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The effect of acrolein on the formation of the 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) was
investigated in a chemical model. Acrolein was found to increase PhIP formation at each tested addition level.
0-0.2 mmol of acrolein increased PhIP formation dose-dependently, while high levels of acrolein (>0.2 mmol)
did not further increase PhIP formation. Mechanistic study showed that acrolein addition decreased the residue
of phenylalanine and creatinine, but increased the content of some key intermediates. Further analysis indicated

that acrolein can react with phenylalanine, creatinine, and PhIP to form adducts. These results suggested that
acrolein was able to contribute to PhIP formation as a consequence of its comprehensive ability to facilitate
Strecker degradation of phenylalanine and react with phenylalanine, creatinine, and PhIP. In addition, oxidation
of the tilapia fish increased the PhIP formation in the roasted fish patties, further supporting the potential
contribution role of lipid oxidation products to the formation of PhIP.

Introduction

Heterocyclic aromatic amines (HAAs), mainly generated during
thermal processing of protein-rich foods such as meat and fish, are well-
known mutagens and rodent carcinogens (Alaejos & Afonso, 2011;
Dong, Xian, Li, Bai, & Zeng, 2020; Yang, Ji, Wang, Fan, Zhao, & Wang,
2021; Fan et al., 2018). So far, more than 30 HAAs have been identified
in various foods. Several epidemiological studies indicated that the
frequent intake of thermally processed foodstuffs containing HAAs may
lead to an increased risk of human cancers, such as colon, prostate, and
mammary cancers (Alaejos & Afonso, 2011; Cao et al., 2020; Liu, Xia,
Hu, Ni, Thakur, & Wei, 2020; Xu et al., 2021). The International Agency
for Research on Cancer (IARC) has thus classified IQ as a probable (class
2A) human carcinogen and PhIP, MelIQx, and MelQ as possible (class 2B)
human carcinogens (IARC, 1993).

The pathways involved in the formation of HAAs have been the
objective of numerous studies, so as to develop some targeted strategies
to control their formation. PhIP has been mostly studied in this aspect, as

it is generally the most abundant HAAs in normal thermally processed
foods (Ni, McNaughton, LeMaster, Sinha, & Turesky, 2008). Although
the complete formation mechanism is still not fully established, Strecker
degradation (decarboxylation and deamination reaction of amino acid)
of phenylalanine with phenylalanine and mono-sugars as the initial re-
actants is believed to be the first step for PhIP formation. The generated
degradation product, phenylacetaldehyde then condenses with creati-
nine to form PhIP (Jagerstad, Skog, Arvidsson, & Solyakov, 1998;
Zamora & Hidalgo, 2015; Zhao, Yang, Zhang, Zhou, Fan, & Wang, 2021;
Zochling and Murkovic, 2002). It should be noted that phenyl-
acetaldehyde can be produced by thermal decomposition of phenylala-
nine directly, different carbonyl compounds produced by sugar
decomposition might facilitate this reaction (Estévez, Ventanas, & Hei-
nonen, 2011; Zamora, Delgado, & Hidalgo, 2012; Zamora & Hidalgo,
2015).

Unsaturated lipids in foods are susceptible to rapid oxidative dete-
rioration upon thermal treatment, resulting in the production of a wide
variety of oxidation products, including lipid hydroperoxides and

* Corresponding authors at: College of Food Science and Technology, Shanghai Ocean University, China (Y. Zhao).
E-mail addresses: mfwang@szu.edu.cn (M. Wang), ylzhao@shou.edu.cn (Y. Zhao).

https://doi.org/10.1016/j.fochx.2022.100315

Received 12 February 2022; Received in revised form 14 April 2022; Accepted 20 April 2022

Available online 23 April 2022

2590-1575/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:mfwang@szu.edu.cn
mailto:ylzhao@shou.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2022.100315
https://doi.org/10.1016/j.fochx.2022.100315
https://doi.org/10.1016/j.fochx.2022.100315
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Jing et al.

