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Abstract 

Acrylamide forms in many commonly consumed foods. In animals, acrylamide causes tumors, 

neurotoxicity, developmental and reproductive effects. Acrylamide crosses the placenta and has 

been associated with restriction of intrauterine growth and certain cancers. The impact on human 

health is poorly understood and it is impossible to say what level of dietary exposure to acrylamide 

can be deemed safe as the assessment of exposure is uncertain. The determination of hemoglobin 

(Hb) adducts from acrylamide is increasingly being used to improve the exposure assessment of 

acrylamide. We aim to outline the literature on Hb adduct levels from acrylamide in humans and 

discuss methodological issues and research gaps. A total of 86 studies of 27,966 individuals from 

19 countries were reviewed. Adduct levels were highest in occupationally exposed individuals and 

smokers. Levels ranged widely from 3 to 210 pmol/g Hb in non-smokers and this wide range 

suggests that dietary exposure to acrylamide varies largely. Non-smokers from the US and Canada 

had slightly higher levels as compared with non-smokers from elsewhere, but differences within 

studies were larger than between studies. Large studies with exposure assessment of acrylamide and 

related adduct forming compounds from diet during early-life are encouraged for the evaluation of 

health effects. 
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Highlights  

 We reviewed 86 studies on Hb adducts from acrylamide measured in 27,966 humans from 

19 countries  

 Adduct levels were highest in occupationally exposed individuals and smokers 

 The adduct levels were on average three-fold higher in smokers as compared to non-

smokers 

 The wide adduct range in non-smokers suggests that dietary acrylamide exposure can be 

reduced  

 Studies on health effects of early-life exposure to acrylamide and related exposures are 

needed 

 

Keywords: Acrylamide, hemoglobin adducts, biomarker, diet, exposure.   

Abbreviations:  

AA: acrylamide 

APCI: atmospheric pressure chemical ionization 

AUC: area under curve 

BMI: body mass index 

Bw: body weight 

CMHS: Canadian Health Measures Survey 

CYP2E1: cytochrome P450 2E1 

ECNI: electron capture negative ionization  

EFSA: European Food Safety Authority 

EH: epoxide hydrolase  

EPA: US Environmental Protection Agency 
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EPIC: European Prospective Investigation into Cancer and Nutrition 

Er: erythrocytes 

ESI: electrospray ionization 

ETS: Environmental tobacco smoke 

FDA: Food and Drug Administration 

FITC: fluorescein isothiocyanate 

FTH: fluorescein thiohydantoin  

GA: glycidamide  

GC: gas chromatography 

GST: glutathione transferase 

Gua: guanine 

Hb: hemoglobin 

IARC: International Agency for Research on Cancer 

LC: liquid chromatography 

LLE: liquid-liquid extraction  

MDC: Malmö Diet and Cancer 

MS: mass spectrometry 

MS/MS: tandem mass spectrometry 

NHANES: US National Health and Nutrition Examination Survey 

NTP: US National Toxicology Program 

PFPITC: pentafluorophenyl isothiocyanate  

PFPTH: pentafluorophenylthiohydantoin  

PITC: phenyl isothiocyanate 

PTH: phenylthiohydantoin  
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RBC: red blood cells 

SPE: solid phase extraction 

Ss: steady state 

Val: valine  
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1. Introduction 

A wide variety of commonly consumed carbohydrate containing foods and beverages such as fried 

potatoes, potato chips, biscuits, breakfast cereals, and coffee contain acrylamide as a result of 

frying, baking or roasting at high temperatures (Tareke et al. 2002; EFSA, 2015). Analyses of food 

show that the concentrations of acrylamide vary greatly even within similar foods and beverages 

(EFSA, 2015). Acrylamide is formed in food primarily through the Maillard reaction between 

reducing sugars and asparagine (Mottram et al. 2002), and the formation in food depends on the 

composition of the food, the cooking methods, the temperature (clear increase >120°C) and the 

duration of cooking, the moisture and pH as well as the storage conditions. Following the discovery 

that acrylamide is ubiquitous in food, food is being monitored and the dietary intake of acrylamide 

has been estimated in populations from 26 different countries (Timmermann et al. 2021). The 

estimated median dietary acrylamide intake ranged from 0.02 to 1.53 μg/kg body weight (bw)/day 

between studies from calculations based on acrylamide food monitoring data and individual food 

intake data (Timmermann et al. 2021). The estimated dietary intake of acrylamide varies across 

populations and across different ages. For instance, it has generally been estimated that children 

consume 2-3 times more acrylamide per kg bw as compared to adults (Timmermann et al. 2021).  

Tobacco smoking and exposure to secondhand smoke are also sources of exposure to 

acrylamide for the general population with acrylamide ranging from 1.1 to 2.34 g/cigarette for 

filtered mainstream smoke (Smith et al. 2000). Other potential sources are related to the use of 

polyacrylamide polymers in several applications such as in food packaging material and for 

clarifying drinking water (EFSA, 2015). Finally, acrylamide is a chemical with many industrial and 

laboratory uses which could lead to occupational exposure to acrylamide in certain jobs (IARC, 

1994). However, diet is now considered as the major source of exposure to acrylamide in the 

general population (EFSA, 2015). 
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After ingestion, acrylamide reaches the systemic blood circulation and is widely distributed 

to different organs (Calleman, 1996; EFSA, 2015). Acrylamide is detoxified via the mercapturic 

acid pathway and also partly metabolized to the more reactive epoxide glycidamide (Calleman et al. 

1990) by cytochrome P450 2E1 enzyme (Sumner et al. 1999) (Fig. 1). The in vivo half-life of free 

acrylamide in humans has been estimated to a few hours from analysis of urine samples (Fennell et 

al. 2005; Fuhr et al. 2006). Glycidamide is detoxified by the mercapturic acid pathway, and 

hydrolysis with epoxide hydrolase (Duale et al. 2009). Determination of metabolites in urine after 

acrylamide intake (1 mg in one person) has shown that the major metabolite is the mercapturic acid 

of acrylamide (ca 50 % of the ingested amount) and that the glycidamide metabolites constitute a 

bit more than 10%, of which half is the mercapturic acid metabolites and half is the hydrolysis 

product of glycidamide (Hartmann et al. 2011).  

  

Fig 1. Metabolism of acrylamide to glycidamide via oxidation, formation of hemoglobin/DNA adducts, and 

detoxification pathways. 

Both acrylamide and glycidamide are electrophilic and bind covalently to proteins like hemoglobin 

(Hb) and DNA (IARC, 1994; Friedman, 2003; Törnqvist et al. 2006). The reactivity towards DNA 

is though very low for acrylamide (Solomon et al. 1985), and only adducts to DNA from 
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glycidamide are observed in vivo (Segerbäck et al. 1995). The adducts formed with Hb (Fig. 1) have 

been used as biomarkers of the internal dose, reflecting the amount of acrylamide that has entered 

the human bodies over the lifespan of erythrocytes, which is the preceding four months (Törnqvist 

et al. 2006, 2002). These adducts can also be considered as biomarkers of effect since acrylamide 

and glycidamide can react with larger molecules such as functional and essential proteins or DNA. 

Opposite to DNA adducts, Hb adducts from acrylamide and other electrophilic compounds or 

metabolites, are not repaired. Therefore, estimation of the accumulated internal dose and the 

exposure from such electrophilic, short-lived compounds and metabolites is easier through 

measurement of Hb adducts than of DNA adducts. Red blood cells may also be easier to obtain in 

large samples than white blood cells, which are required to obtain DNA. One milliliter of human 

adult blood contains approximately 150 mg Hb in red blood cells and 101 – 102 µg DNA in white 

blood cells. Separation and storage of red blood cells for analyses of Hb adducts from acrylamide 

are simpler than what is required for DNA and do not require immediate processing or storage at -

80C. Hb has a well-defined lifespan, which is longer than that of white blood cells, which vary in 

composition and lifespan. Detection of urinary metabolites and DNA adducts of acrylamide might 

be advantageous in studies of short-term interventions, while Hb adducts from acrylamide are better 

for studies of long-term exposures.     

Detectable levels of Hb adducts from acrylamide in non-smoking adults who served as 

controls in studies of occupational exposures provided the first indications of a commonly occurring 

exposure to acrylamide in the general population (Bergmark 1997; Hagmar et al. 2001). Given that 

these observed background levels of Hb adduct from acrylamide reflected internal dose of 

acrylamide from external sources, it was important to identify the source of exposure to acrylamide 

in order to be able to reduce the exposure and associated health risk (Törnqvist et al. 1998). 

Bergmark (1997) suggested food as one possible source of acrylamide. Very low Hb adduct levels 
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in wild animals indicated that food could be the source, which then was demonstrated in 

experiments with rats fed fried animal standard diet (Tareke et al. 2000). Later it was verified that 

acrylamide is formed at high levels during heating of a range of foods, in a temperature-dependent 

manner (Tareke et al. 2002).  

 

Glycidamide has been shown to be mutagenic and genotoxic in vitro and in vivo (EFSA, 

2015). Further, in vivo studies have demonstrated that glycidamide is the genotoxic agent in 

acrylamide exposure, and rodent cancer tests with both acrylamide and glycidamide have led to the 

conclusion that the carcinogenic activity of acrylamide depends on its metabolism to glycidamide 

(EFSA, 2015; IARC, 1994; NTP, 2012, 2014). Glycidamide may also play a role in the 

development of other adverse health effects observed in animals and humans following exposure to 

acrylamide. Acrylamide is classified as a ‘probable human carcinogen (Group 2A) by International 

Agency of Research on Cancer (IARC) based on its genotoxicity and carcinogenicity in rodents 

(IARC, 1994); as ‘reasonably anticipated to be a human carcinogen’ by the US National 

Toxicology Program (NTP, 2012) and as ‘likely to carcinogenic to humans’ by the US 

Environmental Protection Agency (EPA, 1999).  

Besides DNA damaging and mutagenic effects from glycidamide, a contribution by other 

modes of actions of acrylamide is supported by tissue-specific tumors in rodents and endocrine 

hormonal changes observed in animals and humans (Besaratinia and Pfeifer 2007; Nagata et al. 

2018; Matoso et al. 2019). The epidemiological evidence on the relationship between dietary 

exposure to acrylamide assessed through food frequency questionnaires is lacking from most sites, 

but evidence of association with kidney cancer is accumulating (Pelucchi et al. 2015) and increased 

risk of endometrial and ovarian cancers has also been observed in non-smoking women when 

comparing high versus low dietary intake. Hb adduct levels from acrylamide have been associated 
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with increased breast cancer risk (Olesen et al. 2008). Pre-diagnostic levels of glycidamide Hb 

adducts has been associated with higher risk of dying from breast cancer (Olsen et al. 2012). All 

these cancers are hormone-related, and it might suggest that acrylamide affect hormone 

homeostasis. A few studies have evaluated the associations between acrylamide and sex hormones. 

Maternal acrylamide intake during pregnancy has also been associated with higher levels of 

estradiol in cord blood (Nagata et al. 2019). Child dietary acrylamide intake has been associated 

with higher testosterone in boys at school age, but not in girls (Nagata et a. 2018). Hb adducts from 

acrylamide has been associated with inhibin B and sex hormone binding globulin in adult men (Chu 

et al. 2020), but not with testosterone or estradiol. 

Already in 1960’s there were several reports that describes neurotoxicity in workers with exposure 

to acrylamide, e.g., Garland et al. (1967), as reviewed by Pennisi et al. (2013). Some later studies of 

exposed workers have studied the relation between neurotoxic symptoms and Hb adduct levels and 

estimated adduct level for the corresponding threshold of symptoms (Calleman et al. 1994; Hagmar 

et al. 2001). A significant correlation between the measured level of Hb adducts and the severity of 

peripheral neuropathy was reported for the first-time following exposure to acrylamide in a factory 

for production of acrylamide etc. (r=0.67, n=51, Calleman et al. 1994). The use of acrylamide-

containing sealant at a tunnel construction for a railway in Sweden in 1997 led to occupational 

exposure of the construction workers who later developed neurological symptoms (Hagmar et al. 

2001). The contamination of water in a stream also resulted in that cattle drinking acrylamide 

contaminated water showed strange symptoms staggering around , which were signs of severe 

neurological effects  (Godin et al. 2002). A clear dose-response was also found between the Hb 

adduct levels and adverse peripheral nervous system symptoms in the tunnel workers (Hagmar et al. 

2001). At the follow-up 18 months after the cessation of exposure, the symptoms in the workers 

were reversed. Similar observations of adverse effects on the peripheral nervous system were 
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reported in a study of exposed tunnel workers from Norway with higher prevalence of symptoms 

during grouting than after 16 months (Kjuus et al. 2004). A case of a worker with dizziness and 

ataxia leading to unsteady gait and irreversible nerve damage was, through measurement of Hb 

adducts, shown to be related to high exposure to acrylamide from use of an acrylamide-containing 

sealing product for repair of concrete constructions (Paulsson et al. 2006). A recent risk assessment 

has concluded that the risk associated with dermal and airborne acrylamide exposure at work can be 

characterized through determination of Hb adduct levels (Park 2021). A few case studies with acute 

acrylamide poisoning are reported in the literature, e.g., one case concerning exposure to a 

potentially lethal dose (500 mg/kg bw) with observation of a range of symptoms including 

neurotoxic effects such as ataxia, resting tremor, reduced muscle forces and reduction of deep 

tendon reflexes of which was successfully treated with therapeutics (e.g., N-acetylcysteine) 

(Banagozar Mohammadi et al. 2015). Regarding dietary acrylamide exposure, it has recently been 

associated with a mild cognitive decline over a four-year period in non-smoking Chinese elderly 

men (Liu et al. 2017) and higher levels of urinary metabolites of acrylamide has been associated 

with hearing loss in a study of the National Health and Nutrition Examination Survey (NHANES) 

data from the US (Pudrith and Dudley, 2019). Neurotoxicity induced by acrylamide is also evident 

from experimental studies with animals and in vitro models, but effects on the developing brain 

have not yet been studied in humans (Lindeman et al. 2021). 

In addition to its neurotoxicity, genotoxicity and carcinogenicity, acrylamide causes 

reproductive and developmental toxicity in animals (NTP, 2005; Matoso et al. 2019). Acrylamide 

can cross the human placenta (Annola et al. 2008; Pedersen et al. 2012; Sörgel et al. 2002; von 

Stedingk et al. 2011) and maternal intake of acrylamide during pregnancy has been associated with 

restriction of fetal growth (Duarte-Salles et al. 2013; Kadawathagedara et al. 2016; Nagata et al. 

2019; Pedersen et al. 2012). Hb adducts from acrylamide measured in cord blood have also been 
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associated with lower birth weight and smaller birth head circumference (Hogervorst et al. 2021a; 

Pedersen et al. 2012). Hb adducts from acrylamide has been associated with reduced serum insulin 

(Lin et al. 2009) as well as lower risk of non-alcoholic fatty liver diseases (Liu et al. 2021) and 

diabetes in a NHANES study (Yin et al. 2021). Urinary acrylamide metabolites as well as Hb 

adducts from acrylamide in cord blood have been associated with serum free thyroxin (Hogervorst 

et al. 2021b; Lin et al. 2015). Higher Hb adducts from acrylamide have also been associated with 

higher serum lipid concentrations (Cheang et al. 2021). 

There is some evidence from studies of the US NHANES population and children from 

Norway that suggest dietary acrylamide exposure increases the risk of obesity (Huang M et al. 

2018b; Kadawathagedara et al. 2018), but the findings from studies based on determination of Hb 

adducts from acrylamide are mixed. Higher acrylamide exposures measured as Hb adducts have 

been associated with decreases in body mass index (Chu et al. 2017, Vesper et al. 2008), but there 

has been no clear trend (Duke et al. 2018) and no correlation with bw (Bjellaas et al. 2007). Hb 

adducts from acrylamide has been linked to higher risk of all-cause mortality (Huang M et al. 2018) 

and cardiovascular disease in smokers and environmental tobacco smoke (ETS)-exposed US 

NHANES participants (Zhang et al. 2018).  

The impact on human health from the low level of exposure to acrylamide from diet, 

throughout the life course, remains poorly understood. It seems impossible to say what level of 

dietary exposure, if any, to acrylamide can be deemed safe or would present an acceptably low risk, 

as the assessment of acrylamide intake from diet most often relies on data collected from a single 

time point in adult life through food frequency questionnaires, which is challenging and uncertain 

(Ferrari et al. 2013; Granath and Törnqvist 2003; Timmermann et al. 2021). 
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With the present review we aim to summarize the published reports regarding the 

distribution of the adduct levels from acrylamide to N-terminal valine in Hb measured as a 

biomarker of internal dose in the populations studied. We discuss reported associations between 

predictors and the measured Hb adduct levels. Further we discuss some methodological aspects, 

existing data gaps, and future directions.  

