate experiments were
conducted. The mouse spot test involved non-agouti black mice heterozygous at several coat
color loci. Mutations of the dominant wildtype allele at any of the heterozygous coat color loci
were detected as “spots of genetic relevance” as distinguished from coat color changes due to
pigment cell inactivation or misdifferentiation, which were characterized as not of genetic origin.
Offspring with spots of genetic relevance were counted and group comparisons made with the
control by Fisher exact test [thus taking the offspring as the statistical unit]. After a single
injection on GD 12, offspring with spots of genetic relevance were increased in both acrylamide
groups. The proportions were compared based on weaned offspring rather than offspring at birth.
These proportions in the 0, 50, and 75 mg/kg groups were 5/212 (2.4%), 14/213 (6.6%), and
13/211 (6.1%), respectively. The proportions of weaned offspring with spots of genetic relevance
were also increased after the 3-dose regimen in both acrylamide groups: 0, 50 mg/kg x 3, and 75
mg/kg x 3 proportions were 6/225 (2.7%), 26/196 (13.3%), and 21/215 (9.8%), respectively.

Strengths/Weaknesses: The authors assessed the mutagenic activity of acrylamide in the
mammalian somatic spot test, which involves in vivo treatment at the embryonic stage. Two
single acute dose exposures and two multiple dose exposures were included, as well as concurrent
controls. Spots were phenotypically distinguished as “spots of genetic relevance;” i.e., spots
expressing a homozygous recessive color consistent with mutation of the wildtype allele at one of
the seven heterozygous coat color loci screened, or spots due to cell killing or mis-differentiation.
All treatment group frequencies of genetically relevant spots were statistically higher than the
respective concurrent control values. The original frequency results are presented and allow an
independent statistical evaluation. The authors do not state clearly if there was clustering or lack
of clustering of spots in the offspring examined. The paradigm of the mammalian somatic spot
test is that spots of genetic relevance represent a somatic mutational event in the pigment-
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producing melanocytes of the treated embryo. Each offspring examined represents the treatment
of a population of melanocytes and the susceptibility status between individual pregnant females
and the embryos within each pregnant female is assumed to be similar. Thus, results were
reported for the individual offspring as the experimental unit. In the present study, the frequency
of spots is extremely low and probably not adequate to test this assumption.

Utility (Adequacy) for CERHR Evaluation Process: This study is useful for an evaluation of
the mutagenic effect of acrylamide in mammals. The mammalian spot test represents specific
locus mutations in somatic cells and is regarded as a short-term test with good predictive value
for the mouse germ-cell specific-locus test.
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Table 11. In Vitro Genetic Toxicity Studies of Acrylamide

2.0 General Toxicology and Biologic Effects

Reference Acrylamide Testing with Species or Cell Endpoint Result

Concentration Metabolic Type/Strain
Activation

Knaap et. al. (1988) as cited in: EU (35) <3,000 ug/mL Yes V79 Chinese hamster Chromosomal 1 with and without

aberrations metabolic activation

Tsuda et al. (1993) as cited in: EU (5) <355 pg/mL No V79H3 Chinese Chromosomal 1 without metabolic

hamster aberrations and activation
polyploidy

Tsuda et al. (1993) as cited in: EU (5) 71-500 pg/mL No V79H3 Chinese Mutation at HPRT <« without metabolic

hamster locus activation

Godek et al. 1982 as cited in: EU (3) 37.5-900 pg/mL Yes Chinese hamster ovary =~ Mutagenicity at Equivocal with and

HPRT locus without metabolic
activation, inadequate
test due to lack of
appropriate toxicity

Godek et al. 1984 as cited in: EU (5) <1,500 pug/mL Yes Chinese hamster ovary =~ Mutagenicity at <> with and without

HPRT locus metabolic activation,
inadequate test due to
lack of appropriate
toxicity

Knaap et al. (1988) as cited in: EU (5) 300-7,500 pg/mL Yes Mouse lymphoma Mutagenicity at 1 with and without

L5178Y TK™ thymidine kinase metabolic activation
locus

Moore et al. (1987) as cited in: EU (5) <850 pug/mL No Mouse lymphoma Mutagenicity at 1 at >500 pg/mL

L5178Y TK"" thymidine kinase without metabolic
locus activation (dose-related
increase in small
colonies, mainly small
colonies at >750
pg/mL)

Besaratinia and Pfeifer (59) 32 nM-16 mM No Big Blue mouse Mutagenicity in 1 at 3.2-320 uM; < at
[0.0023-1,137 embryonic fibroblasts CII transgene higher doses (increase
pg/mL] containing A phage CII associated with an

transgene excess of G —C
transversions and A —
G transitions)
Sorg et al. (1982) as cited in: EU (5) <500 pg/mL Yes Chinese hamster ovary ~ SCE <> with and without

metabolic activation
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Reference Acrylamide Testing with Species or Cell Endpoint Result
Concentration Metabolic Type/Strain
Activation
Knaap et. al. (1988) as cited in: EU (5) <3,000 pg/mL Yes V79 Chinese hamster SCE 1 with and without
metabolic activation
Tsuda et al. (1993) as cited in: EU (5) <213 pg/mL No V79H3 Chinese SCE 1 without metabolic
hamster activation
Naismith and Matthews (1982) as cited <100,000 pg/mL N/A Rat hepatocyte Unscheduled DNA 1 at 1-33 mg/mL (no
in: EU (%) synthesis clear dose-response)
Miller and McQueen (1986) as cited in: ~ <3,550 pg/mL N/A Rat hepatocyte Unscheduled DNA <
EU (5) synthesis
Butterworth et al. (1992) as cited in: EU <710 pg/mL N/A Rat hepatocyte Unscheduled DNA < without metabolic
®) synthesis activation
Barftnecht et al. (1987, 1988) (available ~ <2,000 pg/mL N/A Rat hepatocyte Unscheduled DNA 1
only as abstracts) as cited in: EU (3) synthesis
Miller and McQueen (1986) as cited in: 0.7-710 pg/mL N/A Rat hepatocytes Unscheduled DNA  Slight 1 in net nuclear
EU (5) synthesis (tested by  grain counts compared
autoradiography to UV alone at 710
after exposure of pg/mL
cells to ultraviolet
light);
DNA repair —for DNA repair
(centrifugation on  (tested at 710 pg/mL
cesium chloride) only)
Banerjee and Segal (1986), NS Yes BALB/3T3, Cell transformation 1 with or without
Microbiological Associates (1984, 1982, C3H/10T1/2, or metabolic activation in
1982), Tsuda et al. (1993) as cited in: EU NIH/3T3 4 of the 5 assays
(3)
Adler et al. (1993) as cited in: EU (5) <1,000 ug/mL No Chinese hamster V79 Cells with spindle 1 without metabolic
disturbances activation
Sickles et al. 1995 as cited in: EU (35) <710 pg/mL NS Human fibrosarcoma Adverse effect on 1
chromosomal
segregation and
migration
Vanhorick and Moens (1983) as cited in: <150 pg/mL NS CO60 Chinese hamster =~ DNA amplification <« (significance of

