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Research progress in biomarker analysis and risk assessment of acrylamide
exposure in vivo

WANG An-Li'%, ZHU Li"?, ZHANG Yu'*'

(1. National Engineering Laboratory of Intelligent Food Technology and Equipment, Zhejiang Key Laboratory for
Agro-Food Processing, Fuli Institute of Food Science, Hangzhou 310058, China; 2. College of Biosystems Engineering and
Food Science, Zhejiang University, Hangzhou 310058, China)

ABSTRACT: Acrylamide is an important chemical raw material and one of the by-products of Maillard reaction,
which widely exists in tobacco smoke and high temperature processed carbohydrate-rich foods. Acrylamide can be
absorbed by the body through digestive tract, respiratory tract, skin and other ways, which has neurotoxicity,
reproductive and developmental toxicity, genotoxicity and carcinogenicity. Acrylamide can convert into glycidamide
by cytochrome P450 in vivo, which will further form 4 main mercaptouric acid adducts, 2 hemoglobin adducts and 4
DNA adducts. These 3 kinds of adducts can be used as biomarkers to evaluate the exposure level of acrylamide in
Vivo, and their content determination can be used to further evaluate and correlate the exposure level of acrylamide in
the environment or diet of organisms (human body). This paper summarized the harmful effects of acrylamide,

metabolic pathway, exposure biomarkers, detection methods of biomarkers, exposure risk assessment, control and
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preventive measures of acrylamide, in order to provide reference for risk assessment and monitoring of acrylamide.

KEY WORDS: acrylamide; exposure in vivo; biomarker; risk assessment
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Bt e DR T A AR R A o R A
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fie 22 10 2 BU BOFE 7 & (median lethal dose, LDsg)y 150~
180 mg/ke, J&@ a5 T,

VS T B ELAT 25 N i 2 B, — S R P 42 ke P
IR B BB RS, WNESRA Tl TN 2R EEH
Tl T B TN, e A28 2P I T8 A P9 075 B e
PEFREE T, WS B AR B R 22 R e AR, o
Aiske B | ZSESERERI . DR RN A w22 B R IR A R



%5 16 3]

TRZR, S50 NI IG 1 N 2  AE bs as O gk A R XUB, S o 5359

FFONE, TR 228 I £ A FR) P 95 T M F) 0 ol 422 14 582 i A ]
A LA, FE WD TR BE T TR F
MR . DR E AT ST R T WEESRE . W
A0 IO M 9 A 15 R 7w PR AE S0 R RIS B P AS 3) T
i, BARR U FFEAR TR IR LA FEOBE A | B
P3RS 7 BORE R B FHRIBCRED 5, 9k, 384 1k
AT WE T AR R B I S TR s T e T8 AR N B 2R B 5 &
BT OA SCRRARGE T PR I I Xeh A A7 PR
P, F R A A Y I R N B AR B . N
RN e AR N 5 S 2 e S o PR AN e, T B LA R T
BRI AN DNA AP, DY i Zom
L B B R T HURL I PP Y, H 3 Al [ R
PR PO 1 2 10 R AR 32 R 3 Ay BAT B0 PR 3R 4 N
T e 15000 BRI, I G D MR AR R £ kP4 445 T e 144
TR~ FE v AR S BN AR B IV 1) H o -5 IR AT
FLARI AR

5 AGBRANRETE S PR ZINL

DR AT ATE 5 U T P9 4 T M S A B e ) AR A A 22
k. AMSEEEME . ENEEEEEEM, Hixn

IR THE I VAR A B B T Bl 47 B T AR B 2 A IR ST AU,

S5 A SRR A2 AT T AT BRI 2 ok R s Tk
[ NNk A

W DT BE R AR N T A 3 g, BE—, W
> AA T GA HIHAE . Zhao Z512F 5 RifE 75 ZIRBUWIA
R HBAM N T 402,25 P4502(CYP2EDEE IR IE . A2,
FEAR AR AL R T o 2R 2 B RICRR R TG 1 A 43 7T LA
P GST HYTETE, ik AA Al GSH 254510, @ie =,
T ERE BT A A N DNA FIEE 715 4 F IR .
KLl WEAER., AR, KaRESEy syt
CYP2E1 i M A A [ B2 2 il 4 L, 68 A 28k 2>
GA-DNA N &9 sgles @1,