  

2. Literature search 

We searched the PubMed online database to identify peer-reviewed studies reporting on 

measurement of Hb adducts from acrylamide, as a measure of the internal dose, in humans. 

Furthermore, we searched for relevant reports available online. In short, the PubMed search strategy 

was: acrylamide AND hemoglobin. The exact search terms were: ((((acrylamide) OR acrylamid*) 

OR ((acryl*) AND amid*))) AND ((((((hemoglobin) OR hemoglobin*) OR haemoglobin) OR 

haemoglobin*) OR heamoglobin) OR heamoglobin*). The search strategy was developed in 

collaboration with a research librarian. All articles including reports, were imported into an Excel 

sheet and duplicates were removed. Title and abstract were screened by two independent reviewers, 

and a snowball search was conducted to find potentially relevant articles from the reference list of 

the included articles. The eligibility criteria for articles included in this review were: humans in all 

age groups with an available measurement of Hb adducts from acrylamide. We included studies 

indexed in PubMed and published in English before and reports available in English before the 23rd 

of September 2021. Data was extracted from the included articles and reports. We analyzed the 

distributions of the adduct levels in the original studies using Stata (version 15).  
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3. Results 

Our search identified 338 articles and 4 reports regarding measurement of Hb adduct levels 

from acrylamide in humans (NHANES, 2021a, 2021b, 2021c; Health Canada, 2019). The selection 

process is depicted in Fig. 2. After the study selection process, 82 articles and 4 reports were 

selected for review.  

 

Fig. 2. Study selection.  
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3.1. Hb adduct analytical methods  

Various versions of a modified Edman degradation method were used to measure the Hb adduct 

levels from acrylamide by mass spectrometric (MS) techniques in the studies included in our review 

(Table 1-3). These methods are all based on the same general principle for detachment of adducts to 

N-terminal valine in Hb from acrylamide, glycidamide and other electrophiles (Fig. 3).  

 

  

Fig. 3 The modified Edman degradation for the measurement of adducts to the N-terminal valine in Hb. R refers 

to the substituent of the isothiocyanate functional group in the Edman reagent (Fig. 4). 

The nitrogen in the N-terminal amino acid valine, in both the α- and β-chains in human Hb, is 

nucleophilic and thus reactive towards electrophilic compounds. The reaction products, i.e., adducts 

can be used to study the electrophilic compounds in vivo (Ehrenberg et al. 1974; Segerbäck, 1983). 

The Swedish scientist Pehr Edman introduced phenyl isothiocyanate as reagent for protein 

sequencing of proteins by the detachment of N-terminal amino acids (Edman, 1950) (Fig. 4). 

 

Fig. 4. Chemical structures of the isothiocyanate reagents used for the study N-terminal adducts by the principal 

of the Edman degradation. 
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The modified Edman method, for specific detachment of Hb adducts as N-substituted N-

terminal valines through derivatization by an Edman reagent, and measurement by MS techniques, 

was developed to improve Hb adduct measurement (Törnqvist et al. 1986; 1989). In contrast to the 

original Edman degradation method, which requires acidification for cleavage of N-terminal amino 

acids from the protein, adducted N-terminal valine is detached even at neutral and higher pH 

(Jensen et al. 1984). This specific detachment from the protein of the adducted N-terminal valine, 

but not the unsubstituted valines is facilitated by a so-called gem-dialkyl effect of the adduct and 

the branched carbon sidechain of the valine (Rydberg et al. 2002).  

The method, then called the N-alkyl Edman method, uses pentafluorophenyl isothiocyanate 

(PFPITC; Fig. 4) as the derivatization reagent and was adapted for analysis by gas chromatography-

mass spectrometry (GC-MS) with electron capture negative ionization (ECNI) (Törnqvist et al. 

1986). The method was established for measurement of exposure in humans and was shown 

sufficiently sensitive to measure background adducts from ethylene oxide and other compounds in 

humans without occupational exposure (Törnqvist and Kautiainen, 1993). The applicability of this 

method for the investigation of acrylamide adducts to N-terminal valine in Hb from occupational 

exposure was first explored by researchers at Stockholm University (Bergmark et al. 1993) as 

summarized below in Fig. 5, method A.  
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Fig. 5. Generalized workflows for the work-up and analysis of N-terminal valine adducts from hemoglobin via 

derivatization with isothiocyanate reagents. Letters A to E denote the different method versions. 

Bergmark (1997) then used an updated method version applying MS/MS that enabled a study of 

low occupational exposure to acrylamide and which also detected a background adduct in non-

smokers, seeming to be acrylamide. The resulting N-alkyl Edman method (Fig. 5, method A) uses 

isolation of globin from washed red blood cells (Mowrer et al. 1986) and PFPITC is added to 

derivatize and detach adducted N-terminal valines. Thereafter, the analytes are extracted by means 

of liquid-liquid extraction (LLE) and analysed by GC/ECNI-MS.  

A variation of this method by Fennell et al. (2003) was adapted for liquid chromatography 

(LC-MS) analysis for acrylamide exposure. The main difference is that the original Edman reagent 

phenyl isothiocyanate (PITC; Fig. 5 method B) was used for derivatization/detachment and that 

solid phase extraction (SPE) was used for extraction of the analytes, before analysis by LC/ESI-MS 
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(Fig. 5, method B). Bjellaas et al. (2007), used a variation of the method with the similar workflow 

as the one Fennell developed (method B). 

Vesper et al. (2006) developed a version of the N-alkyl Edman method for LC using 

PFPITC, and instead of conventional LLE, assisted LLE with diatomaceous earth was used (Fig. 5, 

method C). This variant of the method was further developed by the same group (Fig. 5, method D) 

to derivatize hemolysate directly instead of pre-isolating globin from whole blood (Vesper et al. 

2007). Further development introduced robotics for removal of time-consuming steps in the 

procedure for faster analysis of adducts from acrylamide. 

As a further development of the modified Edman method an alternative method suitable for 

LC-MS analysis, the so-called FIRE procedure (Fig. 5, method E), was developed at Stockholm 

University. This method uses direct derivatization of hemolysate. Rydberg et al. (2009) evaluated 

various isothiocyanate containing reagents as alternatives for use for LC and concluded that 

fluorescein isothiocyanate (FITC; Fig. 5 method E) produced the best detectability in LC-MS. 

Instead of LLE, SPE was used for clean-up. The mixed mode anion exchange SPE used took 

advantage of the carboxylic acid from FITC to retain the analytes in the sorbent (von Stedingk et al. 

2010). 

Isolation of globin from washed RBC provides cleaner samples, e.g., as heme and cell walls 

are discarded prior to precipitation and derivatization of globin. However, the globin isolation step 

and weighing the globin sample are time consuming which reduces the throughput significantly in 

comparison to the methods where the derivatization is performed directly in hemolysate. Another 

advantage of having a method that does not explicitly work with globin is that it makes it possible 

to use frozen lysed whole blood for derivatization.  The use of SPE/filtration instead of LLE 

simplifies the work-up and allows for parallel sample work up and method upscale and is 

favourable particularly in targeted analysis of a few analytes. A general disadvantage of GC 
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methods is the incompatibility of GC for analysis of very polar and ionic analytes and therefore an 

additional derivatization step is needed for such analytes prior analysis. For instance, for adequate 

response of the glycidamide adduct in GC-MS analysis, additional derivatization by e.g., 

acetonization of the hydrophilic groups in the adduct is required (Paulsson et al. 2003). Although 

both PITC and PFPITC are compatible with GC analysis, PFPITC derivatives in comparison to 

PITC derivatives, exhibit higher response in the ECNI-MS, due to electronegative fluorine atoms in 

PFPITC (Mowrer et al. 1986). Vesper et al. (e.g., 2007) have successfully adapted analysis of the 

derivatives formed by PFPITC to LC-MS analysis using atmospheric pressure chemical ionization 

(APCI). FITC is thought to be incompatible with GC due to the poor volatility and the presence of 

the carboxylic acid of fluorescein. Another disadvantage of the GC methods is the longer run time 

compared to LC, where run times can be less than 10 minutes. An advantage that FITC has over 

PITC and PFPITC reagents is the size of the fluorescein tag from FITC which gives a more distinct 

MS fragmentation pattern of the formed derivatives of adducted valines to be analysed.  

These methods use different types of internal standards and calibration standards. The most 

common variants of internal standards are analyte analogues that are isotopically substituted with 

²H and ¹³C. Standards for the Edman degradation-based methods are the analytes in the form of the 

adducted peptide/globin that are being derivatized simultaneously during sample derivatization, or 

derivative PTH/PFPTH/FTH of adducted valine. The adduct levels summarized in Table 2 and 3 are 

from different laboratories using variants of the modified Edman method. 

The sensitivity of the different versions of the modified Edman degradation method is 

adequate for detection of adducts from acrylamide in non-smokers. Examples are: Bergmark 1997: 

LOD 4 pmol/g globin for AA as PFPTH; Fennell et al. 2003: LOD 0.5 pmol/g globin as PTH; 

Vesper et al. 2006: LOD 3 pmol/g globin for AA as PFPTH; von Stedingk et al. 2011: LOQ 1 

pmol/g Hb for AA as FTH.  Interday precision was reported to be, e.g., 11 %RSD Vesper et al. 
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2006; below 25% by Bjellaas et al. 2007; 13% RSD by Vesper et al. 2008 (average, 20 days); 11 % 

RSD by von Stedingk et al. 2011 (non-smoker, n=20); 6% RSD by Vikström et al. 2012.  

 

3.2. Hb adducts in studies on occupational exposure to acrylamide 

A total of twelve studies have reported on Hb adducts from acrylamide in a total of 892 individuals 

with occupational exposure to acrylamide and the characteristics of these are summarized by the 

year of publication in Table 1. Seven studies included workers from Northern Europe, four from 

Asia and one study was conducted in the US. The individual studies on occupational exposure 

included between 25-228 individuals. Out of the nine studies in which Hb adducts were detected in 

both exposed workers and workers without known occupational exposure to acrylamide, the adduct 

levels were significantly higher in the exposed groups (Table 1). Smokers were represented in both 

groups in most of the studies and when possible, we summarize the results with and without 

smokers (Table 1).  

 

Hb adduct level from acrylamide as high as 34,000 pmol/g has been reported in a study of exposed 

workers from China (Bergmark et al. 1993). This Hb adduct level is approximately three orders of 

magnitude higher than the background adduct level from acrylamide measured in non-occupational 

exposed, non-smokers (Table 2). In the exposed workers the levels of Hb adducts differed between 

job categories with the highest levels among those involved in the synthesis of acrylamide 

(Calleman et al. 1994; Sams et al. 2015). Significant positive correlations were reported between 8-

hour mean acrylamide concentrations in the air and Hb adducts from acrylamide measured in 

acrylamide exposed workers from Scotland (r=0.72, n=46, Jones et al. 2006), Taiwan (r=0.64, 

n=51, Huang YF et al. 2012) and the UK (r=0.62, n=29).   
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Table 1. Characteristics of the individual studies on hemoglobin adducts from acrylamide in humans after occupational exposures. 

Study Location, year 

 

Study description Hemoglobin adduct levels (pmol/g) 

Bergmark et al. 1993 

 

China,  

1993 

Chemical factory workers (n=41) who were working with acrylamide and 

acrylonitrile production and control workers (n=10) from the same city 

who had not been exposed to acrylamide and acrylonitrile. Smokers were 

represented in the controls (n=5). Sex and age not available. 

 

Mean (range)* 

Exposed (n=41): 9,400 (300-34,000) 

Controls, smokers (n=5): ND 

Controls, non-smokers (n=5): ND 

 

Calleman et al. 19941 

 

As above Chemical factory workers (n=41) who were working with acrylamide and 

acrylonitrile production and controls (n=10). Exposed workers included 

34 males and 7 females with a mean age of 27 years, ranging from 18 to 

42 years exposed for a mean of 3 years ranging 1 month to 11.5 years. 

Blood and urine. Air sampling. Medical and neurological examination. 

Mean (range) 

Exposed (n=41): 9,554 (300-34,000) 

Controls (n=10): 0 (0-10) 

Bergmark 1997 

 

Sweden, 

1997 

Laboratory personnel who were working with polyacrylamide gels for 

electrophoresis (PAGE) served as cases (n=22). Controls (n=18) were 

personnel and students in laboratories or office workers. Smokers were 

represented in both groups (n=17). The ages varied between 21 and 55 

years, and 58% were females. 

Mean (range) 

Exposed, smokers (n=7): 71 (43-85) 

Exposed, non-smokers (n=15): 54 (24-116) 

Controls, smokers (n=10): 116 (27-148) 

Controls, non-smokers (n=8): 31 (24-49) 

Pérez et al. 1999 

 

Korea,  

1999 

Chemical factory workers, males (n=11), who were working with 

acrylamide production and controls (n=4). Smokers were represented in 

both groups (n=9). Age not available. Self-reported job description. 

Mean (range)* 

Exposed, smokers (n=7): 691 (74-1,854) 

Exposed, non-smokers (n=4): 259 (71-454) 

Controls, smokers (n=2): 81 (77-85) 

Controls, non-smokers (n=2): 40 (27-55) 

 

Hagmar et al. 2001 

 

 

Sweden, 

1997 

Tunnel workers exposed to a chemical grouting agent containing 

acrylamide and N-methylolacrylamide (n=210). Median age was 44 

(range 20-62) years. Females (n=3) and males (n=207). 

Occupationally unexposed, non-smoking females (n=7) and males (n=11).  

Health assessment, dermatological testing. Neurophysiological 

examination after 2 months of exposure and 6, 12 and 18 months after 

exposure cessation. 

 

Exposed (n=210): NA (50-17,700)  

Controls, non-smokers (n=18): NA (20-70) 

Schettgen et al. 2002 

 

 

 

Germany, 

2002 

Chemical factory workers (n=62) who were working with production of 

acrylamide. Smokers (n=38) and non-smokers (n=24). The age of the 

workers ranged from 19 to 59 years with a median age of 35 years. 

The controls consisted of non-exposed persons (n=8) and smokers (n=2) 

from the University laboratory. The median age of the control group was 

30 years with a range of 27-59 years. 

Median (range) 

Exposed, total (n=62): 63 (11-294) 

Exposed, smokers (n=38): 89 (16-294) 

Exposed, non-smokers (n=24): 22 (11-50) 

Controls (n=10): 28 (16-90) 
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Table 1. Characteristics of the individual studies on hemoglobin adducts from acrylamide in humans – occupational studies, cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Kjuus et al. 2004 

 

Norway, 

1997 

Healthy workers (n=23) who had taken part in tunnel work during the 

grouting period and were thus potentially exposed to N-

methylolacrylamide grout and controls (n=8). Age (years) ranged 31-62, 

mean 43 of exposed, and 23-60 mean 44 of controls. Symptoms and nerve 

conduction velocities were recorded 4 and 16 months after the cessation of 

exposure during grouting operations. 

 

Mean (range) 

Exposed, smokers (n=12): 225 (126-253) 

Exposed, non-smokers (n=11): 82 (33-85) 

Controls, smokers (n=2): 154 (NA) 

Controls, non-smokers (n=6): 33 (20-47) 

Jones et al. 2006 

 

Scotland, 

2005 

Workers exposed to acrylamide through manufacturing, maintenance and 

laboratory work (n=60). Females (n=3) and males (n=57). Smokers (n=23) 

and non-smokers (n=37). There were no explicit control workers in this 

study. Duplicate blood sampling 2 months apart, personal air monitoring 

and glove liner analysis. 

 

 

Mean (range) 

Exposed, smokers (n=5): 51 (NA) 

Exposed, non-smokers (n=8): 32 (NA) 

 

Paulsson et al. 2006 

 

Sweden, 

2006  

Case 1: Workers (n=17) transporting acrylamide-contaminated soil from 

the tunnel construction and controls, non-smokers (n=2). One blood 

sample and health interview.  

Case 2: Workers (n=4) sealing windows with acrylamide grout and control 

(n=1). All of the workers were non-smokers, but two of them were snuff 

users. Duplicate blood sampling 12 months apart. 