EU (5)

finding unclear)
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Reference Acrylamide Testing with Species or Cell Endpoint Result
Concentration Metabolic Type/Strain
Activation
Bull et al. (1984), Godek et al. 1982, 100-50,000 pg/plate Yes Salmonella Mutagenicity at the <> with and without
Hashimoto and Tanii (1985), Jung et al. typhimurium strains histidine operon in  metabolic activation
(1992), Knaap et al. (1988) Lijinsky and TA1535, TA1537, S. typhimurium,
Andrews (1980), Muller et al. (1993), TA98, TA100, TA102, and the tryptophan
Tsuda et al. (1993), Zeiger et al. (1987) TA1538 operon in E. coli
as cited in: EU (5)
E. Coli strain WP2 uvrA

Knaap et al. (1988) as cited in: EU (5) 100-10,000 pg/mL NS Klebsiella pneumoniae ~ Mutagenicity to >

streptomycin

resistance genes
Vasavada and Padayatty (1981) as cited <10 pg [sic; NS E. coli CR 63 Inhibited 1
in: EU (35) concentration not transfection

given]

(considered a
potential indicator
of mutagenicity)

1 Increased in response to treatment; <> No effect of treatment; NS: Not specified; N/A Non-applicable; HPRT hypoxanthine-phosphoribosyl-transferase locus; SCE

sister-chromatid exchange; TK" thymidine kinase
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Table 12. In Vivo Genetic Toxicity Studies of Acrylamide in Somatic Cells

Reference Species Acrylamide Dose Tissue or Cell Endpoint Result
(Route)
Abramsson-Zetterberg (60) Mouse 1-30 mg/kg bw (i.p.)  Peripheral blood Micronucleus 1 at >6 mg/kg bw
Adler et al. (1988) as cited in Mouse 50-125 mg/kg bw Bone marrow Micronucleus 1
EU (3) (ip.) x1
Backer et al. (1989), Cao etal. Mouse <150 mg/kg bw (i.p.), Bone marrow, Micronucleus 1
(1993), Cihak and Vontorkova single or repeated spleen, or
(1988, 1990), Knaap et al. dosing peripheral blood
(1988), Russo et al. (1994) as
cited in EU (5)
Sorg et al. (1982) as cited in: Mouse 75 mg/kg bw Bone marrow Micronucleus —(EU questioned the
EU (5) (gavage) x1 or x2 sampling times in this
study)
Cihak and Vontorkova (1988)  Mouse 100 mg/kg bw (i.p.) Bone marrow Chromosomal 1
as cited in: EU (5) x1 aberrations
Adler et al. (1988) as cited in:  Mouse 50-150 mg/kg bw Bone marrow Chromosomal 1
EU (3) (i.p.) x1 aberrations
Shiraishi (1978) as cited in: Mouse 500 ppm (~60 mg/kg ~ Bone marrow Chromosomal 1 (Based on EU
EU (5) bw/day in diet) for 1, aberrations, aneuploidy, conclusion, which is
2, or 3 weeks polyploidy, SCE in contrast to author
conclusion)
100 mg/kg bw (i.p.) Bone marrow Chromosomal 1 (Based on EU
x1 aberrations, aneuploidy, conclusion, which is
polyploidy in contrast to author
conclusion)
Backer et al. (1989) as cited in:  Mouse 50-125 mg/kg bw Spleen Chromatid aberrations,  “1” at 125 mg/kg bw
EU (5) (i.p.) x1 lymphocytes SCE (not statistically
significant)
Butterworth et al. (1992) as Rat 30-100 mg/kg bw, Liver Unscheduled DNA >
cited in: EU () single dose or synthesis
repeated x5
Hoorn et al. (1993) and Myhr ~ Transgenic 50 mg/kg (i.p.) x5 Bone marrow LacZ 1
(1991) as cited in: EU (5) mouse (assay unvalidated)

1 Statistically significant increase in response to treatment; ““1” Increase in response to treatment characterized by the authors of the report but not statistically significant.
< No effect of treatment. NS: Not specified
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2.3.2. Germ cells

2.3.2.1. Chromosome aberrations and related endpoints in male germ cells

Studies in which males were treated with acrylamide and germ cells evaluated for chromosomal
changes (or related endpoints) are summarized in Table 13.

The assumptions made by study authors include the likelihood that genetic toxicity in male germ
cells would persist with fertilization and that the resultant offspring would manifest abnormal
development. Support for this assumption was provided by dominant lethal and other studies in
which conceptuses sired by acrylamide-treated males were shown to develop abnormally, and in
some instances, to have identifiable chromosomal or genetic alterations (discussed below).
Generally, cytogenetic analysis of male germ cells has proven a reliable means of detecting germ
cell mutagens, but certain limitations should be clarified, as follow:

e The majority of (although not all) clastogenic agents are S-phase dependent inducers of
aberrations; that is, aberrations are only evident in cells undergoing DNA synthesis at or
near the time of exposure. In spermatogenesis, DNA synthesis occurs last in preleptotene
spermatocytes (about 17 days prior to meiotic division in the rat). The most active DNA
replication in the testis is reported to occur during the pre-mitotic S-phase of B-type
spermatogonia and the pre-meiotic S-phase of pre-leptotene spermatocytes.