WIREEN T Z A T M P HEFE R, £E FDA
F 2016 A RAT A5 PN BERE AT AR R,
TCED Al SR H B e AR AT £ v P RS TR e 2% Sk AT
U BT TR IS £ 45 A1), 2017 4ERR W A5 [ 38 s 2o iR
T RS —HRE, Az T B il A - BRI
7 i R R T A LT, 2019 4, op [ E A b A bR
HEVF T 23 5125 O 4% N IS Ok P (R4 Ve R A 7 o3, ]
o gt TR A7 T e 1 T AN R A AR L OR &
kG 3k S AT A (AN 2o v s B (R R, R £
TEMCE, PABR AR R K TP I BORME ), R S BRI
PB4 @FME PTG &, Wi AR RS R i & B
MR, SRR, @/ A T Al ok £
SN T T A RAE, RAs B 5 R R R i 7 A

6 Zr5itig

AT S TR T M A PA) 2 3 A 00 b 5 0 A A RS
PSRRI AT 1 2k . R, X AR 1A PN 22 5%
AEFREIOETE 24 THREIRIR . MZLE A DNA
IEY . BEAT A Wb A5 P 5 R RE A S EOmpIL i 2 (K
6 SCRE i S BA M I o AR DN T A ) A G
W RATBRUETT Ik, TN 2Z ke = 5 e SR ABCE RS A 1) 73 7
5, M LA D9 A Tt M 2 o 2 ) BB A A S Pl . DR
DR T B DA T A PR 2 i XU A ) T S A
ALAE R IR AR H AR, A RO £ 79 I e
Bt AR, BT R B R R AT IR 2 B BT AR
JeonEE . T EIRAEYARE AT —E 1 T AR
FRPE, 7ESCERBESEFN R b, AT 3d i i H 2 Pl ok
LERACH AR S S AL TR . A, Bl AR i
RSB0 2 W5 NI T~ R AL AR 2 5 55 22 B SORE
SN A A KRS I — Rl s, XN
T i A A 2 8 B P 7 3 2 SOy 4 0 0t 22 A U A F 5
L, AU SMERE AL 2P AT T e IRl 2 B P 0 P A
857 A AR ok AR 16 B AT T BRI RE

SE B

[1] Stadler RH, Blank I, Varga N, et al. Acrylamide from Maillard reaction
products [J]. Nature, 2002, (419): 449-450.

2] JA5%, REM. i PRI TS YRR BERE[T]. AR R A e
&, 2004, 38(5): 348-350.

Zhou Y, Zhu ST. Research progress of acrylamide contamination in food
[J]. Chin J Prev Med, 2004, 38(5): 348-350.

[3] Ahn JS, Castle L, Clarke DB, et al. Verification of the findings of
acrylamide in heated foods [J]. Food Addit Contam, 2002, 19(12):
1116-1124.

[4] WHO. FAO/WHO consultation on the health implications of acrylamide
in food [Z]. 2002.

[5] FAO/WHO. 64™ Joint FAO/WHO expert committee on food additives[Z].
2005.

[6] WHO. Safety evaluation of certain contaminants in food: Seventy-second
meeting of the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) [M]. World Health Organization, 2011.

[7] Anonymous. Results on acrylamide levels in food from monitoring years
2007-2009 and exposure assessment [J]. EFSA J, 2011, 9(4): 2903.

[8] Anonymous. Scientific opinion on acrylamide in food [J]. EFSA J, 2015,
13(6): 4104.

[9] JRIMRAE. PUMRTEE R (G XTGBT FE HE D] B i 4251, 2019,
(31): 54-57.

Zhou PP. Research progress of dietary risk assessment of acrylamide [J].
China Food Saf Magaz, 2019, (31): 54-57.

[10] Fennell TR, Sumner S, Snyder RW, et al. Metabolism and hemoglobin
adduct formation of acrylamide in humans [J]. Toxicol Sci, 2005, 85(1):
447-459.

[11] #&EiE, %, FEI5. WIREHR A RSVt R[], A5



5360

LR

G A A

81

[12]

[13]

[15]

[1e]

[17]

[19]

[24]

@Rk, 2011, 28(10): 927-929

Yang XT, Li HJ, Yu SF. Advances in biomarkers of acrylamide [J]. J
Environ Health, 2011, 28(10): 927-929.

Bk, M, PIIE, A5 PURBTSERG A AR A R T RN A bR AR
WFSI). hEEY S ESR, 2014, 20(11): 9-13.