reactive carbonyl species (RCS) (Liu, Zhu, Liu, Fan, Wang, & Zhao, 2021;
Zamora & Hidalgo, 2016; Zhang et al., 2021; Zhao, Zhang, Zhang, Zhou,
Fan, & Wang, 2022). Slight to medium oxidized soybean oil has been
found to contribute to PhIP formation, while highly oxidized oils
decreased the formation of PhIP in a chemical model (Zamora, Alcon, &
Hidalgo, 2012). This was thought to due to the fact that, like carbohy-
drates, the lipid oxidation products formed at different stages of lipid
peroxidation namely primary, secondary, and tertiary products of lipid
oxidation could help convert phenylalanine into phenylacetaldehyde by
Strecker degradation, thus contributing to the formation of PhIP, while
excessive lipid oxidation produced lipid polymers which do not
contribute to PhIP formation (Zamora, Alcon, & Hidalgo, 2012). How-
ever, it should be noted that, theoretically, except for participating in
Strecker degradation, the carbonyl group of the lipid oxidation products
could also react with the amino group of amino acid, creatinine, PhIP,
and some intermediates of PhIP (e.g. aldol condensation product), thus
we hypothesize that the effect of lipid oxidation products on PhIP for-
mation should be a consequence of the comprehensive ability of the
carbonyl compound to facilitate Strecker degradation of phenylalanine
and reacting with the nucleophilic groups of PhIP and some of its pre-
cursors and intermediates.

Acrolein is a reactive a,f-unsaturated aldehyde commonly generated
during food thermal processing as a consequence of lipid oxidation (Zhu
et al., 2009). This study aimed to examine the effects of acrolein on PhIP
formation in a PhIP-producing chemical model containing the obliga-
tory precursors, phenylalanine and creatinine. To clarify the underlying
mechanism, the effects of acrolein on PhIP precursors and some key
intermediates were further evaluated in the chemical model. The reac-
tion between acrolein and phenylalanine, glucose, creatinine, and PhIP
were also analyzed, respectively. To further evaluate the effect of lipid
oxidation on the formation of PhIP, the PhIP formed in the tilapi fish
oxidized for different times were measured after roasting.

Materials and methods
Reagents and chemicals

2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) was pur-
chased from Toronto Research Chemicals (North York, Ontario, Can-
ada). Acrolein (ACR) and phenylacetaldehyde were obtained from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, P.R. China).
Creatinine and phenylalanine were purchased from Macklin Company
(Shanghai, P.R. China). Methanol of HPLC grade was obtained from
Merck & Co., Inc. (New Jersey, USA). Other solvents of analytical grade
were obtained from Shanghai ANPEL Scientific Instrument Co., Ltd.
(Shanghai, P.R. China). 10 mL Pyrex® glass tubes with a PTFE-lined
screw-cap were obtained from Shanghai Leigu Instrument Co., Ltd.
(Shanghai, P.R. China).

Effects of acrolein on the formation of PhIP in a PhIP-producing chemical
model

A PhIP-producing chemical model containing the obligatory pre-
cursors phenylalanine (40 mM) and creatinine (40 mM) in 5 mL of
distilled water in screw cap-sealed reaction vials was applied to evaluate
the effect of acrolein on PhIP formation (Han et al., 2017; Zamora,
Alcon, & Hidalgo, 2012). Different amounts of acrolein (0, 0.02, 0.04,
0.08, 0.16, 0.2, and 0.4 mmol) were added to the model system, and
heated at 130 °C in screw cap-sealed tubes for 2 h. After cooling down, 2
mL of reaction mixture was extracted with 8 mL of ethyl acetate by
vortexing for 2 min and ultrasonication for 15 min. The two-phase
mixtures were then centrifuged for 10 min at 4000 x g, and the clear
ethyl acetate supernatant was collected in a round-bottom flask. The
above extraction procedure was repeated for three times. The extraction
solutions were combined and evaporated to a minimum volume using a
rotary evaporator under vacuum at 40 °C. The resulting residue was
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dissolved in 1 mL of methanol, sonicated, and filtered before PhIP
determination by UPLC-MS.