Case 3: A man (smoker) working with acrylamide-containing sealing 

product used for repairing concrete constructions. Dizziness and ataxia 

leading to unsteady gait and irreversible nerve damage. Repeated blood 

sampling. 

 
 

Mean (SD) 

Case 1: 

Exposed, smokers (n=6): 110 (36) 

Exposed, non-smokers (n=11): 29 (8) 

Controls, non-smokers (n=2): 23 (NA) 

Case 2: 

Exposed, non-smokers (n=4): approx.. 200 (NA) 

Control, non-smokers (n=1): 35 (NA) 

Case 3: 

Exposed, smoker (n=1): 23,000 (NA) 

 

Huang YF et al. 2012 

 

 

Taiwan, 

2006-2007 

 

Adult workers (n=85), acrylamide exposed (n=51) and controls (n=34). 

Smokers were represented in both groups (n=27 and n=4).   

Personal air sampling, urine, questionnaire, and blood. 

 

Geometric mean (range)* 

Total, exposed (n=51): 316 (55-7,416) 

Exposed, smokers (n=27): 357 (80-7,416) 

Exposed, non-smokers (n=24): 276 (55-6,513) 

Total, controls (n=34): 49.2 (14-113) 
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Controls, smokers (n=4): 67 (52-82) 

Controls, non-smokers (n=30): 47 (14-113)  

 

Moorman et al. 2012 US,  

2012 

Workers exposed to acrylamide through manufacturing (n=152) aged 18 

years or older with low to high potential for exposure. Smokers (n=43) 

and non-smokers (n=109). Sex is not stated. Single blood sampling, 

analysis of urinary metabolites, air samples and surface-wipe samples. 

Mean (range)* 

Total, exposed: 152 (15-1884) 

Exposed, smokers (n=43): 285 (NA) 

Exposed, non-smokers (n=109): 137 (NA) 

 

Table 1. Characteristics of the individual studies on hemoglobin adducts from acrylamide in humans – occupational studies, cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Sams et al. 2015 The UK 

2015 

Acrylamide product-plant 

Single blood sampling, analysis of urinary metabolites, air samples and 

samples from hand-washing of acrylamide. Continine measured in urine.  

Median (range) 

Production workers (n=40): 630 (130-9,240) 

Other jobs (n=17): 370 (140-1,070) 

NA: not available; ND: Not detected. *Glycidamide Hb adduct levels were also reported. 
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3.3. Hb adducts from acrylamide in the general population 

A total of 70 studies and 4 reports have reported on Hb adducts levels from acrylamide in the 

general population corresponding to a total of more than 27,000 individuals after removing studies 

on the same population. We summarize these studies by country and year of publication in Table 2.  

There were 14 studies and 3 reports using NHANES data with Hb adducts detected in 

individuals from the US (n=20,707), 13 studies with individuals from Sweden (n=568), 13 studies 

with individuals from Germany (n=1,853), 6 studies with individuals from different European 

countries conducted as part of the European Prospective Investigations of Cancer (EPIC, 5 studies; 

n=510) and Newborn Genotoxic Risk (NewGeneris) study (n=1,101), 4 studies with individuals 

from Denmark (n=835), 3 studies with individuals from Norway (n=137), 2 studies with individuals 

from France (n=74),  2 studies from Belgium (n=443), 2 studies and the Health Canada report with 

individuals from Canada (n=2,617), 1 study from Poland (n=14), 1 study from China (n=34) and 1 

study from Japan (n=89). There are 45 cross-sectional studies, 8 cancer case-control studies, 1 case-

series study, 9 food consumption or experimental designed studies and 7 studies on Hb adduct 

method development from measurement in human blood samples.  
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Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Paulsson et al. 20031 

 

Sweden,  

2003 

Hemoglobin adduct analytical method developmental study. 

Controls from laboratory workers (n=5). Origin, status, age and 

sex are not stated. 

 

Mean (SD)* 

Non-smokers (n=5): 27 (6) 

Hagmar et al. 2005 

 

Sweden,  

1991-1996 

Cross-sectional study of adults (n=142) selected according to sex, 

smoking and dietary status from the Malmö Diet and Cancer 

Cohort (n=28,098) which included females and males aged 45–

73 years living in the City of Malmö and with Swedish reading 

and writing skills. Smokers (n=72) and non-smokers (n=70). 

Selected after dietary exposure to acrylamide: random (n=40), 

low (n=20) and high (n=82). 

 

 

Median (range) 

Smokers (n=72): 152 (30-430) 

Non-smokers (n=70): 31 (20-100) 

Abramsson-Zetterberg et al. 2008 

 

Sweden,  

2008 

Food-consumption study with healthy adults. Females (n=14) 

and males (n=10), age (mean (range): 46 (24-60) years), 

smokers (n=5) and non-smokers (n=19). 

One group consumed only food boiled in water (max 100◦C) 

and the other group consumed preferentially strongly heated 

(fried) food. From each of the subjects, blood samples were 

drawn, before and after 4 days of the semi-controlled diet. 

Acrylamide intake, micronuclei and Hb adducts measured.  

 

Mean (range) 

Before intervention:  

Smokers (n=5): 208 (103-328) 

Non-smokers (n=19): 58 (36-103) 

 

Wirfält et al. 20082 

 

 

 

Sweden,  

1991-1996 

Cross-sectional study of the Malmö Diet and Cancer study, a 

large population-based prospective cohort. Adults (n=142). 

Questionnaire, including FFQ data. 

 

Median (range) 

Smokers, females (n=37):160 (110-210) 

Non-smokers, females (n=35): 40 (30-50) 

Smokers, males (n=35): 140 (90-180) 

Non-smokers, males (n=35): 40 (30-60) 

 

Wilson et al. 2009a 

 

Sweden,  

2001-2002 

Case-control study as part of the Cancer of the Prostate in 

Sweden (CAPS). Adult males with (n=170) and without 

(n=161) prostate cancer. Never-smokers and former smokers. 

Questionnaire, including FFQ data. 

 

Mean (SD) 

Cases (n=170): 55 (17) 

Controls (n=161): 54 (15) 

 

Vikström et al. 20103 

 

 

 

As above Study of alcohol intake and influence on acrylamide to 

glycidamide metabolism. Case-control study as part of the 

Cancer of the Prostate in Sweden (CAPS). Adult males, 

smokers (n=19) and non-smokers (n=161). Non-smokers with 

Mean (SD, range)* 

Smokers (n=19): 152 (63, 65-275) 

Non-smokers, cases (n=100): 47 (21, 20-111) 

Non-smokers, controls (n=61): 51 (26, 16-179) 
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(n=100) and without (n=61) prostate cancer. Questionnaire, 

including FFQ data. 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year 

 

Study description Hemoglobin adduct levels (pmol/g) 

von Stedingk et al. 2010 

 

Sweden,  

2010 

Hemoglobin adduct analytical method development study with 

two blood donors, with triplicate analysis for each individual. 

Commercial human blood from Karolinska hospital, Stockholm, 

Sweden. 

 

Mean (SD)* 

Individual 1: 48 (2) 

Individual 2: 35 (1) 

Vikström et al. 20114 

 

Sweden,  

2008; 

Poland 2009 

 

Food-consumption study with healthy adults. Calculation of 

AUC per dose of acrylamide from increased adduct levels. Only 

non-smokers were included (n=28) from two different studies. 

Study 1: Low exposed (n=10) and high exposed (n=9) from 

Sweden. Study 2: Medium exposed (n=9). Hb adduct levels 

measured before and after exposure 

Mean (SD)* 

Study 1 – before exposure: 

Non-smokers (N=10): 59 (19) 

Non-smokers (N=9): 57 (10) 

Study 2 – before exposure: 

Non-smokers (n=9): 36 (15) 

 

 

Vikström et al. 20125 

 

 

Sweden,  

1991-1996, 

1999-2000 

 

Study 1: Inter-individual variation in adduct levels and in 

acrylamide intake calculated from diet history method. Food 

consumption study of non-smoking adults from the Malmö Diet 

Cohort (n=68). 

Study 2: Individual variation in adduct levels over time. 

Repeated sampling over 20 months from n=13 non-smoking 

adults.  

 

Mean (range)* 

Study 1:  

Total (n=68): 39 (16-100) 

Study 2:  

Non-smokers (n=13): 51 (19-95) 

Carlsson et al. 2014 

 

Sweden,  

2014 

Hemoglobin adduct analytical method development study of 

commercial human blood from smokers (n=6) and non-smokers 

(n=6). 

 

Mean (range)* 

Smokers (n=6): 135 (NA) 

Non-smokers (n=6): 35 (NA) 

Carlsson et al. 20156 

 

Same as above Same as above. 

 

Mean (range)* 

Smokers (n=6): 146 (75-231) 

Non-smokers (n=6): 40 (20-62) 

 

Kotova et al. 2015 

 

 

 

Sweden,  

2015 

Case-control study of non-smoking adults (n=58) aged 21-37.  

Vegetarians. Micronuclei, vitamins measured in blood and 

questionnaire. 

Mean (range)* 

Non-smokers, non-vegetarian (n=26): 40 (21-64) 

Non-smokers, vegetarian (n=27): 44 (17-90) 
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Carlsson et al. 2017 

 

Sweden, 2017 Cross-sectional study of children (n=51) 12 years of age. Mean (range)* 

Total (n=51): 30 (5-61)  

 

 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Bjellaas et al. 2007 

 

 

Norway,  

2007 

Cross-sectional study of adults (n=53), females (n=33) and 

males (n=20), mean age of females and males were 41 ± 11 and 

45 ± 13 years and years, respectively, smokers (n=6) and non-

smokers (n=47). Urinary metabolites of acrylamide and 24-

hours dietary recalls. FFQ and a blood sample. 

 

Mean (range)* 

Smokers (n=6): 166 (98.8-211) 

Non-smokers (n=44): 37 (18-66) 

Duale et al. 20097  

 

 

As above 

 

Cross-sectional study of adults (n=49), females (n=31) and 

males (n=18) non-occupational exposed, smokers (n=6) and 

non-smokers (n=43). Age 43 (24-65, mean (range). All 

Caucasians. Genotyping. 

 

Median (range)* 

Total (n=49): 37 (18-211) 

Smokers (n=6): 166 (99-211) 

Non-smokers (n=43): 37 (18-97) 

Females (n=31): 40 (19-211) 

Males (n=18): 47 (18-154) 

 

Duarte-Salles et al. 2013 

 

Norway,  

2007-2009 

Cross-sectional study of pregnant women (n=81). Smokers 

excluded (n=2). Questionnaire, including FFQ data. 

 

Mean (range)* 

Non-smokers (n=79): 31 (9.9-72) 

von Stedingk et al. 2011 

 

 

 

Denmark, 

2006-2010 

Cross-sectional study of pregnant women (n=87) and umbilical 

cord blood (n=219). Smokers (n=6 and n=9) and non-smokers 

(n=81 and 210) for maternal and cord blood, respectively). 

Mean (range)* 

Maternal blood: 

Total (n=87): 33 (12-160) 

Smokers (n=6): 110 (74-160) 

Non-smokers (n=81): 28 (12-62) 

Cord blood:  

Total (n=219): 15 (5-87) 

Smokers (n=9): 45 (11-87) 

Non-smokers (n=210): 13 (5-43) 

 

Olesen et al. 2008 

 

 

 

Denmark, 1993-

1997 

Nested case-control study within the The Danish Diet, Cancer 

and Health study. Postmenopausal females (n=748) selected 

from The Danish Diet, Cancer and Health study. Breast cancer 

cases (n=374) smokers (n=125) and non-smokers (=249) and 

controls (n=374) smokers (n=139) and non-smokers (n=235). 

Questionnaire, including FFQ data. 
 

Median (range)* 

Cases, smokers (n=125): 125 (36-254) 

Cases, non-smokers (n=249): 35 (20-96) 

Controls, smokers (n=139): 122 (28-277) 

Controls, non-smokers (n=235): 35 (17-88) 
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Outzen et al. 20118 

 

As above Cross-sectional study as part of the Diet, Cancer and Health 

cohort study. Adult females (n=537) aged 51-64, median age 57 

years, non-smokers, postmenopausal. 

Questionnaire, including FFQ data. 

 

 

Median (range)* 

Total (n=537): 35 (17-89) 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Olesen et al. 20129 

 

As above Women participating in the Diet, Cancer and Health cohort 

study with available Hb adduct measurements diagnosed with 

breast cancer during the follow-up (n=318).  

Median (5th-95th percentiles)* 

Smokers, cases alive (n=NA): 121 (36-299) 

Smokers, cases dead (n=NA): 126 (31-251) 

Non-smokers, cases alive (n=NA): 35 (19-99) 

Non-smokers, cases dead (n=NA): 36 (20-83) 

 

Naruszewicz et al. 2009 

 

 

 

 

 

Poland,  

2009 

 

Food-consumption study with healthy adults. Healthy non-

pregnant females (n=8) and males (n=6). Age (mean (range): 35 

(22-56) years) without diabetes, hypertension, hyperlipidemia, 

medicine, vitamin and dietary supplement use with a BMI < 25 

kg/m2 and C-reactive protein< 5mg/L at baseline. 3 phases; 1) 2 

weeks of a daily intake of 400 g boiled potatoes with fat and salt 

corresponding to potato chips, 2) followed by 4 weeks of a daily 

intake of 160 g potato-chips, 3) followed by 4 weeks of a daily 

intake of 400 g boiled potatoes and no potato chips. Detection of 

Hb adducts before, after 4 weeks of potato chip consumption 

and after 4 weeks without potato chip consumption. 

 

 

Mean (SD) 

Before intervention: 

Smokers (n=6): 202 (185) 

Non-smokers (n=8): 44 (31) 

After 4 weeks of potato-chip consumption: 

Smokers (n=6): 262 (191) 

Non-smokers (n=8): 87 (47) 

After 4 weeks without potato-chip consumption: 

Smokers (n=6): 230 (176) 

Non-smokers (n=8): 74 (51) 

Hogervorst et al. 2021a Belgium 

2010-2013 

Cross-sectional study of cord blood (n=443) from singletons 

born at term participating in the ENVIRONAGE birth cohort 

selected among those with complete covariate and follow-up 

data 4 years after birth. Single nucleotide polymorphism also 

analysed in DNA collected from placenta tissue. Size at birth 

measured. 

 

Median (range)* 

Cord blood, total (n=443): 13 (5-140) 

Median (25th-75th percentile) 

Cord blood, total (n=443): 13 (10-18) 

Cord blood, non-smokers (n=383): 13 (10-16) 

Hogervorst et al. 2021b10 As above As above. Thyroid hormones measured in cord blood plasma  As above 

 

Pedersen et al. 201211 

 

 

 

 

 

Norway, 

Denmark, 

England, 

Spain,  

Greece,  

 

Cross-sectional study of cord blood (n=1,001) and maternal 

blood (n=171). Smokers (n=129) and non-smokers (n=972). 

Questionnaire, including FFQ data. 

 

Median (range)* 

Maternal blood: (n=171): NA (10-350) 

Cord blood, total (n=1,101): 14 (4-148) 

Cord blood, smokers (n=129): 31 (NA) 

Cord blood, non-smokers (n=972): 14 (NA) 
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2006-2010 

 

 

 

 

 

 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Vesper et al. 200812 

 

 

Sweden, 

Denmark,  

the UK, the 

Netherlands, 

France, 

Germany, Italy, 

Greece, and 

Spain,  

1992-2000 

 

Cross-sectional study of the European Prospective Investigation 

into Cancer and Nutrition Study.  

Adults (n=510) aged 35-70 years from 9 European countries with 

60 persons (females (n=30) and males (n=30)) per country, 

except France, where only samples from females were collected. 

Smokers (n=255) and non-smokers (n=255).  

Mean (range)* 

Total (n=510): 93 (28-244) 

Smokers (n=255): 137 (44-285) 

Non-smokers (n=255): 48 (24-88) 

Non-smokers, France (n=15): 51 (27-92) 

Non-smokers, Italy (n=30): 47 (21-81) 

Non-smokers, Spain (n=30): 43 (23-70) 

Non-smokers, UK (n=30): 74 (34-177) 

Non-smokers the Netherlands (n=30): 57 (25-171) 

Non-smokers Greece (n=30): 46 (15-150) 

Non-smokers German (n=30): 40 (15-92) 

Non-smokers Sweden (n=30): 40 (20-97) 

Non-smokers Denmark (n=30): 39 (17-98) 
 

Ferrari et al. 201313 

 

As above Cross-sectional study of the European Prospective Investigation 

into Cancer and Nutrition Study.  