Lu J, Zhou C, Sun N, et al. Study on biomarkers of reproductive and
developmental toxicity effects of acrylamide [J]. Chin J Food Nutr, 2014,
20(11): 9-13.

Qu Q, Melikian AA, Li G, et al. Validation of biomarkers in humans
exposed to benzene: Urine metabolites [J]. Am J Ind Med, 2000, 37(5):
522-531.

FRZE. TR B DOIRTH ST RE PRI 4 04 TR A0 e A A i 9 B 7
[D]. BrMl: WK, 2015.

Cheng J. Simultaneous detection of dietary acrylamide sulfhydryl uric acid
admixture and study of chemical protection in vivo [D]. Hangzhou:
Zhejiang University, 2015.

Wang Q, Chen XY, Ren YP, et al. Toxicokinetics and internal exposure of
acrylamide: New insight into comprehensively profiling mercapturic acid
metabolites as short-term biomarkers in rats and Chinese adolescents [J].
Arch Toxicol, 2017, 91(5): 2107-2118.

Chen M, Carmella SG, Li Y, et al. Resolution and quantitation of
mercapturic acids derived from crotonaldehyde, methacrolein, and methyl
vinyl ketone in the urine of smokers and nonsmokers [J]. Chem Res
Toxicol, 2020, 33(2): 669-677.

Hagmar L, Tornqvist M, Nordander C, et al. Health effects of occupational
exposure to acrylamide using hemoglobin adducts as biomarkers of
internal dose [J]. Scand J Work Environ Health, 2001, 27(4): 219-226.
Ferrari P, Freisling H, Duell EJ, et al. Challenges in estimating the validity
of dietary acrylamide measurements [J]. Eur J Nutr, 2013, 52(5):
1503-1512.

Li D, Wang P, Liu Y, et al. Metabolism of acrylamide: Interindividual and
interspecies differences as well as the application as biomarkers [J]. Curr
Drug Metab, 2016, 17(4): 317-326.

Chevolleau S, Jacques C, Canlet C, et al. Analysis of hemoglobin adducts
of acrylamide and glycidamide by liquid chromatography-electrospray
ionization tandem mass spectrometry, as exposure biomarkers in French
population [J]. J Chromatogr A, 2007, 1167(2): 125-134.

Huang MM, Jiao JJ, Wang J, et al. Associations of hemoglobin biomarker
levels of acrylamide and all-cause and cardiovascular disease mortality
among US adults: National health and nutrition examination Survey
2003-2006 [J]. Environ Pollut, 2018, (238): 852-858.

Aasa J, Abramsson-Zetterberg L, Tornqvist M. Quantification of
hemoglobin adducts as a measure of exposure dose in an in Vivo
genotoxicity study implies reliability in risk assessment [J]. Toxicol Lett,
2016, (259): 180-181.

Costa GG, Churchwell MI, Hamilton LP, et al. DNA adduct formation
from acrylamide via conversion to glycidamide in adult and neonatal mice
[J]. Chem Res Toxicol, 2003, 16(10): 1328-1337.

Martins C, Oliveira NG, Pingarilho M, et al. Cytogenetic damage induced
by acrylamide and glycidamide in mammalian cells: Correlation with
specific glycidamide-DNA adducts [J]. Toxicol Sci, 2007, 95(2): 383-390.
Van WRT, Van DRG, Vermeulen NP, et al. Mercapturic acids, protein

adducts, and DNA adducts as biomarkers of electrophilic chemicals [J].

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Crit Rev Toxicol, 1992, 22(5-6): 271-306.

Hernandez-Castillo C, Termini J, Shuck S. DNA adducts as biomarkers to
predict, prevent, and diagnose disease-application of analytical chemistry
to clinical investigations [J]. Chem Res Toxicol, 2020, 33(2): 286-307.
Alekseenko AN, Zhurba OM, Merinov AV, et al. Determination of
1-hydroxypyrene as a biomarker for the effects of polycyclic aromatic
hydrocarbons in urine by chromatography-mass spectrometry [J]. J Anal
Chem, 2020, 75(1): 84-89.

Rismanchian M, Ebrahim K, Ordudari Z. Development of a simple and
rapid method for determination of trans, trans-muconic acid in human
urine using PDLLME preconcentration and HPLC-UV detection [J].
Chem Pap, 2019, 73(10): 2485-2492.

Diaz DLML, Diaz-Barriga F, Barbier O, et al. Evaluation of emerging
biomarkers of renal damage and exposure to aflatoxin B, in mexican
indigenous women: A pilot study [J]. Environ Sci Pollut Res, 2019, 26(12):
12205-12216.