UPLC-MS analysis of PhIP was performed on a Waters Acquity UPLC
system coupled to a triple quadrupole mass spectrometer equipped with
ESI. Samples were separated on a Waters Atlantis dC18 column (4.6 x
150 mm, i.d., 3.0 pm). Mobile phase was comprised of methanol (A) and
0.1% formic acid in water (B). The gradient with a flow rate of 0.35 mL/
min was as follows: 0 min, 10% A; 1.0 min, 10% A; 4.0 min, 100% A; 5.0
min, 100% A; 5.1 min, 10% A; 7.0 min, 10% A. The ESI-MS spectrometer
conditions were as follows: positive electrospray ionization mode;
electrospray voltage, 3.5 kV; capillary temperature, 350 °C; collision
energy, 20 eV; mass scan range, 50-1800 m/z. Mass spectrometric
detection was performed with multiple reaction monitoring (MRM)
mode. m/z = 225.0 — 140.0 was used as qualifying ions and m/z =
225.0 — 210.0 as quantifying ions to detect PhIP. PhIP was identified by
comparing the retention time and MS spectrum with commercial stan-
dard. Quantitative determination of PhIP was performed using a cali-
bration curve (y = 1485.3x + 1807.5, R?> = 0.9996) plotted at eight
calibration levels (0, 1, 5, 10, 20, 50, 100, 200 ng/mL). The limit of
detection (LOD) and the limit of quantification (LOQ) values of PhIP
were detected to be 0.05 ng/mL and 0.18 ng/mL according to signal-to-
noise ratios of 3 and 10, respectively. The recovery and precision of the
proposed method were determined by spiking blank samples with a
certain amount of PhIP standard. Three replicates were carried out, and
standard deviation was calculated as precision. The average recovery
and precision for PhIP were 85.56% and 2.73%, respectively, calculated
using the following formula: Recovery (%) = [(amount calculated from
standard curve) - (original amount)] / spiked amount x 100%.

Effects of acrolein on the content of precursors and intermediates of PhIP
in a PhIP-producing chemical model

HPLC analysis of phenylalanine and creatinine

The reaction mixture from section 2.2 was diluted 4-fold with Milli-Q
water and filtered through a 0.22 pm membrane before phenylalanine
and creatinine determination by a HPLC system (e2695, Waters)
equipped with a PDA detector (2998, Waters) (Wijemanne, Soysa,
Wijesundara, & Perera, 2018). Separation was performed on a YMC-
Pack ODS C18 column (250 mm x 4.6 mm, 5 pm) The mobile phase
was composed of methanol (A) and 0.1% formic acid in water (B) with a
flow rate of 1 mL/min in the following gradients: 0~15 min, 90% B. The
PDA was set at 256 and 235 nm for phenylalanine and creatinine
analysis, respectively. Phenylalanine and creatinine were identified by
comparing the retention time with commercial standards. Quantitative
determination of phenylalanine and creatinine were performed using
calibration curves plotted for each compound at six calibration levels (0,
200, 400, 600, 800, and 1000 pg/mL). Calibration curves were as fol-
lows: y = 16712x — 16356, R? = 0.9997 (phenylalanine); y = 17173x —
699840, R? = 0.9996 (creatinine). LOD of phenylalanine and creatinine
was 0.25 and 0.45 pg/mlL, respectively. LOQ of phenylalanine and
creatinine was 0.80 and 1.65 pg/mL, respectively. The average recovery
of phenylalanine and creatinine were 88.4% and 82.5%, respectively.
The average precision of phenylalanine and creatinine were 3.2% and
3.6%, respectively.

UPLC-MS analysis of phenylacetaldehyde

Phenylacetaldehyde content in the PhIP-producing chemical model
was measured according to previous studies (Yang, Ji, Wang, Fan, Zhao,
& Wang, 2021; Zhao, Yang, Zhang, Zhou, Fan, & Wang, 2021). Briefly,
0.5 mL of the reaction mixture from section 2.2 was mixed with 0.5 mL
of o-phenylenediamine (OPD, 5 mM) thoroughly and kept on an oscil-
lator at room temperature for 24 h in the dark for phenylacetaldehyde
derivatization. The mixture was then filtered with 0.22 ym membrane
before injected into the UPLC-MS system. UPLC-MS analysis was per-
formed using the same condition as applied for PhIP analysis. m/z 166.0
and 120.0 were selected for the quantification of the related
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derivatization product. m/z = 209.0 — 166.0 was used as qualifying ions
and m/z = 209.0 — 120.0 as quantifying ions to detect the derivatization
product of phenylacetaldehyde. The LOD and LOQ values of phenyl-
acetaldehyde were detected to be 0.07 ng/mL and 0.21 ng/mL,
respectively. The average recovery and precision of phenylacetaldehyde
were 84.7% and 3.7%, respectively.