e When mitotic metaphases are analyzed cytogenetically, the majority will be those of B-
type spermatogonia because of their short cell-cycle length relative to that of stem cell
spermatogonia. In the rat, for example, more than six cell divisions occur between
exposure and analysis at the first meiotic metaphase (when effects in stem cells are most
reliably evaluated). However, many chemically induced aberrations will be cell-lethal,
killing stem cells containing significant chromosomal deletions or asymmetrical
exchanges in their first or second division. Hence, evaluating B-type spermatogonia is not
particularly useful for assessing effects in stem cells, since the stem cells and their
descendents don’t survive long enough; in fact, it is common to see that agents positive in
B-type spermatogonia are not positive in stem spermatogonia, probably because of
chromosomal damage-related cell death.

e The observations above suggest that a significant stem cell clastogen may be associated
with a transient period of infertility related to sperm production. Acrylamide affects the
ratio of spermatid stages in mice and has well described fertility effects. Efforts to
distinguish the cause of fertilization failure in such cases are discussed in Section 4.

e Induction of aberrations in post-meiotic germ cells can only be evaluated as chromosomal
damage after pronuclear DNA synthesis, during the first cleavage metaphase in the
fertilized egg (as discussed in Section 2.3.2.3), and chemically induced aberrations in
oocytes are also best measured at this stage.

The Expert Panel had the following observations about selected papers from Table 13:

Shiraishi et al. (62), though providing extensive data, reflects some problems with the strict time
dependency of spermatogenesis. For example, the authors state that spermatocytes were evaluated
11 or 12 days after treatment, “...at which interval these cells were in S-phase and/or early
prophase of meiosis.” No S-phase occurs during meiosis; the last S-phase occurs in preleptotene
spermatocytes and all primary spermatocytes are 4N during differentiation. It is not clear, then,
how to interpret the data presented; it is possible that the authors are actually looking at effects in
spermatogonia rather than in spermatocytes. Overall, the value of this paper is further limited by
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both the grouping together of “spermatogonia” and “primary spermatocytes,” which prevents
specific assignment of sensitive stages, and the rather scanty experimental detail included.

The study by Xiao and Tates (63) in which micronuclei were measured in early spermatids
reports increases in micronuclei in spermatids derived from cells exposed as leptotene and
zygotene primary spermatocytes. The mechanism whereby acrylamide would be clastogenic in
non-S-phase stages like these is unclear; it seems more likely that the authors may have been
misled by over-reliance on exact spermatogenic kinetics; that is, that the day-15 elevations may
simply represent the most advanced-stage pre-leptotene spermatocytes that were in the final stage
of S-phase when exposed 15 days earlier. Estimates of exposed cell stage are relatively imprecise.

The work by Dobrzynska and Gajewski (64) is problematic. This study evaluated the induction of
abnormal sperm morphology, to which no strict link to genotoxic damage has been demonstrated.
It is particularly difficult to accept that abnormal sperm 1 day after exposure can in any way be
related to (a) acrylamide exposure and (b) genetic damage therefrom. Interestingly, the authors
reported negative results in bone marrow, which is at odds with most other published acrylamide
results. This paper is not considered reliable and is included in the table only for completeness.

Finally, it is of interest that chromosome aberration data indicating that spermatogonia may be the
most “sensitive” to acrylamide do not correlate well with dominant-lethal test results (Section
2.3.2.2). Embryo death in the dominant lethal test is presumed to be due to induction of major
aneuploidies or large chromosomal deletions that cause embryo death in early stages. Dominant
lethal assessments of acrylamide indicate that epididymal spermatozoa and late-stage spermatids
are the most affected stages, compared to the apparently most sensitive spermatogonia and early
spermatocytes reported in the studies in Table 13. No chromosomal aberration study reported
evaluated first cleavage metaphases in fertilized eggs, so direct comparisons are not possible.
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Table 13. Male Germ Cell Studies with Chromosome-Related Endpoints (Chronological Order)

Reference/funding Species Acrylamide dose Treated cell type Endpoint Result Comments
source (per authors)
Shiraishi (62)/Ministry ddY mouse 500 ppm (dietary) [100  Spermatogonium  Aneuploidy/polyploidy [The original
of Education of Japan® mg/kg bw/day based Treatment for 7 days ) paper does not
on 0.2 kg/kg food Treatment for 14 days 1 show statistical
factor (EPA Biological Treatment for 21 days 1 comparisons
Reference Values, Breaks clearly. The
1988)] Treatment for 7 days - results were
Treatment for 14 days 1 analyzed by
Treatment for 21 days ) CERHR using
Chromatid exchanges one-tailed Fisher
Treatment for 7 days — exact test, which is
Treatment for 14 days 1 equivalent to
Treatment for 21 days 1 using the analyzed
100 mg/kg i.p. Aneuploidy/polyploidy germ cell as the
12 h after treatment — statistical unit.
24 h after treatment > There were 3-5
11 days after treatment 1 mice per
12 days after treatment 1 treatment group.]|
Breaks
12 h after treatment o
24 h after treatment -
11 days after treatment 1
12 days after treatment 1
Chromatid exchanges
12 h after treatment -
24 h after treatment e
11 days after treatment «
12 days after treatment o
500 ppm (dietary) [100  Primary Sex-chromosome univalents
mg/kg bw/day based spermatocyte Treatment for 7 days -
on 0.2 kg/kg food Treatment for 14 days )
factor (EPA Biological Treatment for 21 days 1
Reference Values, Autosome univalents
1988)] Treatment for 7 days >
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Reference/funding
source

Species

Acrylamide dose Treated cell type

(per authors)

Endpoint

Result

Comments

50 mg/kg i.p.

100 mg/kg i.p.