Yun BH, Guo J, Bellamri M, et al. DNA adducts: Formation, biological
effects, and new biospecimens for mass spectrometric measurements in
humans [J]. Mass Spectrom Rev, 2020, 39(1-2): 55-82.

AHC. PR Y aE R BURWAE PIFR SIS [D]. R
BERIREE, 2011

Jin XW. Study on urine biomarkers in rats infected with acrylamide [D].

Harbin: Harbin Medical University, 2011.

i

IR

b

Bloch R, Schuetze S, Mueller E, et al. Non-targeted mercapturic acid
screening in urine using LC-MS/MS with matrix effect compensation by
postcolumn infusion of internal standard (PCI-IS) [J]. Anal Bioanal Chem,
2019, 411(29): 7771-7781.

Brisson B, Ayotte P, Normandin L, et al. Relation between dietary
acrylamide exposure and biomarkers of internal dose in Canadian
teenagers [J]. J Expo Sci Environ Epidemiol, 2014, 24(2): 215-221.
Zhang Y, Wang Q, Zhang G, et al. Biomarker analysis of hemoglobin
adducts of acrylamide and glycidamide enantiomers for mid-term internal
exposure assessment by isotope dilution ultra-high performance liquid
chromatography tandem mass spectrometry [J]. Talanta, 2018, (178):
825-833.

Tang Y, Zhang J. Recent developments in DNA adduct analysis using
liquid chromatography coupled with mass spectrometry [J]. J Sep Sci,
2020, 43(1): 31-55.

Tang Y, Wang Z, Li M, et al. Simultaneous quantitation of 14 DNA
alkylation adducts in human liver and kidney cells by UHPLC-MS/MS:
Application to profiling DNA adducts of genotoxic reagents [J]. J Pharm
Biomed Anal, 2019, (166): 387-397.

Ma B, Villalta PW, Hochalter JB, et al. Methyl DNA phosphate adduct
formation in lung tumor tissue and adjacent normal tissue of lung cancer
patients [J]. Carcinogeneses, 2019, 40(11): 1387-1394.

Anonymous. Outcome of the public consultation on the draft scientific
opinion of the EFSA panel on contaminants in the food chain (CONTAM)
on acrylamide in food [J]. EFSA Support Publ, 2015, 12(6): EN-817.
Mills C, Tlustos C, Evans R, et al. Dietary acrylamide exposure estimates
for the United Kingdom and Ireland: Comparison between semi
probabilistic and probabilistic exposure models [J]. J Agric Food Chem,
2008, 56(15): 6039-6045.

Sirot V, Hommet F, Tard A, et al. Dietary acrylamide exposure of the



%5 16 3]

TEZER, S R TR A P9 2 e A U s D AR A A RS DA 9 7 T e

5361

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

French population: Results of the second French total diet study [J]. Food
Chem Toxicol, 2012, 50(3-4): 889-894.

Gao J, Zhao Y, Zhu F, et al. Dietary exposure of acrylamide from the fifth
Chinese total diet study [J]. Food Chem Toxicol, 2016, (87): 97—-102.
Bjellaas T, Olesen PT, Frandsen H, et al. Comparison of estimated dietary
intake of acrylamide with hemoglobin adducts of acrylamide and
glycidamide [J]. Toxicol Sci, 2007, 98(1): 110-117.

Fuhr U, Boettcher MI, Kinzig-Schippers M, et al. Toxicokinetics of
acrylamide in humans after ingestion of a defined dose in a test meal to
improve risk assessment for acrylamide carcinogenicity [J]. Cancer
Epidemiol Biomark Prev, 2006, 15(2): 266-271.

Swenberg JA, Fryar-Tita E, Jeong Y, et al. Biomarkers in toxicology and
risk assessment: Informing critical dose-response relationships [J]. Chem
Res Toxicol, 2008, 21(1): 253-265.

Ishii Y, Matsushita K, Kuroda K, et al. Acrylamide induces specific DNA
adduct formation and gene mutations in a carcinogenic target site, the
mouse lung [J]. Metagenesis, 2015, 30(2): 227-235.

Koszucka A, Nowak A, Nowak I, et al. Acrylamide in human diet, its
metabolism, toxicity, inactivation and the associated European Union legal
regulations in food industry [J]. Crit Rev Food Sci Nutr, 2020, 60(10):
1677-1692.