UPLC-MS analysis of the aldol condensation product

An aldol condensation product is formed between creatinine and
phenylacetaldehyde (Yu and Yu, 2016; Zochling and Murkovic, 2002).
To analyze the effect of acrolein on the aldol condensation product, the
PhIP-producing chemical model and the extraction procedure were the
same as described in section 2.2. The aldol condensation product was
analyzed by UPLC-MS using the same conditions as applied for PhIP
determination. m/z = 216.1 — 81.5 was used as qualifying ions and m/z
= 216.1 — 191.1 was used as quantifying ions to detect the aldol
condensation product (Yang, Ji, Wang, Fan, Zhao, & Wang, 2021; Yu
and Yu, 2016). The relative amount of the aldol condensation product
was calculated based on the proportion of peak area in the
chromatograms.

Reaction between acrolein and phenylalanine or between acrolein and
creatinine

Analysis of reaction products between acrolein and phenylalanine or
between acrolein and creatinine in the acrolein-phenylalanine and acrolein-
creatinine model system by a semi-preparative HPLC

Phenylalanine (0.2 mmol) or creatinine (0.2 mmol) was mixed with
different amounts of acrolein (0, 0.02, 0.04, 0.08, 0.16, 0.2, 0.4 mmol)
in 5 mL of distilled water in screw cap-sealed tubes. The mixture was
heated at 130 °C for 2 h and further analyzed by semi-preparative HPLC
system (Shimadzu) to identify reaction products (new peaks) formed in
the model system (Wang, Tao, Zhu, Fan, Wang, & Zhao, 2021). Briefly,
separation was performed on a SunFire Prep C18 OBD column (5 pm,
250 mm x 19 mm) eluted with water (solvent A) and acetonitrile (sol-
vent B) with a flow rate of 5 mL/min. The gradient program was as
follows: 0-5 min, 10-25% B; 5-10 min, 25-40% B; and 10-30 min,
40-50% B. The injection volume was 100 pL. The eluents were moni-
tored at 256 nm and 235 nm, respectively.

Isolation of reaction products between acrolein and phenylalanine or
between acrolein and creatinine in the acrolein-phenylalanine and acrolein-
creatinine model system by semi-preparative HPLC

Phenylalanine (0.2 mmol) or creatinine (0.2 mmol) was mixed with
acrolein (0.2 mmol) in 5 mL of distilled water, respectively. After heated
at 130 °C for 2 h, the mixture were isolated and collected by semi-
preparative HPLC on a Shimadzu HPLC system using the same condi-
tions as described in section 2.4.1. Each fraction was collected and
further analyzed on a MS/MS system.

MS analysis of reaction products

The reaction products were analyzed on an Agilent 1290 UPLC sys-
tem equipped with a Q-TOF 6550 mass spectrometer (Agilent technol-
ogies, California, USA). Separation was carried out on a Waters BEH Cyg
column (2.1 mm x 100 mm, 1.7 um). The mobile phase was composed of
0.1% formic acid in water (solvent A) and methanol (solvent B). The
gradient program (0.3 mL/min) was as follows: 0-14 min, 90% A. The
MS conditions: positive ion mode; mass range, 50-1000 m/z; capillary
temperature, 350 °C; capillary voltage, 4 kV; collision energy, 20 eV.

Analysis of the reaction product between acrolein and PhIP in the acrolein-
PhIP model by UPLC-MS

PhIP (7 nmol) was mixed with different amounts of acrolein (0, 0.02,
0.04, 0.08, 0.16, 0.2, and 0.4 mmol) in 5 mL of distilled water. After
heated at 130 °C for 2 h, the mixture was filtered through a 0.22 pm
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membrane for UPLC-MS analysis. UPLC-MS conditions were the same as
described in section 2.2. m/z 281/263 and m/z 281/225 were selected
for the quantification of reaction product between acrolein and PhIP
(Vanhaecke et al., 2006; Zhang, 2018).