Treatment for 14 days

Treatment for 21 days
Fragments

Treatment for 7 days

Treatment for 14 days

Treatment for 21 days
Rearrangements

Treatment for 7 days

Treatment for 14 days

Treatment for 21 days
Sex-chromosome univalents

11 days after treatment

12 days after treatment
Autosome univalents

11 days after treatment

12 days after treatment
Fragments

11 days after treatment

12 days after treatment
Rearrangements

11 days after treatment

12 days after treatment
Sex-chromosome univalents

11 days after treatment

12 days after treatment
Autosome univalents

11 days after treatment

12 days after treatment
Fragments

11 days after treatment

12 days after treatment
Rearrangements

11 days after treatment

12 days after treatment

— —

-- -- 17 31t 71t 171 11 117 --—

D)
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Reference/funding Species Acrylamide dose Treated cell type Endpoint Result Comments
source (per authors)
Backer et al. (65)/EPA  Mouse, 50, 100, and 125 mg/kg  Spermatogonium Percent damaged cells >
C57BL/6J  i.p. Chromatid break/fragment >
Isochromatid break/fragment -
Hyperploidy >
50, 100, and 125 mg/kg  Spermatocyte Autosomal univalents >
1.p. XY univalents —
Chromatid break/fragment —
Isochromatid break/fragment >
Hyperploidy “
Synaptonemal complex aberrations 1 by
trend
testing
Adler (66)/funding not Mouse 100 mg/kg i.p. Diplotene Autosomal and sex univalents > Chromosome
stated (102/E1 x Gaps <> aberrations
C3H/E1)F, Fragments 15.3-  evaluated in
fold diakinesis
Pachytene Autosomal and sex univalents > metaphase [; 5-6
Gaps > males/group, 100
Fragments 14-  cells/male. Chi-
fold  square statistic
Zygotene Autosomal and sex univalents > used, according to
Gaps “ table legend,
Fragments 17.3-  although mean +
fold  SEM is shown.
Leptotene Autosomal and sex univalents “
Gaps -
Fragments -
Preleptotene Autosomal and sex univalents >
Gaps -
Fragments 14-
fold
Autosomal and sex univalents —
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Reference/funding Species Acrylamide dose Treated cell type Endpoint Result Comments
source (per authors)
Differentiating  Gaps o
spermatogonium  Fragments «
Collins et al. (67)/US ~ Mouse, Experiment 1:
EPA C57BL/6J 50 mg/kg i.p. Leptotene- Spermatid micronuclei (MN) 1 One-tailed trend
zygotene Kinetochore positive spermatid MN 1 test used for
100 mg/kg i.p. Spermatid MN 1 analysis
Kinetochore positive spermatid MN 1
Experiment 2:
10 mg/kg i.p. Spermatid MN o
Kinetochore positive spermatid MN —
50 mg/kg i.p. Spermatid MN 1
Kinetochore positive spermatid MN 1
100 mg/kg i.p. Spermatid MN )
Kinetochore positive spermatid MN 1
10 mg/kg i.p. Diakinesis- Spermatid MN >
metaphase | Kinetochore positive spermatid MN “
50 mg/kg i.p. Spermatid MN o
Kinetochore positive spermatid MN 1
100 mg/kg i.p. Spermatid MN 1
Kinetochore positive spermatid MN —
Russo et al. (68)/EEC ~ Mouse, 50 mg/kg, i.p. Golgi phase Spermatid micronuclei > Sampling regimen
BALB/c spermatids, 2 ensured cells were
days after in meiotic (2 days)
treatment or in last pre-
Golgi phase — meiotic S phase (14
spermatids, #14 and 16 days). G-
days after test, based on the
treatment same general
Golgi phase “ assumptions as of
spermatids, #16 chi-square test,
days after used for statistical
treatment analyses
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Reference/funding
source

Species

Acrylamide dose

Treated cell type

(per authors)

Endpoint

Result Comments

100 mg/kg, i.p.

50 mg/kg, i.p. x4

50 mg/kg, i.p.

100 mg/kg, i.p.

Golgi phase
spermatids, 2
days after
treatment

Golgi phase
spermatids, #14
days after
treatment
Golgi phase
spermatids, 16
days after
treatment
Golgi phase
spermatids, 16
days after first
treatment

Cap phase
spermatids, 2
days after
treatment

Cap phase
spermatids, 14
days after
treatment

Cap phase
spermatids, 16
days after
treatment

Cap phase
spermatids, 2
days after
treatment

Spermatid micronuclei

Spermatid micronuclei

Spermatid micronuclei

Spermatid micronuclei
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Reference/funding Species Acrylamide dose Treated cell type Endpoint Result Comments
source (per authors)
Cap phase “
spermatids, 14
days after
treatment
Cap phase 1
spermatids, 16
days after
treatment
50 mg/kg, i.p.x4 Cap phase Spermatid micronuclei 1
spermatids, 16
days after first
treatment
50 mg/kg, i.p. Spermatogonia SCE i
100 mg/kg i.p. 1
Xiao & Tates® Rat, Lewis 50 mg/kg i.p. Pre-leptotene Spermatid micronuclei > One way ANOVA
(63)/EEC 100 mg/kg i.p. spermatocyte 1 was used, taking
50 mg/kg bw/day i.p. 1 the treated male as
x4 the statistical unit
50 mg/kg i.p. Leptotene- Spermatid micronuclei >
100 mg/kg i.p. zygotene )
50 mg/kg bw/day i.p. spermatocyte 1
x4
50 mg/kg i.p. Diplotene- Spermatid micronuclei o
100 mg/kg i.p. diakinesis/ >
50 mg/kg bw/day i.p. pachytene >
x4 spermatocyte
Pre-leptotene The treated male
Léahdetie et al. Rat, 50 mg/kg i.p. spermatocyte, Spermatid micronuclei > was the statistical
(69)/Commission of Sprague- 100 mg/kg i.p. intermediate & “ unit.
European Dawley 50 mg/kg bw/day i.p. type B 1
Communities x4 spermatogonium
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Reference/funding Species Acrylamide dose Treated cell type Endpoint Result Comments
source (per authors)
Leptotene- Spermatid micronuclei >
50 mg/kg i.p. zygotene
100 mg/kg i.p. spermatocyte -
50 mg/kg bw/day i.p. N
x4
50 mg/kg i.p. Diplotene- Spermatid micronuclei >
100 mg/kg i.p. diakinesis/pachyt «
50 mg/kg bw/day i.p. ene spermatocyte “
x4
5 ug/mL in vitro Diplotene- Spermatid micronuclei o
10 pg/ml in vitro diakinesis/pachyt VI
50 pug/mL in vitro ene spermatocyte -
Gassner & Adler Mouse, 120 mg/kg i.p. Spermatogonia  Meiotic delay 1 Postulated
(70)/Commission of (102/E1 x Hypoploidy ) chromosome loss in
European C3H/E1)F, Hyperploidy > micronuclei.
Communities
Bjerge et al. (71) Rat, Wistar 100 uM in vitro Mixed testicular ~ Single-strand DNA breaks >
300 uM in vitro cells >
1000 uM in vitro -
Human 30 uM in vitro Mixed testicular ~ Single-strand DNA breaks >
100 uM in vitro cells >
300 uM in vitro >
1,000 uM in vitro )
Schmid et al. (72)/EU ~ Mouse, 60 mg/kg i.p. Spermatogonia  3-color FISH (X,Y,8) Diploidy “
(102/E1 x Disomy “
C3H/E1F; 120 mg/kg i.p. Diploidy >
Disomy >
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Gassner & Adler, (73) Mouse, 80 mg/kg i.p. 24 h later Immuno-  Spindle abnormalities > Different staining
(102/E1 x fluores- Misplaced chromatin < methods on cells
C3H/E1)F, 120 mg/kg 6 h later cent Spindle abnormalities ) from the same
staining Misplaced chromatin > animals gave
24 h later Spindle abnormalities 1 different results.
Misplaced chromatin - Analysis appears to
80 mg/kg i.p. 24 h later Differen-  Spindle abnormalities > have been per cell
tial Misplaced chromatin 1 (chi square)
120 mg/kg 6 h later staining Spindle abnormalities < without regard to
Misplaced chromatin 1 treated male of
24 h later Spindle abnormalities 1 origin.
Misplaced chromatin 1
Dobrzynska & Mouse, 75 mg/kg i.p. 1 day later Mouse sperm morphology test 1 The mouse sperm
Gajewski (64)* Pzh:Sfis 7 days later (percent abnormal morphology) 1 morphology test
14 days later — assumes
21 days later 1 morphologic
28 days later 1 abnormalities are
35 days later “ associated with
42 days later 1 genetic damage.