Baum M, Fauth E, Fritzen S, et al. Acrylamide and glycidamide:
genotoxic effects in V79-cells and human blood [J]. Mutat Res Gen
Toxicol Environ Mutagen, 2005, 580(1-2): 61-69.

Prasad SN, Muralidhara. Evidence of acrylamide induced oxidative stress
and neurotoxicity in Drosophila melanogaster-Its amelioration with spice
active enrichment: Relevance to neuropathy [J]. Neurotoxicology, 2012,
33(5): 1254-1264.

Kopanska M, Muchacka R, Czech J, et al. Acrylamide poisoning and
cholinergic nervous system [J]. J Physiol Pharmacol, 2018, 69(6):
847-858.

Lopachin RM. The changing view of acrylamide neurotoxicity [J].
Neurotoxicology, 2004, 25(4): 617-630.

FR, HF. FRBEHE BRI IERD]. i 5 ERFE, 2019,
8(2): 128-133.

Wang J, Zhang Y. Developmental toxicity of acrylamide [J]. Food Nutr Sci,
2019, 8(2): 128-133.

Yu D, Xie X, Qiao B, et al. Gestational exposure to acrylamide inhibits
mouse placental development in vivo [J]. J Hazard Mater, 2019, (367):
160-170.

Kacar S, Sahinturk V, Can B, et al. L-cysteine partially protects against
acrylamide-induced testicular toxicity [J]. Balkan Med J, 2018, 35(4):
311-319.

Zamani E. A review of acrylamide toxicity and its mechanism [J]. Pharm
Biomed Res, 2017, (3): 1.

Kumar J, Das S, Teoh SL. Dietary acrylamide and the risks of developing
cancer: facts to ponder [J]. Front Nutr, 2018, (5): 14.

B, N, AT, S TNIRTERA S LI HAR A SR B A RIS

[57]

(58]
[59]

[62]

[63]

[64]

[65]

[66]

[67]

HERE[T]. R EE SRR, 2011, 11(4): 139-146.

Li D, Jin C, Tang GP, et al. Metabolic mechanism of acrylamide and its
protection against toxicity in vivo [J]. J Chin Inst Food Sci Technol, 2011,
11(4): 139-146.

Dasari S, Ganjayi MS, Meriga B. Glutathione s-transferase is a good
biomarker in acrylamide induced neurotoxicity and genotoxicity [J].
Interdiscipl Toxicol, 2018, 11(2): 115-121.

IARC. Summary of data reported and evaluation: Acrylamide [Z]. 1994.
Kotemori A, Ishihara J, Zha L, et al. Dietary acrylamide intake and the
risk of endometrial or ovarian cancers in Japanese women [J]. Cancer Sci,
2018, 109(10): 3316-3325.

Monneret C. Acrylamide alimentaire et cancer [J]. Actual Chim, 2016,
(411): 10-12.

Sadd PA, Hamlet CG, Liang L. Effectiveness of methods for reducing
acrylamide in bakery products [J]. J Agric Food Chem, 2008, 56(15):
6154-6161.

Zhao M, Wang P, Zhu Y, et al. Blueberry anthocyanins extract inhibits
acrylamide-induced diverse toxicity in mice by preventing oxidative stress
and cytochrome P450 2E1 activation [J]. J Funct Food, 2015, (14):
95-101.

Xie Q, Liu Y, Sun H, et al. Inhibition of acrylamide toxicity in mice by
three dietary constituents [J]. J Agric Food Chem, 2008, 56(15):
6054-6060.

Markovic J, Stosic M, Kojic D, et al. Effects of acrylamide on
oxidant/antioxidant parameters and CYP2E!1 expression in rat pancreatic
endocrine cells [J]. Acta Histochem, 2018, 120(2): 73-83.

Zhang Y, Ren YP, Zhang Y. New research developments on acrylamide:
analytical chemistry, formation mechanism, and mitigation recipes [J].
Chem Rev, 2009, 109(9): 4375-4397.

FDA. FDA issues final guidance for industry on how to reduce acrylamide
in certain foods [Z]. 2016.

Regulation (EU) 20172158 Reduction of the presence of acrylamide in
food [S].

SR L

fE& T

AR, MLMRE, TERARFE
AERMREBERE.
E-mail: 1833840089@qq.com

E OF EE EEMARSFEAES
hELE,
E-mail: y_zhang@zju.edu.cn