Adults (n=510) aged 35-70 years from 9 European countries 

with 60 persons (females (n=30) and males (n=30)) per country, 

except France, where only samples from females were 

collected. Smokers (n=255) and non-smokers (n=255). 

Questionnaire, including FFQ data. 

Geometric mean (10-90th)* 

Total (n=510): 72 (33-196) 

Smokers (n=255): 117 (54-244) 

Never-smokers (n=255): 44 (28-75) 

 

 

 

 

Obón-Santacana et al. 2016a14 

 

 

 

 

 

Sweden, the 

UK, the 

Netherlands, 

France, Italy, 

Germany, 

Greece, Spain, 

1992-2000 

 

 

Nested case-control study within the European Prospective 

Investigation into Cancer and Nutrition Study. Non-smoking 

postmenopausal women (n=771). Epithelial ovarian cancer 

cases (n=385) and controls (n=386). 

 

 

Median (IQR)* 

Cases (n=383): 40 (31-52) 

Controls (n=385): 39 (32-51) 

Obón-Santacana et al. 2016b15 

 

 

 

As above 

 

Nested case-control study within the European Prospective 

Investigation into Cancer and Nutrition Study. Non-smoking 

postmenopausal women (n=751). Epithelial ovarian cancer 

cases (n=334) and controls (n=417). 

Median (IQR)* 

Cases (n=334): 42 (34-54) 

Controls (n=417): 43 (34-55) 
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Obón-Santacana et al. 201716 

 

As above 

 

Nested case-control study within the European Prospective 

Investigation into Cancer and Nutrition Study.  

Non-smoking postmenopausal women (n=801). 

 

Median (range)* 

Total (n=801): 41 (33-53) 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Schettgen et al. 2003 

 

Germany, 

2000 

Cross-sectional study of adults with no occupational exposure 

to acrylamide (n=72). Smokers (n=47) and non-smokers (n=25). 

Females (n=9) and males (n=63). The age ranged from 19 ± 59 

years with a median age of 34 years. 

 

Median (range) 

Smokers (n=47): 85 (13-294) 

Non-smokers (n=25): 21 (<12-50) 

Bahner et al. 2004 

 

Germany, 

2004 

Case-series study of stable chronic hemodialysis patient cases 

(n=10), all non-smokers, females (n=4) and males (n=6) with a 

mean age of 63 (range 39-77 years) without work exposure.  

 

Median (range) 

Total (n=10): 15 (11-27) 

Schettgen et al. 2004a 

 

Germany, 

2004 

Cross-sectional study of pregnant women and umbilical cord 

blood (n=11). Smoker (n=1) and non-smokers (n=10). 

Median (range) 

Smoker (n=1): 104 (NA) 

Non-smoker (n=10): 21 (18-34) 

Cord blood, non-smokers (n=10): 10 (6-18) 

 

Kütting et al. 200517 

 

Germany, 

2005 

Cross-sectional study of pregnant women blood (n=10). Smoker 

(n=1) and non-smokers (n=9). Dietary questionnaire. 

Median (range) 

Non-smokers (n=9): 20 (18-34) 

Smoker (n=1): 104  

 

Hartmann et al. 2008 

 

Germany, 

2004 

Cross-sectional study of adults and children (n=91), females 

(n=46) and males (n=45), non-smokers, Caucasians, median age 

36, 6-80 years, divided in age groups.  

Urinary metabolites of acrylamide.  

Median (range)* 

Total (n=91): 30 (15-71) 

Non-smokers (n=91): 30 (15-71) 

Children, 6-10 years old (n=12): 38 (26-59) 

Children, 11-18 years old (n=11): 34 (21-71) 

Adults, 21-29 years old (n=14): 27 (18-50) 

Adults, 31-39 years old (n=13): 27 (21-47) 

Adults, 41-49 years old (n=15): 27 (16-41) 

Adults, 51-59 years old (n=13): 31 (22-46) 

Adults, 61-80 years old (n=13): 30 (15-55) 
 

Boettcher et al. 200518 

 

 

Germany, 

2004 

Cross-sectional study of adults (n=29). Females (n=21) and 

males (n=8) aged 16 to 67 years (median: 36 years). Smokers 

(n=13, females (n=10), males (n=3), median age: 35 years, range: 

Mean (range) 

Smokers (n=13): 80 (25-199) 

Non-smokers (n=16): 19 (7-31) 
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16-67 years) and non-smokers (n=16). Females (n=11), males 

(n=5), median age: 38 years, range: 20-62 years). 
 

Schettgen et al. 2004b19 

 

 

As above 

 

Cross-sectional study of adults (n=29).  

Smoker (n=16), and non-smokers (n=13). Females (n=22) and 

males (n=7), (median (range): 35 (16-67) years). 

 

 

Median (range)* 

Smokers (n=16): 83 (25-199) 

Non-smokers (n=13): 18 (7-31) 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Urban et al. 2006 

 

Germany,  

2002 

Cross-sectional study of adults (n=120), smokers (n=60, females 

(n=49) and males (n=11) and non-smokers (n=60, females (n=37) 

and males (n=11)). Dietary dairy and daily saliva samples 

collected for 7 days. Carbon monoxide, urinary metabolites of 

acrylamide and cotinine measured. 
 

Median (range) 

Smokers (n=60): 79 (19-210) 

Non-smokers (n=60): 27 (18-51) 

Scherer et al. 2007 

 

Germany, 2000-

2001 

Cross-sectional study of adults (n=374), smokers (n=274) and 

non-smokers (n=100). Aged 18-60. Urinary nicotine and 

metabolites of nicotine, cotinine and trans-3’-hydroxycotinine in 

saliva, carbon monoxide in exhalate, blood and questionnaire. 
 

Mean  SD 

Smokers (n=264): 84  42 

Non-smokers (n=100): 28  7 

Kütting et al. 2009 

 

Germany, 

2003-2004 

Cross-sectional study of adults (n=898) and children (n=89) and 

adolescents (n=21) aged 3-84 years (mean 41.6 years), females 

(n=593) and males (n=414) and missing data (n=1). Smokers 

(n=148) and non-smokers (n=857) and missing (n=3). 

Questionnaire, including FFQ data. 

 

Mean (95%CI) 

Total (n=1,008): 36 (15-100) 

Smokers, adults (n=148): 83 (22-198) 

Non-smokers, adults (n=857): 28 (14-49) 

Median (range) 

Non-smokers 

Adults (n=749) 26 (3-68) 

Adolescents (n=19) 29 (12-103) 

Children (n=89) 33 (12-93) 

Kütting et al. 200820 As above As above  

Doroshyenko et al. 2009 

 

Germany, 2009 Food consumption study with adult, non-smokers, Caucasian 

healthy non-pregnant females (n=8) and males (n=8), age 

(mean+SD: 29.8+5.9 years), BMI (22.9+2.0 kg/m2). Potato-

chips and detection of Hb adducts before and 24 hours after 

intake of the test meal. No control of diet. Single-centre, four-

period cross-over design with no co-exposure, CYP2E1 

inhibition and CYP2E1induction. 

 

Median (range)* 

Before intervention: 

Total (n=16): 40 (24-62) 

Schettgen et al. 2010 

 

Germany, 2010 Cross-sectional study of adults (n=104), non-ETS (n=92), ETS 

(n=12), aged 6-35, median age 35 years, females (n=52) and 

Median (range)* 

Non-ETS (n=92): 30 (14-71) 
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males (n=52), non-smokers, white Caucasian of no known 

occupational exposure. 

 

TS (n=12): 25 (16-50) 

 

 

 

 

 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Chevolleau et al. 2007 

 

France, 2007 Hemoglobin adduct analytical method development study with 

adults (n=68), females (n=39), smokers (n=8), non-smokers 

(n=31) and males (n=29), smokers (n=8), non-smokers (n=21). 

Mean (range)* 

Total (n=68): 33 (9-63) 

Females, smokers (n=8): 46 (16-163) 

Females, non-smokers (n=31): 24 (9-50) 

Males, smokers (n=8): 61 (24-119) 

Males, non-smokers (n=21): 31 (10-70) 

 

Goempel et al. 2017 

 

France, 2017 Food consumption study of non-smokers, healthy adults (n=12) 

within 20-44 years of age, BMI ranging from 19-25 kg/m2. The 

participants were asked to eat the same meal servings during the 

intervention. Blood sampled before, on day 8 and day 13. Half 

of the study population consumed coffee on day 6 and a meal 

high in acrylamide on day 10.  

Metabolites of acrylamide were also measured in urine. 

 

Mean + SD* 

Before intervention (n=6): 25 + 20 

After coffee: 22 + 18 

After acrylamide rich meal: 26 + 16 

 

Controls, before intervention (n=6): 46 + 44 

After hot water: 38 + 35 

After meal: 34 + 33 

 

Fennell et al. 2005 

 

US, 2005 Experimental study with oral and dermal exposure to 

(13C3)acrylamide. Healthy non-smoking males (n=24) 26 to 68 

years of age. Group A1 (0.5 mg/kg) (n=6), group A2 (1.0 

mg/kg) (n=6), and group A3 (3.0 mg/kg) (n=6) Dermal 

exposure (n=6) with 3 mg/kg. Blood was collected immediately 

prior to administration of acrylamide and 24 h and up to 96 h 

later. Urinary metabolites also measured. 

 

Mean + SD* 

Before exposure: 

Group A1 (n=6): 89 + 52 

Group A2 (n=6): 63 + 29 

Group A3 (n=5): 128 + 56 

Dermal exposure (n=5): 42 + 12 

Vesper et al. 2005 

 

US, 2005 Food-consumption study with adults (n=6) aged 18 or older 

Origin, smoking status, age and sex is not stated. 

Consumption of 3 ounces of potato chips daily for 7 days while 

maintaining regular dietary behaviour. Blood was drawn before 

and on the 8th day of the study. 

 

    Mean (range)* 

Before: Total (n=6): 43 (34-46) 
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Ospina et al. 2005 

 

US, 2005 Method development. Samples of blood pools corresponding to 

sample from smoker, coffee drinker and non-smoker and non-

coffee drinker (n=4). Origin, age and sex is not stated. Four 

replicates of each sample analysed. 

 

     Median (range)* 

     Total (n=4): 50 (18-101) 

 

Vesper et al. 2006 

 

US, 2006 Hemoglobin adduct analytical method development study. Adults 

(n=96), females (n=26) and males (n=70) with an age range from 

18-66 years. Smoking status unknown. The human blood samples 

were obtained from a blood bank. 

Median (range)* 

Females (n=26): 84 (31-325) 

Males (n=70): 133 (27-453) 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Vesper et al. 2007 

 

US,  

2007 

 

Cross-sectional study of adults from a US blood bank (n=161). 

Females (n=67). Median age, 30; range, 18-66). Males (n=94) 

Median age, 36 years; range, 19-64 years). 

Plasma cotinine and a blood sample. 

 

 

Median (95%CI)* 

Total (n=161): 109 (84-140) 

Total, smokers (n=88): 194 (164-215) 

Total, non-smokers (n=73): 51 (46-56) 

 

Lin et al. 2009 

 

US,  

2003-2004 

Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2004. 

Adults (n=1,356), females (n=696) and males (n=660), smokers 

(n=279), non-smokers (n=888) and former smokers (n=189). 

Serum insulin, homeostatic model assessment for insulin 

resistance (HOMA-IR). Questionnaire. 

 

 

Mean (range)* 

Total (n=1,356): 62 (57-66) 

Smokers (n=279): 124 (109-141) 

Non-smokers (n=888): 50 (47-52) 

Former smoker (n=189): 53 (46-60) 

Wilson et al. 2009b 

 

US,  

1998-2000 

Cross-sectional study as part of the Nurses’ Health Study II. 

Females (n=342). Food-frequency questionnaire.  

Median (range)* 

Smokers (n=36): 97 (NA) 

Non-smokers (n=296): 44 (14-148) 

 

Tran et al. 201021 

 

 

US,  

2003-2004 

Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2004 (n=4,853). 

Mean (95%CI)* 

Total (n=4,853): 72 (67-78) 

Vesper et al. 201022 

 

 

 

As above Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2004. 

Adults and children (n=7,002). 

Serum cotinine and questionnaire. 

Mean (95%CI)* 

Total, smokers (n=1,316): 113 (103-123) 

Total, non-smokers (n=5,686): 50 (49-52) 

Non-smokers, 3-11 yrs old (n=1,070): 59 (56-61) 

Non-smokers, 12-19 yrs old (n=1,629): 52 (50-54) 

Non-smokers, 20-39 yrs old (n=951): 51 (49-54) 

Non-smokers, 40-59 yrs old (n=784): 49 (46-51) 

Non-smokers, 60+ yrs old (n=1,252): 44 (43-46) 
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Vesper et al. 201323 

 

 

US,  

2003-2004 

Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2004. Adults (n=4,152) 

aged 20 years, female (n=2,119) and male (1,974), smokers 

(n=1,067) and non-smokers (n=2,987).  
 

 

 

 

 

Mean (95%CI)* 

Smokers (n=1,067): 114 (104-125) 

Non-smokers (n=2,987): 48 (46-50) 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Xie J et al. 2013 

 

US,   

1989-1990 & 

1996-1999 

Case-control study nested within the Nurses’ Health Study and 

Nurses’ Health Study II. Incident ovarian cancer cases (n=263) 

were matched to 2 controls. Females with FFQ and blood taken 

at age 32-70 years. Included smokers. 

 

Median (range)* 

Cases (n=263): 64 (42-119) 

Controls (n=515): 62 (44-130) 

Chu et al. 201724 

 

 

US,  

2003-2006 

Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2006 with adults (n=3,623) 

aged  20 years. Non-smokers (n=769), exposed to 

environmental tobacco smoke (ETS, n=1,838), smokers 

(n=1,016) females (n=1,870) and males (n=1,753). 

 

Mean (95%CI)* 

Smokers (n=1,016): 110 (106-NA) 

Non-smokers (n=769): 47 (46-48) 

Exposed to ETS (n=1,838): 48 (48-49) 

Guo et al. 201725 US,  

2005-2006 

Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2005-2006 with adults aged >18 

years (n=4,509) and children <18 years (n=2,473), females 

(n=3,587) and males (n=3,395). 

Immunoglobulins and self-reported allergic symptoms and 

diseases examined. 

Geometric mean (95%CI)* 

Total (n=6,982): 62 (58-66) 

Non-smokers (n=1,235): 48 (45-50) 

Children, 3-18 years old (n=2,473): 55 (53-58) 

Adults (n=4,509): 64 (60-68) 

 

Duke et al. 201826 

 

 

US,  

2003-2004 

Cross-sectional study of the National Health and Nutrition 

Examination Survey, 2003–2004 with adults and children aged 

above 3 years (n=6,528). Females (n=3,299) and males 

(n=3,229), smokers (n=1,221) and non-smokers (n=5,212). 24 

hrs dietary recall interview. 

 

Mean (95%CI)* 

Smokers (n=1,221): 114 (103-127) 

Non-smokers (n=5,212): 60 (49-53) 

 

Yang et al. 201827 

 

 

US, 2018 Hemoglobin adduct analytical method development study Adults 

(n=104), smokers (n=70) and non-smokers (n=34), median age 

36 range 19-69 years. 

 

Median (range)* 

Smokers (n=70): 128 (20-260) 

Non-smokers (n=34): 65 (20-210) 

Zhang et al. 201828 

 

US,  

2003-2006 

Cross-sectional study as part of the National Health and Mean (SD)* 

Total (n=8,290): 61 (0.4) 
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 Nutrition Examination Survey, 2003-2006 with adults (n=8,290). 

Females (n=4,296) and males (n=3,994) >20 years of age with 

information on cardiovascular disease and Hb adducts. Smokers 

(n=2,432), non-smokers (n=1,188) and exposed to environmental 

tobacco smoke (n=4,670). 

  

 

 

Smokers (n=2,432): 116 (2)  

Non-smokers (n=1,188): 46 (0.4)   

Exposed to ETS (n=4,670): 47 (0.3)  

 

 

 

 

 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Huang M et al. 2018a29 

 

 

US,  

2003-2006 

 

Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2006 with adults (5,504). 

Smokers (n=1,285), non-smokers (n=2,930) and former 

smokers (n=1,286). Females (n=2,869) and males (n=2,635) > 

25 years of age free of cardiovascular disease, cancer and 

diabetes with available Hb adducts. 