1 Statistically significant increase compared to control. «» No significant difference from control. *See comments in text.
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2.3.2.2. Dominant lethality

Dominant lethal testing in male rodents has been performed with acrylamide exposures in drinking water,
by gavage, by i.p. injection, and by dermal application. Studies are summarized in Table 14. The
traditional dominant lethal endpoint is the proportional deficit of live fetuses from females mated with
treated compared to control males, expressed as a percent of the number of live implants in the control
females. The assumption is that the deficit in live fetuses represents pre- and postimplantation embryos
that died due to the production of lethal genotoxicity. Some studies use pre- and postimplantation loss as
endpoints that together are comparable to percent-dominant lethals. Pre-implantation loss is calculated in
rats based on the assumption that all corpora lutea give rise to fertilized oocytes and pre-implantation loss
is calculated as the difference between number of identified implants in the uterus and number of corpora
lutea in the ovary, expressed as a percentage of the number of corpora lutea. In mice, pre-implantation
loss is calculated as the difference in implantation sites between control and treated groups.
Postimplantation loss is the difference between the number of live fetuses and the number of
implantations, expressed as a percentage of implantations. Fertilization failure is not detectable by any of
these methods and will appear as dominant lethality or as pre-implantation loss. In the usual presentation
of data, percent-dominant lethality is expressed for each treatment group without statistical analysis.
Values are not presented for the control group when, by definition, the control percent is zero. Pre- and
postimplantation loss data are presented for all groups, including the control, and are usually analyzed
statistically using the female as the statistical unit. When mating has occurred by cohabiting one male
with one female for a given time period, per-female analysis is equivalent to using the male (the treated
animal) as the statistical unit. When multiple females are mated to each treated male, the use of the female
as the statistical unit may not permit statistical consideration of the treated animal. [In general, the
treated animal (male or female) should be considered the statistical unit for maximum precision. In
the event that multiple females are mated with a single treated male, group means may be
employed to derive data appropriate for parametric analysis. In cases where a single female is
mated to each male during each time period, the female, for practical purposes, may be considered
the statistical unit without affecting the precision of the analysis. Additional statistical
considerations might include the use of clustering analysis to achieve desirable distribution and
variance characteristics to enable the use of parametric testing procedures with attendant greater
discrimination. In this process, pregnant females (assuming a single male:female breeding design)
are randomly assembled into groups of four or five to achieve approximate normal distributions
and homogeneous variances for each clustered variable. Some Expert Panel members believe that
these statistical considerations are less important for dominant-lethal studies in which there are
uniformity of affected females and a strong treatment effect.]

Based on the time after treatment that the male is mated, the germ cell type that is sensitive to acrylamide-
induced toxicity can be elucidated. The studies involving treatment of male rats and mice with acrylamide
show significant increases in pre- and postimplantation loss and in percent-dominant lethals when
epididymal spermatozoa and late spermatids are exposed. Lowest effective doses (based on cumulative
acrylamide by the time of mating) in rats were 30 ppm in drinking water (about 200 mg/kg cumulative
dose by the time of mating (74)) and 15 mg/kg bw/day by gavage (75 mg/kg cumulative dose by the time
of mating (75)). In mice, the lowest effective i.p. dose was 75 mg/kg (76) [based on CERHR chi-square
using live and dead implants with mating 5-8 days after treatment]. The lowest effective dermal dose
in mice was 25 mg/kg/day (125 mg cumulative dose by the time of mating (77)). The lowest effective
dose in drinking water in mice was 6.78 mg/kg bw/day for 20 weeks (cumulative dose 949 mg/kg (78)).
[This figure was calculated by CERHR from the NTP final report (RACB90022) based on mean
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week-16 water consumption of 226 g/kg bw/day with an acrylamide concentration of 30 ppm (Table
2-7 of the report).]