Oxidation of tilapia fish

Thiobarbituric acid reactive substance (TBARS) analysis

TBARS value is an index used as a marker of lipid oxidation. TBARS
value of the minced tilapia fish preserved at 4 °C for 0-9 days in a
refrigerator was measured according to previous studies (Soladoye et al.,
2017; Zhao, Kong, Zhang, Hu, & Wang, 2019). Briefly, 2.0 g of tilapia
fish were extracted with 25 mL of 5% trichloroacetic acid (TCA) solution
for 5 min. The mixture was centrifuged at 4,000 x g for 15 min to obtain
the supernatant (TBARS). Then, 5 mL of 0.02 M TBA was added to 5 mL
of the supernatant. After heating at 100 °C for 60 min, total malon-
dialdehyde (MDA) in samples was measured spectrophotometrically at
532 nm on a UV-2300 ultraviolet spectrophotometer (Shanghai Tech-
comp Ltd.). Quantitative determination of MDA was performed using a
calibration curve (y = 1.4915x - 0.0523, R? = 0.9998) built by different
concentrations of standard solutions (1,1,3,3-Tetraethoxy-propane,
0.01-0.25 pg/mL). The TBARS value was calculated using the following
formula: TBARS value (mg MDA/kg meat) = (¢ x V)/m, where c rep-
resents the concentration of MDA in extract obtained from the standard
curve (pug/mL), V represents the volume of TCA solution used for
extraction (mL), and m represents the mass of the sample (g).

Analysis of aldehydes in minced tilapia fish by GC-MS

The volatile aldehydes in the minced tilapia fish were measured by
GC-MS according to previous studies (Iglesias, Gallardo & Medina,
2010; Li, Fan, Zhao, & Wang, 2020; Xu et al., 2022). Briefly, 2.5 g of
minced tilapia and 25 pL of internal standard 2,4,6-trimethylpyridine (1
pg/mL) were homogenized with 5 mL of 0.18 g/mL NacCl solution for 2
min. A solid-phase microextraction (SPME) fiber coated with PDMS/
DVB (65 pm) adsorbed the volatile 0-2,3,4,5,6-(Pentafluorobenzyl)hy-
droxylamine hydrochloride (PFBHA) was placed in the headspace of
each vial containing 2.5 g of homogenized fish mixture and maintained
for 30 min for aldehydes derivatization. The fiber was then desorbed at
250 °C for 5 min in the injection port of an Agilent 6890 gas chroma-
tography (GC) system equipped with an Agilent 5973 Mass detector.
Separation was carried out on an HP-5 MS 5% phenyl methyl siloxane
column (30.0 m x 250 pm x 0.25 pm). The operating conditions were as
follows: column temperature program, 30 °C (1 min), 30 to 120 °C at
10°C min_l, 120 to 250 °C at 15 °C min_l, 250 °C (3 min); carrier gas,
helium at 1.00 mL min~}; injection temperature, 250 °C; injection mode,
splitless. The MS conditions were as follows: ionization mode, electron
ionization; ionization voltage, 70 eV; ion source temperature, 280 °C.
Aldehydes were identified by comparing the retention time and MS
spectrum with commercial standards. Aldehydes were quantified by
means of calibration curves formed from known concentrations of
mixtures of analyte standards with a constant level of the internal
standard. These standards were spiked into fresh meat and subjected to
the normal sample preparation procedure. Seven calibration levels were
used (0, 1, 10, 20, 50, 100, and 250 ng/g meat). The concentration of
internal standard in meat was 1 ng/g meat. Quantification was based on
peak area ratios related to the internal standard.

UPLC-MS analysis of PhIP in roasted tilapia fish patties

The roasted tilapia fish patties were prepared according to our pre-
vious studies (Yang, Ji, Wang, Fan, Zhao, & Wang, 2021; Zhao, Yang,
Zhang, Zhou, Fan, & Wang, 2021). Briefly, the tilapia fish patties (10 g)
formed in a disk shape using a glass petri dish (4 x 0.4 cm) were roasted
in an oven at 250 °C for 5 min on each side. The obtained tilapia fish
patties were homogenized with 20 mL of 1 M NaOH to form a dense
paste. Then, the paste was mixed with 20 mL of n-hexane to dissolve
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lipids into n-hexane. The n-hexane phase was discarded to remove the
lipids by centrifugation at 4000 x g for 8 min. After that, PhIP in the
tilapia fish paste was extracted using the same protocols as described in
the chemical models (section 2.2), except that 20 mL of ethyl acetate
was used in each extraction step. UPLC-MS analysis was performed using
the same conditions as described in section 2.2.

Statistical analysis

All data are presented as the mean + standard deviation (SD) from
triplicate analysis. The data were analyzed by analysis of variance
(ANOVA) and Duncan test. Statistical analyses were performed using
IBM SPSS 25.0 for Windows (SPSS Inc., Chicago, IL, USA), and values
were considered to be statistically significant at P < 0.05.