 

Geometric Mean (95%CI)* 

Total (n=5,504): 61 (61-62)   

Smokers (n=1,285): 133 (131-136) 

Non-smokers (n=2,930): 47 (47-48) 

Former smokers (n=1,286): 51 (51-52) 

Huang M et al. 2018b30 

 

As above Cross-sectional study as part of the National Health and 

Nutrition Examination Survey, 2003-2006 with adults (n=8,364) 

>20 years. Smokers (n=1,870), non-smokers (n=2,195) and 

never smoked (n=4,295). Females (n=4,332) and males 

(n=4,032). Obesity examined.  

 

Median (Q1-Q3)* 

Total (n=8,364): 53 (40-79) 

Smokers (n=1,870): 135 (91-192) 

Non-smokers (n=2,195): 49 (38-62) 

Never smoked (n=4,295): 47 (38-59) 

NHANES, 2021a31 

 

US 

2003-2006 

 

The National Health and Nutrition Examination Survey from 

2003-2004 and 2005-2006. 

Total population 2003-2004 (n=7,101), females (n=3,592) and 

males (n=3,509). Total population 2005-2006 (n=7,857), females 

(n=4,031) and males (n=3,826). Age categories: 3-5, 6-11, 12-19, 

20-59, 60+ years. 

 

Geometric Mean (95%CI)* 

Total 2003-2004 (n=7,101): 61 (58-64) 

Total 2005-2006 (n=7,857): 62 (58-65) 

 

NHANES, 2021b 

 

US 

2013-2014, 

2015-2016 

 

The National Health and Nutrition Examination Survey from 

2013-2014 and 2014-2016. Age 6 to 60+ years. Total 

population 2013-2014 (n=2,348), females (n=1,190) and males 

(n=1,158). Total population 2015-2016 (n=2,413), females 

(n=1,226) and males (n=1,187).  

 

Geometric Mean (95%CI)* 

Total 2013-2014 (n=2,348): 48 (46-51) 

Total 2015-2016 (n=2,413): 48 (45-51) 

 

NHANES, 2021c32 

 

US 

2013-2014, 

Partly the same 

as above  

The National Health and Nutrition Examination Survey from 

2013-2014. Age 18 to 50+ years. Smokers (n=878) and non-

smokers (n=1,320); females and males, and age categories 18-

49 years and 50+ years.  

Geometric Mean (95%CI)* 

Smokers (n=878): 113 (100-128) 

Non-smokers (n=1320): 41 (39-43) 

Non-smokers, 18-49 years (n=693): 42 (40-44) 
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  Non-smokers, 50+ years (n=627): 40 (37-42) 

 

Chu et al. 202033 

 

 

 

 

US 

2003-2004 

Cross-sectional study of the National Health and Nutrition 

Examination Survey, 2003–2004. Males aged 12+ years 

(n=468) with sex hormones measured and complete covariate 

data. 

Mean (95%CI)* 

Total (n=468): 79 (73-85) 

Non-smokers and no ETS (n=64): 50 (36-64) 

Non-smokers, exposed to ETS (n=264): 56 (50-63) 

       Smokers (n=140): 134 (125-144) 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Cheang et al. 202134 US 

2013-2016 

 

Cross-sectional study of the National Health and Nutrition 

Examination Survey from 2013-2016. Males and non-pregnant 

females aged 20+ years who did not take lipid-lowering drugs 

with lipid measured in blood and complete covariate data 

(n=2,899). Included smokers. 

 

Mean (95%CI)* 

Total (n=2,899): 49 (35-94) 

Liu et al. 202135 US 

2003-2006, 

2013-2016 

Cross-sectional study of the National Health and Nutrition 

Examination Survey from 2003-2006 and 2013-2016. Males 

(n=1,874) and females (n=1,703) aged 20+ years with fatty liver 

index without high alcohol consumption and free of hepatis B 

and C (n=3,234). Included smokers (n=1,846). 

 

Median (25th-75th percentile)* 

Total (n=3,234): 48 (36-67) 

Yin et al. 202136 US 

2005-2006, 

2013-2016 

Cross-sectional study of the National Health and Nutrition 

Examination Survey from 2005-2006 and 2013-2016. Males 

and non-pregnant females aged 20+ years without diabetes and 

with fasting blood glucose (n=3,577). Included smokers. 

 

Median (25th-75th percentile)* 

Total (n=3,577): 50 (37-84) 

Brisson et al. 2014 

 

Canada,  

2009-2010 

Cross-sectional study of teenagers (n=165), females (n=95) and 

males (n=101), non-smoking of 10-17 years in age. 

Urinary metabolites of acrylamide, blood and questionnaire, 

including FFQ. 

 

Mean (range)* 

Total (n=165): 45 (21-114) 

Health Canada, 2019 

 

 

Canada,  

2012-2017 

Cross-sectional study. The Canadian Health Measures Survey 

from 2012-2013, 2014-2015 and 2016-2017 of the general 

population aged 3-79 (n=7,594), females (n=3,818) and males 

(n=3,776). Many other biomarkers. 

 

Geometric Mean (95%CI)* 

Total, 2012-2013 (n=2,492): 73 (65-82) 

Females, 2012-2013 (n=1,267): 68 (59-78) 

Males, 2012-2013 (n=1,225): 79 (69-90) 

Total, 2014-2015 (n=2,529): 67 (62-73) 

Females, 2014-2015 (n=1,262): 65 (58-72) 

Males, 2014-2015 (n=1,267): 70 (62-79) 

Total, 2016-2017 (n=2,573): 73 (68-78) 

Females, 2016-2017 (n=1,289): 66 (61-71) 
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Males, 2016-2017 (n=1,284): 81 (74-89) 

 

Faure et al. 202037 

 

Canada,  

2012-2017 

Cross-sectional study. The Canadian Health Measures Survey 

representative for the general population aged 6-79 years for 

2007-2009, and 3-79 for 2009-2015. 

Many other biomarkers. 

 

      Total, Cycle 4 2014-2015 

Geometric mean (95%CI)* 

Non-smokers (n=2,187): 56 (51-61) 

Smokers (n=265): 130 (110-140) 

 

 

 

 

Table 2. Characteristics of the individual studies on hemoglobin adducts from acrylamide in the general population - cont. 

Study Location, year Study description Hemoglobin adduct levels (pmol/g) 

Chen et al. 2020 China 

2020 

Food-consumption study with healthy students age 18-30 years, 

normal BMI, without chronic disease, non-smokers and non-

alcohol (n=34). Females (n=17) and males (n=17). Clinical 

examination, questionnaire including FFQ. Blood and urine 

analysed before, at day 2 and 10. The participants were given 

standard meals with high acrylamide content and antioxidant-

rich bamboo leaves or a placebo at day 1, required to record 

their diet and avoid acrylamide-rich food and drinks during 3 

days. 

 

Mean (SD)* 

Total, baseline (n=34): 22 (6) 

Yamamoto et al. 2020 Japan 

2015-2016 

Cross-sectional study of adult age 20+ (n=89).  Females (n=53) 

and males (n=36). Smokers included (n=8). Diet and FFQ 

analysed for acrylamide. 

Median (5th-95th percentile) 

Total (n=89): 35 (16-104) 

Never-smokers (n=71): 32 (16-75) 

Past-smokers (n=10): 68 (17-119) 

Smokers (n=8): 80 (14-150) 

CI: confidence interval; NA: Not available; ND: Not detected. 
1Same individuals as in Bergmark et al. 1993 
2Same individuals as in Hagmar et al. 2005 
3Same individuals as in Wilson et al. 2009a 
4Same individuals as Abramsson-Zetterberg et al. 2008 and Naruszewicz et al. 2009 

5Same individuals as in Hagmar et al. 2005 and Wirfält et al. 2008  
6Same individuals as in Carlsson et al. 2014 

7Same individuals as in Bjellaas et al. 2007 
8Same individuals as in Olesen et al. 2008  
9Same individuals as in Olesen et al. 2008 and Olesen et al. 2012 
10Same individuals as in Hogervorst et al. 2021 
11Same individuals as in von Stedingk et al. 2011 
12Same individuals as Olesen et al. 2008; Olesen et al. 2012 and Outzen et al. 2011 
13Same individuals as Vesper et al. 2008 
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14Same individuals as Vesper et al. 2008 but without Norway, Denmark and a center from Sweden, Malmö. 
15Same individuals as Vesper et al. 2008 but without Norway, Denmark and a center from Sweden, Malmö and Obón-Santacana et al. 2016a 
16Same individuals as Vesper et al. 2008 but without Norway, Denmark and a center from Sweden, Malmö; Obón-Santacana et al. 2016a and 2016b 
17Same individuals as in Schettgen et al. 2004a 
18Same individuals as in Schettgen et al. 2004a and Kütting et al. 2005 
19 Same individuals as in Schettgen et al. 2004a; Kütting et al. 2005 and Boettcher et al. 2005 
20Same individuals as in Kütting et al. 2009 
21Same individuals as in Lin et al. 2009 
22Same individuals as in Lin et al. 2009 and Tran et al. 2010 
23Same individuals as in Lin et al. 2009; Tran et al. 2010 and Vesper et al. 2010 
24Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010 and Vesper et al. 2013 
25Same individuals as in Chu et al. 2017 
26Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013 and Chu et al. 2017 
27Same individuals as in Ospina et al. 2005 

28Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013; Chu et al. 2017; Guo et al. 2017 and Duke et al. 2018 
29Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013; Chu et al. 2017; Guo et al. 2017; Duke et al. 2018 and Zhang et al. 2018 
30Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013; Chu et al. 2017; Guo et al. 2017; Duke et al. 2018; Zhang et al. 2018 and 

Huang M et al. 2018a 
31Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013; Chu et al. 2017; Guo et al. 2017; Duke et al. 2018; Zhang et al. 2018; Huang 

M et al. 2018a and Huang M et al. 2018b 
32Same individuals as NHANES 2021b (2013-2014) 
33Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013; Chu et al. 2017; Guo et al. 2017; Duke et al. 2018; Zhang et al. 2018; Huang 

M et al. 2018a and NHANES 2021a 
34Same individuals as in NHANES 2021b and NHANES 2021c 

35 Same individuals as in Lin et al. 2009; Tran et al. 2010; Vesper et al. 2010; Vesper et al. 2013; Chu et al. 2017; Guo et al. 2017; Duke et al. 2018; Zhang et al. 2018; Huang 

M et al. 2018a; NHANES 2021a NHANES 2021b; NHANES 2021c; Chu et al. 2021 and Cheang et al. 2021 

36 Same individuals as in Chu et al. 2017; Guo et al. 2017; Zhang et al. 2018; Huang M et al. 2018a; NHANES 2021a NHANES 2021b; NHANES 2021c; Cheang et al. 2021 and 

Liu et al. 2021 
37Same individuals as in Health Canada, 2019 
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3.4. Predictors of the Hb adducts from acrylamide 

Most studies of the general population rely on smaller-sized study populations of adults (N<1,000). 

There are few studies of vulnerable groups. Out of the 70 studies, only 3 European and 13 Northern 

American studies included more than 1,000 individuals, thus limiting the statistical power of studies 

to examine associations for certain predictors and health outcomes.   

 

3.4.1. Tobacco smoking 

There is a high variability in exposure to acrylamide between individuals (Table 2). The min and 

max Hb adduct ranged from 3 to 610 pmol/g in the studies of the general population. Part of the 

variation relates to exposure to tobacco smoke. Fig. 6 illustrates that the reported central estimate of 

Hb adduct levels were approximately three-fold higher in smokers as compared to non-smokers. 

The results summarized in Fig. 6 have been consistently found in all individual studies that included 

smokers and non-smokers (Table 2). A large variation in the Hb adduct levels was observed within 

smokers as well as within non-smokers (Fig. 6 and 7). After exclusion of smokers, the reported 

central estimate of levels ranged from 28 to 65 pmol/g; the min and max levels reported in the 

individual studies ranged from 3 to 210 pmol/g (Table 2). 

  
Fig 6. Distribution of hemoglobin adduct levels from 

acrylamide in non-smokers and smokers. Original 

studies with children and adults (n>10). 

 

 

Fig 7. Distribution of hemoglobin adduct levels from 

acrylamide in non-smokers. Original studies with 

children and adults (n>10). 
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A high correlation between self-report smoking and elevated Hb adduct levels has been reported in 

many studies (Abramsson-Zetterberg et al. 2008; Bergmark 1997; Boettcher et al. 2005; Schettgen 

et al. 2002, 2004a; Kütting et al. 2009; Naruszewicz et al. 2009; Scherer et al. 2007; Wirfält et al. 

2008). An increase of approximately 6 pmol/g Hb per smoked cigarette a day has been reported as 

measured steady-state level of the adduct (Bergmark 1997). Depending on the type of cigarette, an 

increase of 2.8-3.9 pmol/g per smoked cigarette has later been reported by Scherer et al. (2007). 

Daily smoking rate has been found to be highly correlated with adduct levels (0.75; Kütting et al 

2009). High correlations between Hb adducts from acrylamide and nicotine equivalents (r=0.74), 

cotinine in saliva (r=0.61) and CO in exhalate (r=0.80) has also been reported (Urban et al. 2006). 

Higher Hb adduct levels from acrylamide have also been detected in maternal and cord blood 

collected from infants of smoking women as compared to those of non-smokers (Hogervorst et al. 

2021a; Pedersen et al. 2012) and exposure to ETS was verified by Hb adducts from ethylene oxide 

(Pedersen et al. 2012; von Stedingk et al. 2011). Higher levels of adducts from acrylamide and 

ethylene oxide has also been detected in smokers than non-smokers in a study of 104 adults from 

the US (Yang et al. 2018). However, in a study with non-smoking adults from Germany there were 

no difference in the Hb adduct levels from acrylamide or ethylene oxide between those exposed to 

ETS and those not exposed to ETS according to self-reports (Schettgen et al. 2010). Though other 

studies have shown that Hb adduct levels have been associated with ETS as indicated by serum 

cotinine (Vesper et al. 2010) and urinary cotinine levels (Brisson et al. 2014).
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Table 3. Main results of the studies examining total dietary acrylamide intake and correlation with hemoglobin adducts from acrylamide. 

Study Diet assessment  Acrylamide intake  Results 

Hagmar et al. 2005 

 

Questionnaire Low vs. high intake (n=142) 

 

Median adduct levels (pmol/g Hb)  

Men, low intake: 30, Women, low intake: 41 

Men, high intake: 43, Women, high intake: 40 

 

Wilson et al. 2009  

 

Questionnaire 

 

Range (n=331) 

8-125 g/day 

0.08-1.59 g/kg bw/day 

Food items evaluated too. 

Correlation coefficient (95% CI) between dietary 

acrylamide intake and Hb adducts was 0.25 (0.14, 0.35) in 

adjusted models. 1 R2 of the model was not stated. 

Wirfalt et al. 2008 

 

Questionnaire Median (range) (n=142) 

45 (3.5-189) g/day  

Pearson regression R=0.43 p<0.0001 non-smokers (n=72)  

Each 10% increase in estimated acrylamide intake through 

food was associated with a 1.68% increase in mean Hb 

adduct levels in non-smokers. R2 of the model was 13%. 
 

Pearson regression R=0.36 p<0.0001 smokers (n=70)  

Each 10% increase in estimated acrylamide intake through 

food was associated with a 2.54% increase in mean Hb 

adduct levels in smokers. R2 of the model was 32%. 

Vikström et al. 2012 Questionnaire Mean (range) g/kg bw/day 

(n=68) 

FFQ: 0.67 (0.04-2.9) 

Hb adducts: 0.52 (0.18–1.2) 

Spearman correlation between total dietary intake of 

acrylamide and Hb adduct Rs=0.39, p=0.002.  

Those with Hb adduct levels from acrylamide higher than 

the median levels had higher acrylamide intake (p<0.003). 
 

Bjellas et al. 2007 

 

 

Questionnaire Median (range) for non-smokers 

(n=44) 14 (4 -73) g/day 

No correlations between total dietary intake of acrylamide 

and Hb adducts.  

 

Higher potatoes, chips/snacks and crisp bread intakes were 

correlated with higher acrylamide Hb adduct levels. R2 of 

the model was 48%. 
 

Duarte-Salles et al. 2013 

 

 

Questionnaire 

 
Mean  SD (n=50,651) 

27  13 g/day 

0.4  0.2 g/kg bw/day 

Correlation coefficient (95% CI) between energy-adjusted 

dietary acrylamide intake and Hb adducts were 0.24 (0.02, 

0.44) in non-smokers (n=79). R2 of the model was not 

stated. 
 