[The dominant lethal data provide firm ir vivo post-metabolic evidence of genotoxicity in mammals.
Acrylamide was effective via all routes in all species, at comparable doses. Stage effect was
consistent. The dominant lethal test is a low-tech alternative to more costly and resource-intensive
tests for mutagenic potential. Properly interpreted, the dominant lethal test can be an effective, if
gross, predictor of genotoxic effect. For example, the dominant lethal test does not effectively assess
damage in spermatogonial stem cells, arguably the cell stage of most interest, since the degree of
chemically induced damage is generally so great as to be lethal. Pre-implantation loss, confounded
as it is by potential effects on fertilization, can still be a valuable component of the test, since the
most potent mutagens may induce only pre-implantation loss. When assessed in conjunction with
assessment of mating rate and methods for the direct quantification of fertilization rate (e.g.,
oviductal or uterine flushing and embryo culture), the dominant lethal test provides an important
component for the overall risk analysis. Studies that include long-term exposure and short-term
mating are less useful in determining mechanism of effect, but are useful in predicting genotoxic
potential. At the same time, caution is necessary in assigning stage-specific effects based on the
kinetics of spermatogenesis, given that some chemical agents (including, perhaps, acrylamide) may
alter the kinetics of spermatogenesis. An exception may be the use of flow cytometry-based
approaches to assess ploidy. In the case of acrylamide, the dominant lethal studies most likely
indicate an effect on the ability of epididymal spermatozoa and spermatids to fertilize an oocyte,
along with potential pre- and postimplantation genetic effects. The anti-fertilization effect may well
be due to non-genetic actions. Since the dose needed to elicit the anti-fertilization effects is generally
higher than that needed to elicit the post-implantation genetic effects, the anti-fertilization effects
are of limited utility for predicting human risk.]

It has been proposed (discussed more fully in Section 2.3.2.6) that the dominant lethal effects of
acrylamide are due to metabolism to glycidamide. Adler et al. (79) tested this hypothesis by inhibiting
metabolism of acrylamide to glycidamide with 1-aminobenzotriazole. Dominant lethals were decreased 2
weeks after treatment. During the first week after treatment, however, 1-aminobenzotriazole did not
decrease the dominant lethal effect of acrylamide, suggesting either that acrylamide itself has dominant
lethal effects or that 1-aminobenzotriazole requires more than 1 week to completely prevent metabolism
to glycidamide.

Strengths/Weaknesses: This study demonstrates an attempt to link acrylamide to the demonstrated
mutagenicity of glycidamide; however, this study has several weaknesses. There was a lack of a good
explanation of the delay before effect and, as the authors note, there is a decrease in the rate of dominant
lethals in their study compared to other studies in mice (they suggest that possible differences in mouse
colonies might explain the difference). The modest increase of dominant lethals with acrylamide,
therefore, would make any antagonistic effect of 1-aminobenzotriazole less dramatic, weakening the
statistical power of the study to show an effect. Another weakness includes the interpretation of the effect
of 1-aminobenzotriazole on P450 metabolism, which in this study is made difficult by failure to
demonstrate a reduction of the acrylamide-metabolizing P450 isoenzyme in either the liver or the testes.
Again, the acrylamide and 1-aminobenzotriazole + acrylamide groups had significantly depressed
fertilization rates the first 4-7 days after mating, which represents another weakness. A spermiogram
(without statistical analysis) indicated that 1-aminobenzotriazole was also spermatotoxic, and did not
effectively antagonize the spermatotoxic effect of acrylamide treatment. Given the lack of data about the
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efficacy of 1-aminobenzotriazole in inhibiting/destroying P450 in this study, the modest decrease in
dominant lethality when acrylamide and 1-aminobenzotriazole were given together is insufficient
evidence to support a role for P450 or glycidamide in the mechanism of toxicity of acrylamide; however,
a non-genotoxic action of acrylamide directly on sperm fertilization ability is indicated; this represents
another weakness for CERHR use. Finally, no effort was made to assess possible alterations in libido
from fertility or genotoxicity effects and it seems unlikely that the minor differences in “fast” sperm
frequency between the acrylamide group and the acrylamide + 1-aminobenzotriazole group could explain
the differences in pregnancy rates between these two groups.

Utility (Adequacy) for CERHR Evaluation Process: This paper provides confirmatory data that
acrylamide induces dominant lethal mutations in mice. The metabolic inhibitor work, while interesting, is
not compelling given the lack of direct confirmatory evidence that 1-aminobenzotriazole is actually
affecting acrylamide metabolism and the inconsistency in effect on dominant lethals. The sperm quality
studies are a nice addition, but, again, the effect of 1-aminobenzotriazole is somewhat unclear. Overall,
the paper does not provide compelling evidence for the effect of 1-aminobenzotriazole treatment.
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Table 14. Dominant Lethal Studies (Chronological Order)

Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
Shelby et al., (§0)/ Mouse: 125 mg/kg i.p., 0.5-3.5 days Sperm % Dominant lethals® 49 Strain of
NTP and DOE (C3H x 101)F;  single dose 4.5-7.5 days 52 female
males; females 8.5-11.5 days Spermatids 30 influenced
were T-stock or 12.5-15.5 days 15 dominant lethal
(SEC % 16.5-19.5 days 1 results.
C57BL)F, 20.5-23.5 days Spermatocytes 5
hybrid (figures 24.5-27.5 days -
in table are for 28.5-31.5 days 12
T-stock 32.5-35.5 days 1
females) 36.5-39.5days  Spermatogonia 1
40.5-43.5 days -
44.5-45.5 days -
Smith et al., (74)/ Long-Evansrat 15 ppm water = Drinking water All germ cell Pre-implantation loss” > Dose =
EPA 112.6 £ 7.4 mg/kg  exposure for 80 types would Postimplantation loss® > cumulative
30 ppm in water = days prior to have been Pre-implantation loss “ dose in
204.2 +£22.5 mg/kg mating exposed Postimplantation loss 12.3-fold  drinking water
60 ppm in water = Pre-implantation loss 12.4-fold at time of
432.2 +24.4 mg/kg Postimplantation loss 16.4-fold mating, mean +
SEM.
Statistical unit
= the male
Zenick et al., (81)/ Long-Evansrat 100 ppm in water = Drinking water All germ cell Postimplantation loss 14-fold  Statistical unit
EPA 544 mg/kg exposure for 10 types would = the male.
cumulative dose weeks prior to have been
mating exposed
Working et al. Fischer 344 rat 30 mg/kg bw/day 1 week Sperm Pre-implantation loss 14.6-fold  Statistical unit
(82)/ by gavage x 5 days Postimplantation loss 14-fold  =the female.
CIIT % Dominant lethal 36.0
2 weeks Pre-implantation loss 16.3-fold
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Reference/
funding