Results and discussion

Effects of acrolein on the formation of PhIP in a PhIP-producing chemical
model

The effects of different concentration (0 to 0.4 mmol) of acrolein on
PhIP formation was evaluated in a PhIP-producing chemical model
containing the obligatory precursors phenylalanine (0.2 mmol) and
creatinine (0.2 mmol) in 5 mL of distilled water in screw cap-sealed
reaction vials heated at 130 °C for 2 h. As shown in Fig. 1, each addi-
tion level of acrolein increased the formation of PhIP in the chemical
model. Specifically, when addition level of acrolein was increased from
0 to 0.2 mmol, the PhIP formed in the chemical model was significantly
increased with increased addition of acrolein (e.g. 0.02, 0.04, 0.08, 0.16,
and 0.2 mmol of acrolein increased the formation of PhIP by 102%,
319%, 476%, 622%, and 579%, respectively); when the addition of
acrolein was higher than 0.2 mmol, PhIP formed in the chemical model
decreased compared with 0.2 mmol addition level but still significantly
higher than the control group (e.g. 0.4 mmol of acrolein increased the
formation of PhIP by 307%). Our results were in consistent with a pre-
vious study, where primary, secondary, and tertiary lipid oxidation
products such as MeLOOH, MeLnOOH, 2-octenal, 2-pentenal, 4-0x0-2-
nonenal, and 4-oxo-2-hexenal were found to significantly increase the
formation of PhIP (Zamora, Alcon, & Hidalgo, 2012). However, only one
concentration of lipid oxidation products was tested in the previous
study and they did not study the concentration effect. These results
suggest that a certain level of acrolein was able to contribute to PhIP
formation, while the contribution effect was inhibited when high levels
acrolein was present.

o
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(=] o o
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[ %3 w - °d D ~ o]
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(=] o o o (=}

Relative amount of PhIP (%)
=
>

[l

Con 0.02 0.04 ) 0.08 0.16 0.20 0.40
Acrolein (mmol)

Fig. 1. Effects of different concentration of acrolein on the formation of PhIP in
a PhIP-producing chemical model. 0.2 mmol phenylalanine and 0.2 mmol
creatinine with the addition of 0, 0.02, 0.04, 0.08, 0.16, 0.2, and 0.4 mmol were
mixed in 5 mL of distilled water in screw cap-sealed reaction vials and heated at
130 °C for 2 h. PhIP was determined as described in section 2.2. Values are
mean + standard deviation, n = 3. Different letters (a-e) within a column
indicate significant differences among groups (P < 0.05).
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Effects of acrolein on PhIP precursors and intermediates in a PhIP-
producing chemical model

In an attempt to understand the increase of PhIP formation when
acrolein was added to the model system, the effect of different concen-
trations of acrolein on the content of precursors (phenylalanine and
creatinine) and the key intermediates (phenylacetaldehyde and aldol
condensation product) of PhIP was evaluated in the PhIP-producing
chemical model. As shown in Fig. 2, acrolein addition decreased the
residue of phenylalanine (Fig. 2A) and creatinine (Fig. 2B) in a con-
centration dependent manner; the change tendency caused by acrolein
on intermediates is similar to that on heterocyclic amines (the addition
of acrolein increased the content of phenylacetaldehyde and aldol
condensation product at 0 to 0.2 mmol but decreased the content of
theses intermediates at the concentration more than 0.2 mmol) (Fig. 2C
and 2D). These results indicated that acrolein at low addition levels
(0-0.2 mmol) primarily facilitates the Strecker degradation of phenyl-
alanine to produce more phenylacetaldehyde and the so generated
phenylacetaldehyde condenses with more creatinine (lead to less
creatinine residue) to form more aldol condensation product and sub-
sequently more PhIP. When the addition level of acrolein was more than
0.2 mmol, more acrolein might react with phenylalanine, creatinine,
and PhIP, thus leading to the decreased formation of PhIP compared
with 0.2 mmol addition of acrolein, because the electrophilic carbonyl
group of acrolein could theoretically react with the nucleophilic amino
group of phenylalanine, creatinine, and PhIP.