Pedersen et al. 20127 

 

 

Questionnaire 

 

Total dietary acrylamide intake 

was not estimated (n=1,101). 

Acrylamide food score was 

evaluated. 

 

A 1-unit increase in the acrylamide-rich food score was 

associated with higher Hb adducts levels (0.68 pmol/g 

(95% CI: 0.30, 1.16). R2 of the model was not stated. 
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Table 3. Main results of the studies examining the total dietary acrylamide intake and correlation with hemoglobin adducts from acrylamide- cont. 

Study Diet assessment  Acrylamide intake  Results 

Kutting et al. 2005 

 

 

Questionnaire Score of acrylamide rich food 

(n=10) 

No correlation between the score and acrylamide Hb 

adduct levels. 

 

Kutting et al. 2008 

 

 

 

Questionnaire Median (P25-P75) (n=828) 

9,851 (5,124-17596) units not 

provided 

Correlation coefficient (SE) between dietary acrylamide 

intake and Hb adducts was 0.063 (0.017) in non-smokers 

when comparing the highest quartile with the lowest in 

adjusted model.2 R2 of the model was 8%. 

 

Outzen et al. 2011 

 

Questionnaire 

 

Total dietary acrylamide intake 

was not estimated. (n=537) 

Food items evaluated. 

A 200 g/d higher intake in coffee was associated with a 4% 

(95% CI: 2, 7)% increase in Hb adducts and a 5 g/day 

increment in chip intake was associated with a 18% (95% 

CI: 6, 31) increase in Hb adduct levels in adjusted models.3 

R2 of the model was 17% . 

 

Ferrari et al. 2013 

 

Questionnaire 

Dietary recall 

Geometric mean (10-90th 

percentiles) (n=510) 

Questionnaire: 25 (12-50) 

g/day 

Recall: 22 (7-60) ug/day 

Correlation coefficient (95% CI) between dietary 

acrylamide intake and Hb adducts was 0.08 (-0.01, 0.17) 

for the questionnaire and 0.06 (-0.03, 0.15) for the dietary 

recall in adjusted models.4 R2 of the model was not stated. 
 

Obón-Santacana et al. 2017 

 

Questionnaire 

 

Median P25-P75 (n=801) 

22 (15-29) ug/day  

0.3 (0.2-0.5) g/kg bw/day 

 

Food items evaluated too. 

Correlation coefficient (p-value) between dietary intake 

(g/kg) and AA-Hb adducts was 0.2 (<0.0001). 

 

Correlation coefficient (SE) between salty biscuits, aperitif 

biscuits, crackers and AA-Hb adducts was 0.03 (0.01) and 

correlation coefficient (SE) between dry cakes, biscuits and 

AA-Hb adducts was 0.02 (0.01) in adjusted models.5 

Model R2 of the model was 30%. 

 

Wilson et al 2009 a 

 

Questionnaire 

 
Mean  SD (n=296) 

19  8 g/day  

0.27  0.12 g/kg/day 

 

Food items evaluated too. 

 

 

 

 

Correlation coefficient (95% CI) between dietary 

acrylamide intake and Hb adducts was 0.27 (0.16-0.38) in 

adjusted model.6 R2 of the model was 23%. 

 

Potato chips, French fries, and breakfast cereal was 

associated (P<0.05) with Hb adduct levels. R2 of the 

models ranging from 16-19% in adjusted models.7 
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Table 3. Main results of the studies examining the total dietary acrylamide intake and correlation with hemoglobin adducts from acrylamide- cont. 

Study Diet assessment  Acrylamide intake  Results 

Tran et al 2010 

 

Questionnaire 

 

Mean (95%CI) (n=4,853) 

28 (27-29) g/day 

0.44 (0.42-0.44) g/kg bw/day 

 

 

 

 

 

 

Mean of estimated intake per quartiles of AA-Hb adducts: 

Lowest quartile: 24  g/day; 0.35 g/kg bw/day 

Second lowest: 26 g/day; 0.41 g/kg bw/day 

Second highest: 29 g/day; 0.51 g/kg bw/day 

Highest: 33 g/day; 0. 50 g/kg bw/day 

P for trends: <0.001 
 

Correlation coefficient (95%CI) between dietary intake and 

Hb adducts was 0.16 (0.13, 0.19) in adjusted models.8 R2 

of the model was 3.5% for non-smokers. 
 

Duke et al. 2018 

 

 

24-h dietary recall Quartiles of estimated intake: 

Q1: <5 g/day (n=1,634) 

Q2: >5-12 g/day (n=1,630) 

Q3: >12-25 g/day (n=1,632) 

Q4: >25 g/day (n=1,632) 

 

Food items evaluated too. 

Geometric mean (95%CI) of AA-Hb adducts (pmol/g Hb) 

Estimated dietary intake Q1: 56 (51-61) 

Estimated dietary intake Q2: 58 (55-62) 

Estimated dietary intake Q3: 65 (62-68) 

Estimated dietary intake Q4: 71 (66-77) 
 

Mean ratio (95% CI) of the multiplicative increase in mean 

adduct levels for each quartile increase of acrylamide 

intake was 1.07 (1.05, 1.09) in adjusted model.9 R2 of the 

model was 34%. 
 

In non-smokers a statistically significant positive trend 

between intake of fried potatoes and Hb adducts were 

observed in children, adolescents and adults, but not in 

seniors. Potato chips and coffee was also correlated with 

Hb adduct levels from acrylamide in adolescents, adults 

and seniors. 
 

Brisson et al. 2014 

 

 

Questionnaire 

48-h dietary recall 

 

Mean (min-max)  

Questionnaire: 0.20 (0.02-0.80) 

g/kg bw/day (n=185) 

Recall: 0.59 (0-5.78) g/kg 

bw/day (n=195) 

 

Spearman’s rho correlations (p-values) between acrylamide 

intake and Hb adduct levels was 0.38 (<0.0001) for the 

estimate from the questionnaire and 0.07 (0.4) for the recall 

based estimate. 
 

Correlation coefficient (95%CI) between dietary intake 

during the months before (questionnaire) and the sum of 

acrylamide and glycidamide Hb adducts was 1.001 (1.000, 

1.001) in adjusted model.10 R2 of the model was 20%. 
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Table 3. Main results of the studies examining the total dietary acrylamide intake and correlation with hemoglobin adducts from acrylamide- cont. 

Study Diet assessment  Acrylamide intake  Results 

Yamamoto et al. 2020 Questionnaire 

Diet and drinks 

Mean: 

Questionnaire: 0.13 g/kg 

bw/day (n=89) 

Diet and drinks: 0.23 g/kg 

bw/day 

Geometric means (95%CI) of AA-Hb adducts (pmol/g 

Hb)11 

 

Questionnaire: 

Lowest intake (n=29): 44 (35-56) 

Middle intake (n=30): 53 (41-67) 

Highest intake (n=30): 60 (47-76) 

p-value for trend=0.04 

 

Diet and drinks: 

Lowest intake (n=29): 

Middle intake (n=30): 

Highest intake (n=30): 

p-value for trend=0.02 
1Adjusted for age, region, energy intake and laboratory batch. 
2 Adjusted for sex and body weight. 
3 Adjusted for smoking (duration, time since cessation, smoking status), age and other dietary items. 
4 Adjusted for country, alcohol intake, smoking status, number of cigarettes and energy intake. 
5 Adjusted for country, age, date of blood donation, fasting, case/control, ‘salty biscuits, aperitif biscuits, crackers,’ ‘dry cakes, biscuits’, tea, vegetables, BMI and 

deep-frying fat. 
6 Adjusted for batch, age, energy, BMI and alcohol. 
7 Adjusted for age, energy, BMI and alcohol. 
8 Adjusted for energy. 
9 Adjusted for age, sex, ethnicity, body mass index, serum cotinine and alcohol intake 
10 Adjusted for passive smoking (urinary cotinine). 
11Adjusted for sex and smoking. 
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3.4.2. Dietary exposure to acrylamide 

Hb adduct levels were detectable in all individuals and the wide range in non-smoking individuals 

(Fig. 7) illustrates that everyone has an internal dose of acrylamide and suggests that sources such 

as dietary exposure to acrylamide varies largely between individuals even within studies. The low 

levels observed in some individuals indicates that exposure to acrylamide can be reduced.  

A total of 17 studies have evaluated the correlations between dietary exposure to acrylamide 

and Hb adduct levels (Table 3). Most of these studies have used traditional dietary questionnaires, 

designed to rank the study population according to intake of certain foods and drinks during the past 

year, and administrated at baseline at the same time or before the blood donation for measurement 

of Hb adducts. Relative to smoking, the correlation between estimated dietary intake of acrylamide 

and Hb adducts is small and the results of the individual studies are based on different methods of 

estimation of dietary intake making them more difficult to compare (Table 3). 

Most studies report positive and significant correlations between the estimated total dietary 

acrylamide intake and Hb adduct levels (Brisson et al. 2014; Ferrari et al. 2013; Duarte-Salles et al. 

2013; Duke et al. 2018; Hagmar et al. 2005; Kütting et al. 2008; Obón-Santacana et al. 2017; 

Pedersen et al. 2012; Wilson et al. 2009a, 2009b; Tran et al. 2010; Vikström et al. 2012; Wirfält et 

al. 2008; Yamamoto et al. 2020), but not in two smaller-sized studies (Bjellaas et al. 2007; Kütting 

et al. 2005). The observed correlations are low to modest (Table 3). Higher intake of selected 

acrylamide-rich foods and drinks have also been significantly associated with higher Hb adduct 

levels (Bjellaas et al. 2007; Duke et al. 2018; Obón-Santacana et al. 2017; Outzen et al. 2011; 

Pedersen et al. 2012, 2014; Wilson et al. 2009a, 2009b). The variation in Hb adduct levels 

explained by the estimated total dietary acrylamide, dietary variables, and other covariates such as 

exposure to tobacco smoke considered in multivariate models range from 3.5% to 48%. 
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In a study of 70 non-smokers from the Malmö Diet and Cancer (MDC) Cohort in Sweden, 

men with high intake of foods rich in acrylamide had significantly higher Hb adduct levels than 

those with low intake, but this difference was not observed for women (Hagmar et al. 2005). A 

strength with this study was that the individuals in the diet categories were selected in a cohort out 

of approximately 28,000 individuals based on high, none or random intake of acrylamide-rich foods 

according to the questionnaires. A positive correlation between total dietary intake of acrylamide 

and Hb adduct levels has also been reported in this subset of the MDC where a part of the 

participants was selected according to their intake of acrylamide rich food (Wirfält et al. 2008). The 

dietary acrylamide explained 13% of the variation of the Hb adducts of these non-smokers and 25% 

in smokers while 32% was explained by diet and smoking (Wirfält et al. 2008). Like all other 

studies relying on dietary questionnaires, most of the variation in the Hb adduct levels could not be 

explained. In a separate study (Vikström et al. 2012), the average daily acrylamide intake was 

calculated from Hb adduct levels in the individuals from the same study (n=68) and compared with 

the intake calculated from dietary histories. The mean intake (±SD) was calculated to 0.52±0.23 and 

0.67±0.55 µg/kg bw and day, respectively (Table 3). This was judged as a relatively good 

agreement between mean intakes calculated from the different type data obtained with two 

methodologies, i.e. Hb adduct levels and diet history and that both methods applied in this study 

provide good estimation of mean intake of acrylamide (Vikström et al. 2012). Furthermore this 

indicates that dietary exposure to acrylamide is the main contributor to the internal dose of 

acrylamide in non-smokers. 

Higher intake of acrylamide from diet was statically significantly correlated with higher Hb 

adduct levels (Rs=0.39, p=0.002). The individual variation in acrylamide intake as obtained from 

Hb adduct levels, varied only a factor of seven, but the intake varied 70-fold as calculated from diet 

history. The authors concluded that the results indicated that diet history methods overestimated the 
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intake differences between individuals and that particularly low estimated intakes of acrylamide 

were underestimated from diet history.  

Bjellaas et al. (2007) reported significant positive correlations for chips and crisp bread 

with Hb adducts in a study of 50 adults from Norway, but total dietary acrylamide and Hb adducts 

was not correlated. Outzen et al. (2011) evaluated the associations between selected food items and 

Hb adducts in 537 non-smoking Danish postmenopausal women and also found that chips was one 

of the most important determinants of the Hb adduct levels. Opposite to the Norwegian study, 

coffee was a significant contributor in the Danish study. Wilson et al. (2009b) also reported that 

potato chips and coffee were correlated with the Hb adduct levels in a study of 296 non-smoking 

women. Higher intake of acrylamide-rich food has been associated with higher Hb adducts levels 

from acrylamide in cord blood collected from 1,001 placentas (Pedersen et al. 2012). Chips, French 

fries, pizza and crisp bread were among the top five most important dietary predictors of Hb 

adducts in cord blood in four of the five countries, and coffee was among the top five most 

important dietary predictors for infants from Denmark and Greece (Pedersen et al. 2014). The 

dietary food items and the covariates explained 17% of the variation of the Hb adduct levels in the 

Danish women (Outzen et al. 2011) and 48% in the Norwegian study (Bjellaas et al. 2007). 

In a pilot study of 10 pregnant women from Germany, a score of acrylamide-rich food was 

created and found not to be correlated with the Hb adduct levels measured in maternal blood 

(Kütting et al. 2005), but later Kütting et al. (2008) has reported a significant correlation between 

total acrylamide intake and Hb adducts in a larger study of 1,008 Germans including children and 

adults. The variability of the Hb adduct levels explained by the dietary intake was though very 

small (R2 =0.08).  

In a subgroup of 510 participants of the European Prospective Investigation into Cancer 

and Nutrition (EPIC) study, Hb adducts from acrylamide were measured in blood from these adults 
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who were selected from the nine European countries and their acrylamide intake was estimated 

from questionnaires and 24-hr dietary recalls (Ferrari et al. 2013). The adjusted correlation 

coefficients between the Hb adducts and the estimated acrylamide intake from the dietary 

questionnaires and 24-hr dietary recalls were 0.08 (95% CI: -0.01, 0.17) and 0.06 (95% CI: -0.03, 

0.15), respectively for the study population that included non-smokers and smokers and were 

similarly low after restriction to never-smokers per increase in estimated acrylamide intake. In a 

study of 801 non-smoking women from the EPIC cohort, salty biscuits, aperitif biscuits and 

crackers and dry cakes and cakes were identified as the most important dietary predictors of Hb 

adducts (Obón-Santacana et al. 2017). Wilson and collaborators have reported a modest correlation 

between dietary acrylamide and Hb adduct levels of 296 non-smoking women from the Nurses’ 

Health Study II (NHS-II) of 0.27 (0.16-0.38) (Wilson et al. 2009b). Since the degree of metabolism 

of acrylamide to glycidamide varies between individuals, the sum of acrylamide and glycidamide 

adducts might be a better indicator of the effective internal dose to acrylamide as supported by the 

slightly higher correlation coefficient of 0.32 (0.21-0.42) (Wilson et al. 2009b). 

The sum of adduct levels to N-terminal valine in Hb from acrylamide and glycidamide, as 

used in the above-mentioned study, however, is not directly proportional to the total intake of 

acrylamide. The adduct levels measure the area under the concentration-time curve (AUC), which 

differs from the “amount” of the electrophile (see section 4.2.2). AUC is dependent on the 

toxicokinetic parameters, like rates of metabolism and excretion of the specific chemical (Fig. 1). 

Furthermore, the formed adduct level correlates to the AUC of the chemical with a specific reaction 

rate constant for that chemical, which differs substantially between acrylamide and glycidamide 

(Vikström et al. 2011). Though the sum of adduct levels of acrylamide and glycidamide somewhat 

could compensate for a variation in metabolism to glycidamide, and thus might give a better 

correlation with acrylamide intake. 
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In a NHANES (2003-2004) study that includes children, adolescents, adults and seniors, both the 

estimated acrylamide intake from questionnaire and dietary recalls were associated with higher Hb 

adduct from acrylamide (Tran et al. 2010; Duke et al. 2018). Up to 46% and 34% of the variability 

in the AA-Hb adducts were explained by estimated acrylamide intake and the covariates in the 

models (Tran et al. 2010; Duke et al. 2018). In a study of approximately 150 Canadian teenagers, 

the total acrylamide intake estimated through questionnaires about diet the months before blood 

donation was associated with higher Hb adduct levels, while no association was observed for the 

intake of dietary acrylamide based on the diet two days before (Brisson et al. 2014). 