Species

Endpoint

Result

Comments

Shelby et al. (83)/
NIEHS + DOE

Sublet et al., (75)/
EPA

Mouse: Males
(C3H x 101)F,,
female (SEC x
C57BL)F,

Long-Evans rat

Acrylamide Dose Treatment— Germ Cell
fertilization Affected
3 weeks Spermatids
4 weeks
5 weeks Spermatocytes
6 weeks
7 weeks Spermatogonia
8 weeks
9 weeks
10 weeks
40 mg/kg bw/day 7-10 days Sperm and
L.p. x 5 days spermatids
5 mg/kg bw/day by 1 week Sperm

gavage x 5 days

Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal
Pre-implantation loss
Postimplantation loss
% Dominant lethal

% Dominant lethals

Pre-implantation loss
Postimplantation loss

110-fold
60.7
13.8-fold
14.4-fold
49.1
12.4-fold
<«
20.6
<>

<>

<«

113

73

Statistical unit
= the female
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Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
2 weeks Pre-implantation loss -
Postimplantation loss >
3 weeks Spermatids Pre-implantation loss >
Postimplantation loss >
4 weeks Pre-implantation loss >
Postimplantation loss >
15 mg/kg bw/day 1 week Sperm Pre-implantation loss 13.8-fold
by gavage x 5 days Postimplantation loss “
2 weeks Pre-implantation loss >
Postimplantation loss 12.7-fold
3 weeks Spermatids Pre-implantation loss “
Postimplantation loss 12.3-fold
4 weeks Pre-implantation loss >
Postimplantation loss —
30 mg/kg bw/day 1 week Sperm Pre-implantation loss 15-fold
by gavage x 5 days Postimplantation loss —
2 weeks Pre-implantation loss “
Postimplantation loss 14.5-fold
3 weeks Spermatids Pre-implantation loss >
Postimplantation loss 15.2-fold
4 weeks Pre-implantation loss “
Postimplantation loss >
7 weeks Spermatogonia  Pre-implantation loss >
Postimplantation loss >
10 weeks Pre-implantation loss —
Postimplantation loss >
45 mg/kg bw/day 1 week Sperm Pre-implantation loss 14.4-fold
by gavage x 5 days Postimplantation loss —
2 weeks Pre-implantation loss 12.9-fold
Postimplantation loss ~ 110.7-fold
3 weeks Spermatids Pre-implantation loss 15.2-fold
Postimplantation loss 18.2-fold
4 weeks Pre-implantation loss >
Postimplantation loss >
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Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
7 weeks Spermatogonia  Pre-implantation loss >
Postimplantation loss >
10 weeks Pre-implantation loss >
Postimplantation loss >
60 mg/kg bw/day 1 week Sperm Pre-implantation loss 15-fold
by gavage x 5 days Postimplantation loss >
2 weeks Pre-implantation loss 16.4-fold
Postimplantation loss ~ 113.7-fold
3 weeks Spermatids Pre-implantation loss 18.6-fold
Postimplantation loss 17.4-fold
4 weeks Pre-implantation loss 17.5-fold
Postimplantation loss 13.4-fold
7 weeks Spermatogonia  Pre-implantation loss >
Postimplantation loss >
10 weeks Pre-implantation loss >
Postimplantation loss >
Dobrzynska et al.  Mouse, 75 mg/kg 1.p. 1 week Sperm % Dominant lethals 0.73
(84)/ Pzh:SFISS 2 weeks 9.44
National Institute  outbred 3 weeks Spermatids Negative
of Hygiene 4 weeks 0.20
(Poland) 5 weeks Spermatocytes 6.68
6 weeks Negative
7 weeks spermatogonia negative
125 mg/kg i.p. 1 week Sperm % Dominant lethals 23.76
2 weeks 22.48
3 weeks Spermatids 3.59
4 weeks 5.44
5 weeks Spermatocytes negative
6 weeks 4.22
7 weeks Spermatogonia negative
75 mg/kg i.p. + x- 1 week Sperm % Dominant lethals negative
ray 0.25 Gy 2 weeks 13.49
3 weeks Spermatids negative
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Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
4 weeks negative
5 weeks Spermatocytes negative
6 weeks negative
7 weeks Spermatogonia negative
125 mg/kg i.p. + x 1 week Sperm % Dominant lethals 43.78
ray 1.00 Gy 2 weeks 43.45
3 weeks Spermatids 29.71
4 weeks 17.61
5 weeks Spermatocytes 22.24
6 weeks 27.70
7 weeks Spermatogonia 22.59
Ehling and Mouse: (102/E1 50 mg/kg i.p. 1-4 days Sperm % Dominant lethals 4.4 Dominant
Neuhduser-Klaus  x C3H/E1)F, 5-8 days 3.6 lethal testing
(76)/ males mated to 9-12 days Spermatids 5.2 performed in
Commission of test stock 13-16 days 5.2 conjunction
the European females 17-20 days 4.5 with specific
Communities 21-24 days Spermatocytes negative  locus
75 mg/kg 1.p. 1-4 days Sperm % Dominant lethals 9.6 mutation
5-8 days 8.3 testing.
9-12 days Spermatids negative
13-16 days 4.5
17-20 days 0.5
21-24 days Spermatocytes 4.6
100 mg/kg i.p. 1-4 days Sperm % Dominant lethals 18.7
5-8 days 14.1
9-12 days Spermatids 12.3
13-16 days 7.6
17-20 days 59
21-24 days Spermatocytes 1.5
125 mg/kg i.p. 1-4 days Sperm % Dominant lethals 40.5
5-8 days 28.7
9-12 days Spermatids 30.3
13—16 days 6.5
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Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
17-20 days negative
21-24 days Spermatocytes 1.1
25-28 days negative
29-32 days 1.0
33-36 days 6.0
37-40 days spermatogonia negative
41-44 days 4.9
45-48 days 0.2
Gutierrez- Mouse: 25 mg/kg bw/day 7-8 days Sperm % Dominant lethals 10
Espeleta et al. (C3H/RI % dermal x 5 days 9-10 days Spermatids negative
(77) 101/R1)F, 50 mg/kg bw/day 7-8 days Sperm 25
males and dermal x 5 days 9-10 days Spermatids 4
(C3H/RI % 75 mg/kg bw/day 7-8 days Sperm 70
C57BDF, dermal x 5 days 9-10 days Spermatids 38
females 100 mg/kg bw/day 7-8 days Sperm 83
dermal x 5 days 9-10 days Spermatids 49
125 mg/kg bw/day 7-8 days Sperm 91
dermal x 5 days 9-10 days Spermatids 77
NTP (78) Mouse, CD-1 3 ppm in water = 20 weeks all germ cell Early resorptions Significant Daily dose
Swiss 0.72 mg/kg bw/day stages would trend calculated
have been across from table of
exposed doses water intake at
Late resorptions - week 16 or
Dead fetuses > 20-week
Significant dosing period.
Total postimplantation trend
death across all
doses
10 ppm in water = Early resorptions Significant
2.2 mg/kg bw/day trend
across all
doses
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Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
Late resorptions o
Dead fetuses >
Total postimplantation  Significant
death trend
across all
doses
Early resorptions 12-fold
30 ppm in water = Late resorptions >
6.78 mg/kg/day Dead fetuses >
Total postimplantation 12-fold
death
Nagao Mouse, ICR 62.5 mg/kg i.p. 1-21 days Post-meiotic Implants/female o % early death
(85)/funding not 125 mg/kg i.p. “ (fetuses <6
indicated 50 mg/kg/d i.p. x 5 115% mm long)
62.5 mg/kg i.p. 64-80 days Spermatogonial Implants/female > reportedly
125 mg/kg i.p. stem cells > increased
50 mg/kg/d i.p. x 5 > when post-
meiotic cells
treated with
125 or 5 x 50
mg/kg,
expressed per
pregnant
female
Holland et al. Mouse: 50 mg/kg i.p. X 5 1-2 weeks Sperm and Pre-implantation loss 72.1% Statistical
(86)/ C57B1/6J males  days spermatids Postimplantation loss 12.7% comparison to
NIEHS and C3H/J 3—4 weeks Spermatids and  Pre-implantation loss 41.3% control not
females spermatocytes Postimplantation loss 8.2% given;
5 weeks Spermatocytes Pre-implantation loss 18.5% difference
Postimplantation loss 10.1% implied at all