Reaction between acrilein and phenylalanine, creatinine, and PhIP in the
acrolein-phenylalanine, acrolein-creatinine, and acrolein-PhIP model

The above-described results suggested that the effect of acrolein on
PhIP formation was a consequence of the comprehensive ability of
acrolein to facilitate Strecker degradation of phenylalanine and reacting
with phenylalanine, creatinine, and PhIP. To further confirm this hy-
pothesis, we next studied the reaction between acrolein and phenylal-
anine, creatinine, and PhIP in the acrolein-phenylalanine, acrolein-
creatinine, and acrolein-PhIP model, respectively. As shown in Fig. 3A,
the addition of acrolein decreased the content of phenylalanine in a
concentration-dependent manner in the acrolein-phenylalanine model;
and as phenylalanine decreased, a major new product eluting later than
phenylalanine was generated (Fig. 3B). Importantly, the amount of the
newly formed product increased with the increased amount of acrolein
(Fig. 3D). The new product was then isolated and collected by semi-
preparative HPLC for ESI-MS analysis. ESI-MS analysis showed that
the new product had a molecular weight (MW) of 242 (m/z 242.1125
[M + HIM) (Fig. 3C), corresponding to the molecular weight of one
molecule of phenylalanine plus two molecules of acrolein after elimi-
nation of two molecules of water. Collision induced dissociation (CID) of
the m/z 242 analytes gave m/z 94 fragment ion (Fig. 3C), probably
corresponding to a 3-methylpyridinium moiety (Furuhata, Ishii, Kuma-
zawa, Yamada, Nakayama & Uchida, 2003; Globisch, Deuber, & Henle,
2016). We suggested that the new product was formed in the same way
as the reaction product formed between lysine and acrolein (Furuhata,
Ishii, Kumazawa, Yamada, Nakayama & Uchida, 2003; Globisch,
Deuber, & Henle, 2016) as follows: a nucleophilic attack of the amino
group in phenylalanine at the C; of acrolein lead to the formation of
Schiff” base that further reacted with another molecule of acrolein via
Michael addition, followed by oxidation, dehydration and intra-
molecular cyclization to form the 3-methylpyridinium moiety.

The addition of acrolein also decreased the content of creatinine in a
concentration-dependent manner in the acrolein-creatinine model
(Fig. 4A); and as creatinine decreased, a major new product eluted later
than creatinine was generated (Fig. 4B). Importantly, the amount of the
newly formed product increased with the increased amount of acrolein
(Fig. 4D). The new product was then isolated and collected by semi-
preparative HPLC for ESI-MS analysis. ESI-MS analysis showed that
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Fig. 2. Effects of different concentration of acrolein on the content of the precursors (A) phenylalanine and (B) creatinine and the key intermediates (C) phenyl-
acetaldehyde and (D) aldol condensation product of PhIP in the PhIP-producing chemical model. Their content was determined as described in section 2.3. Values are
mean =+ standard deviation, n = 3. Different letters (a-f) within a column indicate significant differences among groups (P < 0.05).
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the new product had a molecular weight (MW) of 207 (m/z 208.1102
[M + H]") (Fig. 4C), which was the total molecular weight of two
molecules of acrolein plus one molecule of creatinine after dehydration.
Collision induced dissociation (CID) of the m/z 208 analytes gave m/z
110 fragment ion (Fig. 4C), probably corresponding to a formyl-
dehydropiperidino ring (Jiang et al., 2020). Therefore, we suggested
that the new product was formed as follows: the amino group in creat-
inine reacted with the vinyl group of two molecules of acrolein via
Michael addition reaction to form a di-acrolein-creatinine adduct,
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followed by aldol condensation of the two aldehyde groups in the di-
acrolein-creatinine to form the formyl-dehydropiperidino ring.

The reaction between acrolein and PhIP was evaluated in the
acrolein-PhIP model. As shown in Fig. 3H, the addition of acrolein
decreased the content of PhIP in a concentration-dependent manner in
the acrolein-PhIP model. A previous study found that the carbonyl group
of acrolein can react with the amino group of PhIP to form a stable
compound 7-hydroxyl-5-methyl-3-phenyl-5,7,8,9-tetrahydropyrido
[3',2":4,5]imidazo[1,2-a]pyrimidine (denoted as PhIP-acrolein) (Engels
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et al., 2016; Vanhaecke et al., 2006; Zhang, 2018). Thus we checked if
the newly formed product was PhIP-acrolein by UPLC-MS/MS. As ex-
pected, the adduct formed in the acrolein-PhIP model was the same as
the compound reported by (Engels et al., 2016; Vanhaecke et al., 2006;
Zhang, 2018), as evidenced by the similar MS spectrum (Figure S1). m/z
281/263 and m/z 281/225 were selected for PhIP-acrolein determina-
tion (Vanhaecke et al., 2006; Zhang, 2018); m/z 225/210 and m/z 225/
140 were used for PhIP determination. As shown in Fig. 5B, as PhIP
consumed, PhIP-acrolein eluting later than PhIP was generated.
Importantly, the amount of PhIP-acrolein increased with the increased
amount of acrolein (Fig. 5C), suggesting that excessive acrolein could
react with PhIP to reduce the levels of PhIP.