 

3.4.3. Country of living 

Even within non-smokers from the same country, the Hb adduct levels vary widely with some 

individual having 34 times lower levels than others (Table 2). A few studies of Hb adducts have 

included sufficiently high number of individuals from several European countries, which allow a 

comparison between acrylamide Hb adduct levels in these countries (Vesper et al. 2008; Pedersen et 

al. 2012). Both studies indicate that the non-smoking population from the UK have higher 

acrylamide adduct levels than the non-smokers from the other European countries studied.  Jo
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Fig 8. Distribution of hemoglobin adducts from acrylamide in non-smokers across countries.  

Restricted to original studies, non-smokers/past-smokers and non-occupational exposed only.  

*Cord blood samples. ** Cord blood samples from Norway, Denmark, the UK, Spain and Greece 

 

Slightly higher mean Hb adduct levels were reported in non-smokers from the US and Canada as 

compared with non-smokers from Europe and Asia (Fig. 8 and Table 2). The studies from US and 

Canada are larger in size and include study population of a wider age range as compared to the rest 

of the studies. Differences in analytical methods used to detect Hb adducts and reporting of the 

central estimates preclude us from drawing too firm conclusions. Pooled analyses of individual 

level data are encouraged to further study if these differences are real and due to dietary intake and 

cooking methods or due to study characteristics. 

 

 

3.4.4. Sex and age 

Most studies included adult populations of males and females (Table 2). Lower levels of Hb adducts 

have been reported for females as compared to males (geometric means of 59 and 59 vs. 64 and 66 

pmol/g Hb, respectively) in the 4th NHANES report which summarizes the results of analyses of 

14,958 individuals donating blood in 2003-2004 and 2005-2006 (NHANES, 2021a) and in the 
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Health Canada reports that summarizes the data from 7,594 individuals donating blood in 2012-

2013, 2014-2015 and 2016-2017 (Health Canada, 2019). These reports do not summarize sex and 

age-specific levels for non-smokers, nevertheless among non-smokers, lower levels in females as 

compared to males have also been reported in the US NHANES data of 1,320 individuals from the 

2013-2014 survey (NHANES, 2021b) as well as in the EPIC study of 255 European adults (Vesper 

et al. 2008). Though no statistically significant sex-difference has been reported for the 5,686 non-

smokers in the 2003-2004 NHANES data (Vesper et al. 2010).  

Four studies have reported on Hb adducts detected in blood from pregnant women (Duarte-

Salles et al. 2013; Pedersen et al. 2012; Schettgen et al. 2004b; von Stedingk et al. 2011) and the 

three latter of these also measured adducts in umbilical cord blood. The adduct levels in cord blood 

were highly correlated with the maternal levels (r=0.95, n=171, Pedersen et al. 2012). The median 

adduct levels in cord blood are approximately half of the values detected in the corresponding 

maternal blood. Similarly low levels have been detected in cord blood from Belgium (Hogervorst et 

al. 2021a). This is mainly because fetal Hb has another composition than adult Hb (γ-chain in fetal 

Hb, unlike the β-chain in adult Hb, has not valine as the N-terminal amino acid; cf. section 4.2.4).  

Five studies and the four reports have measured Hb adducts in blood from children and 

adults (Table 2). Higher levels have been reported in infants as compared to older children and 

adults (Hartmann et al. 2008; NHANES, 2021a; Kütting et al. 2009; Vesper et al. 2010) while this 

is not the case in the large data from the Health Canada report (Health Canada, 2019) and 

differences between older children and adults are smaller for the non-smokers from the US 

NHANES included in the study by Vesper et al. 2010.  

 

3.5. Experimental studies 
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Reproducibility studies have demonstrated that Hb adducts from acrylamide have a high within-

person consistency over time in samples collected 10-32 and 20 months apart, respectively (Wilson 

et al. 2009b; Vikström et al. 2012).  

A few smaller-sized dietary consumptions studies with measurement of acrylamide intake 

have reported significant increases in Hb adducts levels following intervention (Table 2). In one 

study, a group with high-heated food intake corresponding to a dose of approximately 3,050 µg 

acrylamide over 4 days showed about a doubling of the adducts levels, vs. no increment in a group 

with intake of low-heated food (total dose of approximately 20 µg acrylamide) (Abramsson-

Zetterberg et al. 2008). An early pilot study with a small number of subjects with one week of 

consumption of potato chips did not report any differences (Vesper et al. 2005). Later another study 

reported a significant increase in adduct levels in the individuals that had an extra daily dose of 

potato chips (containing 157 µg acrylamide) for 28 days (Naruszewicz et al. 2009). A study by 

Doroshyenko et al. (2009) showed a significant increase in adduct levels after intake of a single 

dose of 1 mg acrylamide, and an influence of simultaneous CYP2E1 inhibition on the acrylamide 

adduct level and in the excretion of urine metabolites. In an earlier study by Fennell et al. (2005) a 

group of persons was given very high doses (0.5 - 3 mg/kg bw) of 13C-substituted acrylamide via 

drinking water by acute oral exposure, which resulted in a large increase of Hb adduct levels. Most 

recently, a consumption study from China has reported a two-fold increase in Hb adduct levels 

from acrylamide measured at day 10 as compared to baseline-levels following intake of 

acrylamide-rich food (Chen et al. 2020). 

 

4. Discussion  

A total of 82 peer-reviewed studies and 3 reports have reported on Hb adduct levels from 

acrylamide in humans from 19 countries corresponding to more than 27,000 individuals after 

removing studies on the same population. Hb adduct levels were highest in occupational exposed 
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individuals and smokers. Non-smokers from the US and Canada had slightly higher levels as 

compared with non-smokers from Europe and Asia. Adduct levels ranged from 3 to 210 pmol/g Hb 

in non-smokers and this wide range suggests that dietary exposure to acrylamide varies largely. The 

high adduct levels in some non-smoking individuals could also to some extent reflect exposure to 

second-hand smoke. 

 

4.1. Some general perspectives on acrylamide in food 

The public health concern that followed the unexpected finding of Hb adducts in the blood from 

non-occupational exposed humans and reports that acrylamide forms in food has resulted in a wide 

distribution of activities: Substantial experimental evidence of acrylamide-induced toxicity (EFSA, 

2015; Matoso et al. 2019; NTP, 2005, 2012; Rifai and Saleh, 2020), advances in exposure 

assessment (Health Canada 2019, 2019; EFSA, 2015), growing evidence of widespread exposure to 

acrylamide in the general population (EFSA, 2015; JECFA, 2005; Timmermann et al. 2021), many 

epidemiological studies (Pelucchi et al. 2015; Virk-Baker et al. 2014), food surveys (EFSA, 2015; 

FDA, 2018; Livsmedelsverket 2013; Petersen et al. 2013), risk assessments and guidance for food 

industry (Dybing et al. 2005; FDA, 2016), by food agencies and the general population in terms of 

food preparation, storage, production, processing (Food and Drink Europe, 2019; FSA, 2018; 

VKM, 2015 ) and mandatory food monitoring have been initiated at many places around the world. 

In California, labelling of coffee that contain acrylamide had been required in March 2018, however 

it was lifted in August 2018 (NPR, 2018) following the publication of the updated IARC 

monograph on Drinking Coffee, Mate, and Very Hot Beverages and a large body of research has 

found little evidence that coffee causes cancer and instead suggested that it might reduce the risk of 

some cancers (IARC, 2018). Since 2017, food manufactories, fast-food chains and restaurants are 
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required to follow certain procedures to ensure acrylamide levels for different foods are below the 

indicative benchmarks set out in the legislation of the EU member states (EU, 2017).  

 

4.2. Hb adducts as measure of exposure and internal dose of acrylamide  

4.2.1 Biomarkers of exposure to acrylamide 

Acrylamide, other electrophiles and reactive chemicals can form adducts with nucleophilic sites in 

Hb, as well as in other proteins. The electrophilic reactivity with different proteins has been 

illustrated in a study on mice exposed to a range of very low doses starting at < 0.1 µg 

acrylamide/kg in which a linear log/log increase in adduct formation with serum albumin (SA), Hb 

and other proteins was demonstrated by accelerator MS (Xie Q et al. 2006). Both Hb and SA have 

advantages as in vivo monitor of electrophiles, but in comparison to SA that has a half-life of ca 20 

days, Hb has a defined life span of approximately 126 days and is available in larger amounts (ca 

120-170 mg Hb/ml whole blood vs. 35-50 mg SA/ml serum). Regarding SA, adduct formation from 

acrylamide has been shown in vitro with Cys-34 in human SA (Noort et al. 2003). Further 

analytical development regarding this adduct to SA has not been published, even though a method 

for monitoring of Cys-34 adducts has been developed for screening of adducts in SA samples from 

the general population (Grigoryan et al. 2016). The adduct from acrylamide in SA seems not to 

have been observed so far in such screening (Carlsson et al. 2019). In the initial stage of 

development of methods to study Hb adducts in vivo from acrylamide exposure, adducts to Cys 

were measured with MS methods in exposed rats (e.g., Bailey et al. 1986; reviewed by Törnqvist et 

al. 2006). In human Hb, acrylamide gives ca 4 times higher level of adducts to Cys than to N-

terminal valines (Bergmark et al., 1993). Presently, for exposure to low molecular mass 

electrophiles like acrylamide, the adduct to N-terminal valine in Hb is the most used biomarker of 

internal dose and facile to analyze with MS methods. Edman degradation-based methods (as 
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described in section 3.1.) isolate selectively the adducted N-terminal amino acid as derivatized 

analyte and therefore achieve high selectivity and sensitivity in comparison to other protein adduct 

measurement methods based on total hydrolysis or enzymatic digestion.  

Other biomarkers have also been used to measure internal dose (or internal exposure) of 

acrylamide. For instance, LC-MS methods for analysis of DNA adducts from glycidamide have 

been developed and applied for studies in acrylamide-exposed rodents (Gamboa da Costa et al. 

2003; Doerge et al. 2005). The in vivo half-life of adducts from glycidamide to Gua-N7 in different 

organs has been measured to be a few days in rats (Manière et al. 2005). In humans, the N7-GA-

Gua adduct has been measured in urine in an investigation of occupational exposure to acrylamide 

(Huang YF et al. 2018c) and in a study of smokers and non-smokers (Huang CCJ et al. 2015). In 

the latter study the N7-GA-Gua adduct levels showed an association with the level of the 

mercapturic acid of acrylamide. 

The metabolites of acrylamide measured in urine are mainly the mercapturic acids 

originating from detoxification by glutathione conjugation (mediated by enzymes or by chemical 

reaction) (Fig. 1). Urine metabolites as biomarkers of internal exposure of acrylamide have several 

advantages, including facile analysis by LC-MS techniques. The urine metabolites are excreted 

within a few days after exposure to acrylamide (Fennell et al. 2006; Hartmann et al. 2011). Using 

high-through put LC-MS, urine metabolites of acrylamide have been studied even in large cohorts 

of thousands of individuals (Ji et al. 2013; Schwedler et al. 2021). 

Compared to both DNA adducts and urine metabolites, Hb adducts reflect a longer period of 

exposure. Both that protein adducts areneither formed in an intrinsic mechanism of the body for 

detoxification and excretion of xenobiotics, as for urine metabolites, nor these protein modifications 

are repaired like DNA adducts, contribute to the fact that protein adducts are relatively long-lived. 

The adduct level is the result of accumulated exposure that forms a steady-state adduct level during 
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chronic exposure, which also entails that the adduct level measured reflects the average exposure 

over time and is less prone to fluctuations related to short-term exposure variations. 

 

4.2.2 Hb adduct levels as a measure of internal dose using AUC calculations 

Particularly useful is the applicability of Hb adduct levels for calculation of internal dose – or in 

vivo dose – in terms of area under the concentration-time curve (AUC) (Ehrenberg et al. 1983). 

Such calculations are useful for quantification of metabolism and for extrapolation in risk 

assessment procedures. The AUC, this is the internal dose, of an electrophile in vivo is dependent 

on absorption, dose distribution, metabolism and excretion of the electrophile or its precursor.  

For calculation of AUC in vivo from adduct levels the rate constant for formation of the 

specific adduct and the degree of accumulation of the adduct has to be considered. The 

accumulation of a stable adduct depends on the half-life of the monitor molecule (Hb in this case). 

During chronic exposure that lasts longer than the life-time of the erythrocytes (𝑡𝑒𝑟  which is 

approximately 126 days in humans), a steady-state adduct level (𝐴𝑠𝑠) is reached, which corresponds 

to the mean daily increment of an adduct level (�̅�) multiplied by the half of the life-time of the 

erythrocytes (Ehrenberg et al. 1983; Törnqvist et al. 2002).  

𝐴𝑠𝑠 =
𝑡𝑒𝑟

2
× �̅�       (equation 1) 

This expression can thus be used to calculate the mean daily adduct level increment (�̅�) 

from the measured steady-state adduct level (𝐴𝑠𝑠) in an individual or a population, which then in 

turn could be used to calculate the mean daily AUC of acrylamide. The AUC calculation requires 

the reaction rate constant (second-order) for formation of the specific adduct, such as the adduct 

from acrylamide to N-terminal valine in Hb (kVal-AA):   

𝐴𝑈𝐶𝑑𝑎𝑖𝑙𝑦−𝐴𝐴 = �̅�/𝑘𝑣𝑎𝑙−𝐴𝐴       (equation 2) 
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This approach has been used on data from an experimental dietary exposure study, which gave an 

estimate of a daily adduct level increment (�̅�) of 1.4 pmol/g Hb for a daily intake of 1 µg 

acrylamide/kg body weight (bw) for healthy adults from Sweden (Vikström et al. 2011). Using the 

second-order reaction rate constant for acrylamide (kVal-AA = 6.4 pmol/g Hb/µM×h), the 

corresponding AUC, that is the concentration of free acrylamide in blood over time, was calculated 

to 212 nM×h per µg intake acrylamide/kg bw (the corresponding AUC 49 nM×h for glycidamide 

per µg intake acrylamide/kg bw). The estimated AUC’s of both compounds (per µg intake 

acrylamide/kg bw), were higher in humans than the corresponding AUC estimated for rats 

(Vikström et al. 2011). AUC calculations from measured adduct levels can be used for an improved 

extrapolation from animal experiments in risk estimation and comparison between chemicals etc. 

and be used for intake calculations as exemplified above. 

 

 

4.2.3 Data on N-terminal Hb adduct levels from acrylamide: Detectability and comparability 

Initially the analytical methods to measure Hb adducts were developed to monitor occupational 

exposure from alkylating agents. The N-alkyl Edman method using analysis by GC-MS was applied 

for studies of exposure to simple epoxides (Törnqvist et al. 2002; Boogard et al. 2002; Rubino et al. 

2009). Later, improved methods showed that exposure from the same compounds could be detected 

as adducts in tobacco smokers and then also in non-smokers, without any known exposure. 

Following the discovery of formation of acrylamide in food, analyses of these biomarkers have 

been applied to study dietary exposure to acrylamide in the general population. The study of 

variations in adduct levels from dietary intake of acrylamide in the general population requires 

higher sensitivity and reproducibility of the analytical methods than what is required for studies of 

relatively high occupational exposures. For interpretations of small differences in adduct levels it 
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might then be more important to consider biological conditions (cf. 4.2.4) that could influence the 

relations between measured steady-state Hb adduct level, internal dose (as AUC) and exposure 

dose, respectively, in studies of groups from the general population.  

The original N-alkyl Edman method has been applied to characterize acrylamide exposure 

in the general population in several studies of 100-1,000 individuals (Hagmar et al. 2001; Kütting et 

al. 2008; Scherer et al. 2007; Wilson et al. 2009a). The method is rather time-consuming but has 

high repeatability and low detection level when using GC-MS/MS analysis (Vikström et al. 2012). 

The robotized version using PFPITC and LC-MS/MS by Vesper et al. has been applied in studies of 

up to several thousands of individuals, particularly in characterization of acrylamide exposure in the 

European and US NHANES population, that is the largest number of analysed samples to date (e.g. 

NHANES, 2021a, 2021b; Vesper et al. 2008, 2013). The so-called FIRE method, using the FITC 

reagent for derivatization and LC-MS/MS analysis, has been applied for one large study of 

acrylamide exposure with more than 1,000 individuals (Pedersen et al. 2012). The two latter 

methods also used direct derivatization of hemolysate which facilitated high through-put analysis.  