time points.
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Reference/ Species Acrylamide Dose Treatment— Germ Cell Endpoint Result Comments
funding fertilization Affected
Adler et al. (79)/  Mouse, (102/E1 Exp Exp ABT=3 x50
funding source x C3H/E1)F, ) 1 2 mg/kg
not indicated males and 125 mg/kg i.p. Week 1 Sperm 195495 ]
females 125 mg/kg + ABT 126 500 4 minobenzo-

125 mg/kg Week 2 Spermatids 336 216 Looole to

125 mg/kg + ABT 4.7 3.0 inhibit

125 mg/kg Week 3 80 294 etabolism to

125 mg/kg + ABT -4.1 15.8 glycidamide

125 mg/kg Week 4 Spermatocytes 3.6 11.2

125 mg/kg + ABT 2.3 1.0
Tyl (87)/ Rat, Fischer 344 0.5 mg/kg bw/day 2 days after a 64-  All germ cell Implantations/dam > Part of a
Acrylamide in drinking water day treatment stages would Live implants/litter “ multigeneratio
Producers have been Postimplantation loss 1 40%  nal study;
Association 2.0 mg/kg bw/day exposed Implantations/dam VN presented also

in drinking water Live implants/litter A in Table 32.

Postimplantation loss >
5.0 mg/kg bw/day Implantations/dam | 14%
in drinking water Live implants/litter 1 20%
Postimplantation loss 12.3-
fold

*Dominant lethals = [1—(live fetuses in treated)/(live fetuses in control)] x 100
"Pre-implantation loss = {[(number of corpora lutea) — (number of implants)]/number of corpora lutea]} x 100
“Postimplantation loss = {[(number of implants) — (number of fetuses)]/number of implants]} x 100

1,] Statistically significant increase, decrease compared to vehicle-treated control. <> No significant difference from vehicle treated control. For %
dominant lethal, actual numbers are given without statistical analysis. For Holland study, % given in place of statistical results due to lack of
presentation of statistical analysis.
Dash appears in table when original table contained a dash with no explanation.
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2.3.2.3. Chromosome aberrations in conceptuses after treatment of the male

Pacchierotti et al. (88), in a study supported by the Commission of the European Community,
administered acrylamide [purity not given] in Hanks’ balanced salt solution (HBSS) i.p. to male
B6C3F; mice at single acute doses of 0, 75, or 125 mg/kg or 5 divided daily doses adding to 250
mg/kg (5%50 mg/kg bw/day). All males were mated 7 days after the last treatment to untreated
females and the 125-mg/kg treated males were also mated 28 days after treatment. Females were
superovulated with pregnant mare’s serum followed by hCG. Plug-positive females were given
colchicine 26 h after the hCG and were killed 5 h later. Zygotes were flushed from the oviducts
and treated with hyaluronidase to remove cumulus cells and to partially digest the zona pellucida.
Fixed cells were air-dried and C-banded. First cleavage metaphases were evaluated if they
contained at least 35 chromosomes (2n=40). At least 100 metaphases were evaluated per dose
group [they were apparently pooled within dose group without regard to sire or dam] except
in the 5x50-mg/kg dose group for which 55 zygotes were analyzed. Proportions of abnormal
metaphases were evaluated by chi-square. The proportion of zygotes with chromosome
aberrations increased in a dose-related fashion. With mating 7 days after treatment in the 0-, 75-,
125-, and the 5x50-mg/kg groups, the percent of zygotes with aberrations was, respectively, 0.8,
7.6, 26.3, and 85.4. Most of the aberrations were fragments and dicentrics, with much lower
proportions of rings and translocations. Chromatid breaks and exchanges were also unusual 