Collectively, acrolein was able to contribute to PhIP formation which
was a consequence of the comprehensive ability of acrolein to facilitate
Strecker degradation of phenylalanine and reacting with phenylalanine,
creatinine, and PhIP.

Effects of lipid oxidation on the formation of PhIP in roasted tilapia fish
patties

The presence of polyunsaturated fatty acids makes the tilapia fish
prone to lipid oxidation, especially during transportation and long-term
storage (Karami, Moradi, Motallebi, Hosseini & Soltani, 2013; Otero
et al., 2021). We next assessed the effect of lipid oxidation on PhIP
formation in roasted tilapia fish patties. Aldehydes determination
observed 11 aldehydes in the minced tilapia fish, among them, formal-
dehyde, acetaldehyde, butanal, benzaldehyde, hexanal, malondialde-
hyde and acrolein were the predominant species, which was in
agreement with a previous study (Table S1), where similar types alde-
hydes were detected in tilapia fish (Shi et al., 2018). The concentration
of each aldehyde in tilapia fish first increased and then decreased with
increased oxidation time, which was in agreement with a previous study
(Xuetal., 2014). TBARS value is an index frequently used as a marker of
lipid oxidation (Soladoye et al., 2017; Zhao, Kong, Zhang, Hu, & Wang,
2019). The TBARS value of minced fish samples increased gradually
during storage. When the fish samples were oxidized for 3 d (its TBARS
increased from 0.33 + 0.01 to 0.81 + 0.03 mg MDA/kg fish), the PhIP
formed in the corresponding roast fish patties increased with oxidized
time, by 125% at the 3 d. Surprisingly, further oxidation of the minced
fish to 9 d continued increasing the TBARS value of the fish (its TBARS
increased to 1.84 + 0.03 mg MDA/kg fish), but decreased the PhIP
produced in the corresponding roast fish patties (Fig. 6). These results
suggest that slight to medium oxidized tilapia fish were able to
contribute to PhIP formation, while highly oxidized fish, which are
unacceptable from an organoleptic point of view, do not seem to further
contribute to the formation of PhIP. Moreover, these results were in line
with the data obtained from the PhIP-producing chemical model where
slight to medium amount of acrolein was found to contribute to PhIP
formation, while high amount of acrolein did not contribute to the
formation of PhIP. Collectively, these results supported the potential
contribution role of lipid oxidation products to the formation of PhIP.
Therefore, the control and minimization of lipid oxidation in meat and
fish during transport and storage by different strategies, such as low
storage temperature, vacuum packaging, modified atmosphere pack-
aging, and addition of antioxidants could be efficient ways to inhibit
HAAs formation in thermally processed meat and fish-products.

Conclusions

The effects of acrolein on PhIP formation were investigated in a PhIP-
producing chemical model. It was found that acrolein increased PhIP
formation at each tested addition level; 0-0.2 mmol of acrolein
increased PhIP formation dose-dependently while high levels of acrolein
(greater than0.2 mmol) did not further increase PhIP formation. Acro-
lein addition decreased the residue of phenylalanine and creatinine, but
increased the content of key intermediates including
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Fig. 6. Effects of oxidation time on both the formation of TBARS in raw tilapi
fish (A) and the formation of PhIP (o) when the oxidized tilapi fish patties were
roasted in an oven at 230 °C for 5 min on each side as described in section 2.7.

phenylacetaldehyde and aldol condensation product in the PhIP-
producing chemical model. Further analysis indicated that acrolein
could react with phenylalanine, creatinine, and PhIP to form stable
adducts. In addition, slight to medium oxidized tilapia fish contributed
to PhIP formation, while highly oxidized fish did not further contribute
to the formation of PhIP. Collectively, acrolein was able to contribute to
PhIP formation which was a consequence of the comprehensive ability
of acrolein to facilitate Strecker degradation of phenylalanine and
reacting with phenylalanine, creatinine, and PhIP.
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