The adduct levels given in Table 2 are measured with variations of the modified Edman 

method used in different laboratories (Fig. 5). Detectability of the current methods is at levels of a 

few pmol/g Hb and sufficient for quantification of exposure to acrylamide from food in non-

smokers (cf. section 3.1). A proper comparison of absolute adduct levels from different studies is 

not feasible, without inter-calibration between methods/laboratories. However, the overall 

distribution of the adduct levels reported in the different studies summarized in Table 2 is 

overlapping for similar population groups, which could indicate that there are not large 

methodological differences, but it has not yet been studied. 

The original method has been set-up and used by many laboratories and applied to a range 

of low-molecular mass electrophiles. For analysis of the adduct from ethylene oxide the method has 
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been evaluated in a ring test between laboratories and also compared with other methods for adduct 

measurement, that has shown good results (Törnqvist et al. 1992). In that sense, the original method 

has shown to be robust. Studies using FITC for quantification of Hb adducts have so far been 

published from applications to just a few compounds and by only two laboratories (e.g., von 

Stedingk et al. 2011; Abraham et al. 2019), and this version of the method is less compared for 

quantitative work.   

The data in the Table 2 indicates that the differences in acrylamide Hb adduct levels 

between the non-smoking populations, quantified with the different versions of the method, are not 

large. For more accurate comparison of adduct level measured by different laboratories, 

intercalibration of methods and laboratories should be applied. Only limited method intercalibration 

studies between laboratories for the measurement of acrylamide adduct levels in Hb have been 

performed (unpublished). 

4.2.4 Influence of biological, dietary and other factors on Hb adduct levels 

In addition to occupational, smoking, and dietary sources of acrylamide, variations in metabolism 

that influence the internal dose of acrylamide has been studied. For instance, it has been reported 

that polymorphism in metabolizing enzymes, CYP2E1, GST, EH, influences the relation between 

internal dose/adduct level and exposure dose, in studies based on measurements of Hb adduct levels 

and mercapturic acids from acrylamide exposure in urine (Duale et al. 2009; Pellè et al. 2018). 

Though, in a study of 443 cord blood samples from Belgium (Hogerworst et al. 2021a) no 

significant associations between Hb adducts from acrylamide and polymorphisms in these 

metabolizing enzymes was reported and further studies based on larger study samples are 

encouraged. Furthermore, a human exposure study also suggested that CYP2E1 is the major, but 

not the only metabolism pathway for the epoxidation to glycidamide (Doroshyenko et al. 2009). 

Regarding dependence on GST activity, it has in addition, been suggested (from in vitro studies) 
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that the detoxification of both acrylamide and glycidamide with GSH in blood proceeds mainly via 

non-catalyzed reactions (Paulsson et al. 2005). Also, other components in the diet (alcohol: 

Vikström et al. 2010; Vesper et al. 2008; garlic: Brantsaeter et al. 2008), as well as medication 

(Doroshyenko et al. 2009) have been reported to influence the rate of metabolism of acrylamide to 

glycidamide, via CYP2E1 activity. One publication focused on studying inter- and intra-individual 

variations in the ratio of the Hb adduct levels of glycidamide and acrylamide in non-smokers, which 

is expected to reflect variations in the metabolism involving glycidamide (Vikström et al. 2012). 

The intra-individual variation of the GA-to-AA-adduct level ratio was up to 3-fold in blood samples 

collected three times from 13 non-smokers over 20 months, compared to 11-fold variation between 

individuals (n=68). In the NHANES report (2012) the GA-to-AA-adduct level ratio is presented 

from 6,844 individuals (Vesper et al. 2010). The data shows that children had a higher glycidamide-

to-acrylamide ratio, suggesting differences in the metabolism among age groups. Furthermore, this 

ratio was influenced by race/ethnicity, which indicates influence of differences in polymorphism in 

detoxification enzymes. (For the whole NHANES population studied, the obtained geometric mean 

for the GA-to-AA-adduct level ratio with 95% confidence interval was 0.958 (0.923-0.995).) 

The difference in composition of fetal and adult Hb blood is also known to have an impact 

on the Hb adduct levels measured to N-terminal valine. Fetal Hb (α2γ2), is composed by α- and γ-

chains, of which the latter do not have valine as the N-terminal amino acid.  This is different from 

adult Hb (α2β2), which has N-terminal valine in both the α-chains and β-chains. Thus, the measure 

of adducts in fetal Hb only reflects N-terminal valine adducts to the α-chain, and a lower adduct 

level of N-terminal valine adducts per g of Hb at the same internal dose will be obtained in 

measurements of cord blood or blood from newborn infants compared to the levels measured in 

corresponding maternal blood (von Stedingk et al. 2011).  
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Some other biological factors with possible impact have been discussed as well (Vikström et 

al. 2012).  One factor that could have an influence on the ratio between adduct level and internal 

dose/exposure is deviation from what is considered as the mean life-time of erythrocytes/Hb due to 

normal variation or disease conditions. A deviating life-time of Hb can be expected to have an 

impact on the degree of accumulation of adducts from continuous exposure to acrylamide in food 

(equation 1), though is not studied. Another factor is pregnancy which has an impact on the 

production rate of the erythrocytes (von Stedingk et al. 2011). Furthermore, the reaction rate 

constant for adduct formation would be influenced by body temperature and pH, though such 

individual variations (e.g., due to disease conditions) are expected to give a small impact (Vikström 

et al. 2012). Individual variations in Hb concentration in healthy individuals, are thought to have 

negligible impact on the ratio between adduct level and internal dose/exposure. 

Interestingly, Huang M et al. (2018b) reported positive associations between the Hb 

glycidamide adducts and the ratio Hb glycidamide/Hb acrylamide adducts and obesity, but for Hb 

acrylamide adducts, an inverse association was found after adjusting for socioeconomic, lifestyle 

and health-related variables. The authors discuss as possible causes that acrylamide could lead to 

endocrine disturbances or disruptive effects on gut microbiota. Other explanations are also possible 

and should be discussed in this context. It could be an upregulation of CYP2E1 in obese individuals 

resulting in an increased metabolism to glycidamide via oxidation of acrylamide (Fig. 1). Increased 

activity of CYP2E1 due to obesity has been observed in both rats (Khemawoot et al. 2007) and 

children (Gade et al. 2018). Another fact that might have to be considered is the relative blood 

volume, as the relationship between bw and blood volume per kg bw is inversely proportional 

(Lemmens et al. 2006). Acrylamide and glycidamide have a somewhat higher distribution to blood 

and body water than to other tissues (the volume of distribution (Vd) for both compounds is in the 

range 0.7 – 0.9 l/kg in the F344 rat (Doerge et al. 2005); and estimated to 0.38 l/kg for acrylamide 
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in human males (Fennell et al. 2005)). Thus, both compounds would be expected to give a relatively 

higher Hb adduct level per intake dose per kg bw. in obese persons. In line with this expectation, an 

experiment with administration of the same dose per kg bw of glycidamide to obese/lean mice 

showed ca 50% higher glycidamide adduct level in the obese compared to the lean mice. It was 

suggested that causes could be that in the obese mice the dose distribution is affected, or, that the 

detoxification rate of glycidamide is reduced (Gutzkow et al. 2016).  

As mentioned in the introduction, there are some advantages demonstrated regarding N-terminal Hb 

adducts from acrylamide as a measure of internal dose. The N-terminal Hb adducts from acrylamide 

in humans are stable over the life-time of erythrocytes, according to measurement of decline of 

adduct levels in exposed workers after discontinuation of exposure (Hagmar et al. 2001). 

Furthermore, a study in mice has demonstrated that valine, if N-substituted with an adduct, cannot 

be mis-incorporated during the protein synthesis of the Hb-chains (Kautiainen et al. 1986). This was 

unlike histidine and cysteine, present in the interior of the Hb-chains, which could be incorporated 

even if modified at histidine-Nτ or cysteine-S, respectively (studied with hydroxyethyl-

modification).  

 

4.2.5 Hb adduct levels as measurement of acrylamide from food and other sources 

The modest to low correlations observed in cited studies between estimated dietary 

acrylamide intake and Hb adduct levels may partly be explained by the differences in terms of the 

time periods covered. The Hb adduct levels reflect the exposure a few months back while dietary 

questionnaire most often reflects the previous year and dietary recall most often the previous day or 

days (Timmermann et al. 2021). Uncertainty in estimation of total dietary acrylamide intake 

through dietary questionnaire and recalls results from difficulties in capturing differences in food 

preparation and storage methods used, grouping of foods, imperfect accounting of the wide 
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variation in acrylamide content in similar foods and variation in portion sizes. Most dietary 

questionnaires are not designed to collect data on cooking methods but aiming to rank a population 

according to certain food intake patterns. Incomplete data on acrylamide content in food such as 

home cooked food, food and drinks included as well as recall bias can also lead to misreporting. 

Therefore, estimation of acrylamide through dietary questionnaire and recalls suffer from a high 

degree of uncertainty and the validity has been questioned (Ferrari et al. 2013; Wilson et al. 2009b). 

Furthermore, the relatively small study population sizes also contribute to the modest to low 

correlations or even lack of correlations (Table 3). Finally, another possible explanation of the low 

correlation between dietary acrylamide and Hb adducts may be related to the presence of other 

sources of acrylamide exposures, which has not always been accounted for, or been accounted for 

with substantial measurement errors such as passive exposure to tobacco smoke.  

Infants have been estimated to have a higher intake of acrylamide relative to their bw than 

adults (Timmermann et al. 2021). In line with this, higher Hb adduct levels were reported in infants 

as compared to older children and adults in some studies (Hartmann et al. 2008; Kütting et al. 2008; 

Vesper et al. 2010), however the differences are less clear in the larger data from NHANES and 

Health Canada and it cannot be evaluated with the existing materials if the Hb adduct levels in these 

non-smoking children and adults solely reflect differences in dietary exposure to acrylamide as 

passive exposure to tobacco smoke has not been accounted for (cf 3.4.1). 

One aspect to consider is alternative exposure sources to acrylamide. Acrylamide is widely 

used and although exposure from consumer products, and from drinking water that has been treated 

with polyacrylamide, etc., as well as from inhalation of acrylamide from cooking (Eriksson et al. 

2007), have been suggested to be minor (EFSA, 2015; EU, 2002; NTP, 2005) compared to exposure 

from occupation, smoking and dietary intake, their potential contribution to total acrylamide 

exposure has not been estimated (Tran et al. 2010). 
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Another aspect is possible endogenous formation of acrylamide. Already when the regular 

occurrence of the adduct level of acrylamide in the general population was first observed 

endogenous processes was mentioned as a potential contributing source (Bergmark, 1997; Tareke et 

al. 2002). Earlier a few other electrophiles observed as “background adducts” to N-terminal valine 

in Hb in the general population, have been concluded to have endogenous origin to a major extent 

(Törnqvist and Kautiainen, 1993). Several papers have later discussed and shown the possibility of 

endogenous formation of acrylamide. A small increment of acrylamide adduct levels in Hb was 

shown in mice after induction of oxidative stress (e.g., Tareke et al. 2008). It is well-known that the 

Maillard reaction, which is the major process through which acrylamide is formed in food, also 

occurs in vivo and causes damage to proteins, particularly known as glycation (Tessier, 2010). 

Therefore, theoretically there could be formation at low pace of acrylamide in vivo via the Maillard 

reaction or other processes, the question is how much compared to intake from diet. In the study by 

Vikström et al. (2012) the internal dose and intake of acrylamide was calculated (Table 3; section 

4.3.2) from the mean acrylamide Hb adduct level and compared with data on acrylamide intake 

from diet history (n=68). The result indicated that acrylamide in food is the major source of 

measured adduct levels in non-smokers and that any potential contribution from endogenously 

formed acrylamide (or any other source) is a minor part. This is also supported from measurement 

of the mercapturic acids from acrylamide and glycidamide in a study of a group (n=3) before and 

after 48 hours of fasting, which showed about 95% reduction in the sum of the mercapturic acids 

from acrylamide after fasting (Boettcher et al. 2006). On the other hand, the research group of E. 

Richling in two papers (Goempel et al. 2017; Ruenz et al.  2016) have measured the levels of the 

mercapturic acids from acrylamide and glycidamide in urine samples from non-smokers after a 

period of wash-out with intake of food minimized with regard to acrylamide content, and compared 

with measurements after a high dose of acrylamide Goempel et al. (2017) from these studies 
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estimated that the measured baseline level of mercapturic acids from acrylamide/glycidamide in 

urine from non-smokers (n=12) has a contribution from supposedly endogenous formation of 

acrylamide of 0.3–0.4 μg/kg bw/day. Indeed, other sources would also contribute to a measured 

baseline level of mercapturic acids, as these are also a product of catabolism of proteins containing 

modified cysteines, as has been shown for styrene oxide (Mráz et al. 2016a; b).  An estimation, 

though indicate that the contribution from acrylamide-modified cysteines in Hb from catabolized 

Hb with low background levels of this adduct would be very small. As, according to above, the 

estimation of endogenous formation by Goempel et al. constitutes a relatively large fraction of the 

total internal dose compared to the calculated intake from food, and their results are in conflict with 

the results from the other studies above, this is an issue for further study.  

 The discussion in section 4.2.4 implies that even if the analytical methodology used for 

measurement of dietary acrylamide exposure by Hb adduct levels gives high reproducibility, there 

are variations in biological factors that will or theoretically could have an impact on the ratio adduct 

level/exposure dose. When very small variations in dietary intake of acrylamide are studied through 

measurement of Hb adduct levels in a population, interpretation of data would be improved by more 

detailed information on potential modifying factors. Measured levels of any type of biomarker of 

exposure like urine metabolites, DNA adducts, and protein adducts would be influenced by 

biological factors. Advantages with Hb adducts in this sense, are that no enzymatic process is 

involved in the Hb adduct formation from acrylamide, which is a pure chemical reaction, or in 

adduct removal by any repair process. 

 

4.3. Research gaps and future needs 

To date, epidemiological studies have mostly addressed exposure during adulthood, focused on 

cancer risk in adults, and relied on questionnaires entailing a high degree of exposure 
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misclassification. Indeed, most studies reviewed on Hb adducts from acrylamide relied on smaller-

sized study populations of adults, which limits the power of studies of associations with potential 

predictors and health outcomes. No studies have yet evaluated the potential risk from prenatal 

exposure to acrylamide on health later in life. This is an important gap as many chronic diseases 

originate from early-life exposures (Gluckman et al. 2009). Large studies with assessment of early-

life exposure to acrylamide and other adduct forming chemicals are needed. 

As suggested by Wilson et al. 2009b, given the low to moderate correlation between dietary 

questionnaire and Hb adduct levels, future studies relying on the combination of questionnaire and 

Hb adduct measurement may provide the most conclusive evidence on the possible effects of 

dietary acrylamide on health. Acrylamide is likely to be formed along with many other reactive and 

potentially toxic heat-generated chemicals/compounds and around 800 different compounds that are 

either Maillard or of lipid oxidation products have been listed (Mottram et al. 2006; Chaudhry et al. 

2006), but they are not well studied. 

In the studies presented in Table 2, the amount of Hb used for adduct measurement is down 

to a few tens of mg. It is desirable to develop Edman degradation-based methods that use less 

amount of protein, e.g., for analysis of dried blood spots. The instrumental detectability of the 

current methods is adequate for detection of adducts from acrylamide in non-smokers. Only a few 

laboratories have developed and applied high-through put modified Edman methods for 

measurement of Hb adduct levels from acrylamide. High-through put methodology should be set-up 

at several laboratories and inter-laboratory calibration should be facilitated by making reference 

material available. 

To study single and joint effects of correlated exposures, it is desirable to be able to detect 

lower Hb adduct levels in the general population from unknown adducts from electrophilic 

compounds that could contribute to non-negligible risk/be hazardous for human health. Alternative 
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analytical methodologies should be developed for detection also of adducts from electrophiles 

which cannot be analyzed with the modified Edman degradation. The developed methodologies 

should then be applied to detect and trace so called background exposure from electrophilic 

compounds in the general population. Hb and SA have shown useful as monitor molecules in MS 

screening of adducts, in so called protein adductomics studies (Carlsson et al. 2019). Preliminary 

investigations suggest that there is a large number of adducts in human blood that are still unknown, 

both in terms of identity and importance.  

To conclude, the large number of studies reporting on Hb adducts levels from acrylamide in 

humans demonstrates that it is feasible to integrate this biomarker in epidemiological studies and 

the wide range of adduct levels observed in non-smokers suggests that dietary exposure to 

acrylamide can vary tenfold.  
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