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Abstract
2-amino-1-methyl-6-phenylimidazole[4,5-b]pyridine (PhIP) is one of the most abundant Heterocyclic amines (HAs) in 
meat products. Zanthoxylum bungeanum Maxim. leaf (ZML) extract has been shown to be rich in polyphenols, which are 
gaining increasing interest as efficient tools for inhibiting the formation of HAs. In the present work, the effects of ZML 
extract, major polyphenols, chlorogenic acid, hyperoside and quercitrin on the formation of PhIP in both roast beef patties 
and chemical model systems were investigated. UPLC-MS showed that ZML extract and those three polyphenols effec-
tively inhibited PhIP formation. Additionally, GC-MS analysis showed that those three polyphenols significantly reduced 
the content of phenylacetaldehyde in the model systems, a key intermediate involved in PhIP formation. The subsequent 
UPLC-MS and TOF-MS/MS analysis found that hyperoside and quercitrin reacted with phenyacetaldehyde to form those 
four adducts, 8-C-(E-Phenylethenyl)hyperoside, 6-C-(E-Phenylethenyl)hyperoside, 8-C-(E-Phenylethenyl)quercitrin and 
6-C-(E-Phenylethenyl)quercitrin, respectively. The results revealed that hyperoside and quercitrin could trap phenylacetalde-
hyde to form adducts, thereby, retarding the reaction of phenylacetaldehyde and creatinine, blocking the generation of PhIP.

Keywords  2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) · Polyphenols · Phenylacetaldehyde · Polyphenol-
phenylacetaldehyde adducts · Model systems · Beef patties

Introduction

Heterocyclic amines (HAs) are mutagenic and carcinogenic 
compounds which are formed from sugars, creatine, cre-
atinine, and free amino acids during thermal processing of 
muscle foods [1, 2]. According to previous studies, HAs may 

increase the risk of cancers in different tissues, especially the 
esophagus, stomach, colon and pancreas [3, 4]. As one of the 
most abundant HAs in cooked foods [5], 2-amino-1-methyl-
6-phenylimidazo [4,5-b]pyridine (PhIP) is considered a pos-
sible human carcinogen (class 2B) by the International Agency 
for Research on Cancer [6], induced tumors in non-human 
primates and increased the risk of second-generation breast 
cancer [7]. In view of its potent carcinogenic activity and rela-
tively abundant content presence of cooked foods, it is a high-
priority to seek strategies to inhibit its formation. Strategies to 
reduce the PhIP content mainly include two aspects, evaluating 
the effect of process parameters on PhIP formation and add-
ing plant extracts or natural antioxidants to identify possible 
inhibitors [8–10]. Mechanistic studies have shown that some 
flavonoids could reduce the production of PhIP by reacting 
with phenylacetaldehyde, an important intermediate involved 
in PhIP formation, thereby preventing it from entering the 
pathway of reacting with creatinine to generate PhIP [11, 12].

Zanthoxylum bungeanum Maxim. is a native plant from 
the Eastern China, which is applied to give special flavor to 
meat as a traditional spice. As a by-product of Zanthoxylum 
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bungeanum Maxim., Zanthoxylum bungeanum Maxim. leaf 
(ZML) has a unique flavor and rich nutrition. It is also used 
as a medicine for the treatment of stomach ache, tooth ache 
and other diseases due to its alkaloids, polyphenols, and so 
on [13]. However, ZML is usually discarded directly, which 
may give rise to high risk to the environment and result in 
a waste of resources and economy. Therefore, to reduce the 
resources waste and environmental pressure, it is necessary 
to optimize the utilization of ZML. Fortunately, a variety of 
polyphenols, including phenolic acids and flavonoids, have 
been identified in ZML extract, of which, chlorogenic acid is 
the most abundant phenolic acid, hyperoside and quercitrin are 
the two major flavonoids [14]. Polyphenols have gained wide 
attention for the potent antioxidant and broad-spectrum anti-
bacterial activities [15], especially their excellent performance 
in inhibiting HAs formation [12]. The inhibitory effects of 
chlorogenic acid, ferulic acid, p-coumaric acid and protocat-
echuic acid on HAs formation in chemical model systems were 
investigated by Zeng et al. [16]. Rosmarinic acid was able to 
reduce the content of PhIP in beef patties [17]. Although the 
effects of these phenolic acids on HAs formation have been 
evaluated, no report was found on the mechanism behind the 
inhibitory effects of chlorogenic acid, especially with reference 
to the natural ratios of ZML. As for flavonoids, naringenin, 
quercetin and EGCG have been proven to inhibit PhIP forma-
tion via trapping of phenylacetaldehyde to form adducts [12, 
18, 19]. The introduction of 3-O-glucoside of quercetin leads 
to the formation of quercitrin, which shows similar structural 
characteristics to hyperoside. However, it is still unknown that 
whether all of flavonoids possess the similar inhibition and 
mechanisms due to the differences in the substituent groups. 
Thus it is necessary to examine the inhibitory effects of ZML 
extract and its components on PhIP formation.

In the present work, the effects of ZML extract, including 
chlorogenic acid, hyperoside and quercitrin, on PhIP formation 
in both roast beef patties and chemical model systems were 
investigated. Furthermore, the potential mechanisms behind 
the inhibitory effects were explored. These would not only 
develop promising strategies to inhibit PhIP formation, but 
also provide valuable information to enhance food safety.

Materials and methods

Reagents and materials

Phenylalanine, glucose, creatinine, di(ethylene) glycol, phe-
nylacetaldehyde, chlorogenic acid, hyperoside and quercitrin 
were obtained from Sigma-Aldrich (Shanghai, China). The 
PhIP standard was purchased from Toronto Research Chemi-
cals (Downsview, Ontario, Canada). Oasis MCX (60 mg, 
3 mL) cartridges were supplied by Waters (Milford, MA, 

USA). HPLC or analytical grade chemicals and solvents 
were used in this study.

Preparation of ZML extract

The ZML extract was obtained according to the method 
reported by Li et al. [14]. The ZML powder was mixed with 
65% (v/v) ethanol solution and extracted using a microwave 
for 30 min. The ethanol extract was filtered and concentrated 
and then was freeze-dried to obtain the ZML extract.

The levels of the polyphenols in beef patties 
and model systems

The concentrations of chlorogenic acid, hyperoside and 
quercitrin were 2.67, 8.25 and 11.62 g/100 g of ZML extract, 
respectively [14]. The addition of ZML extract in the present 
work referred to the data of Li, with the three levels of 0.015, 
0.030 and 0.045% (w/w). The amounts of level 1 for chloro-
genic acid, hyperoside and quercitrin were equivalent to the 
concentrations of the three polyphenols in the 0.015% ZML 
extract, respectively. The levels of reactants in the model 
systems were 35 times of the content of phenylalanine and 
creatinine in raw beef (951 and 710 mg/kg, respectively; the 
creatine content of the raw beef was 4250 mg/kg), and the 
concentrations of the polyphenols were also 35 times of that 
in the patties. All the levels are listed in Table 1.

Preparation of beef patties

The ground beef was mixed with different levels of ZML 
extract, chlorogenic acid, hyperoside and quercitrin, and 
then was formed into beef patties. The patties were incu-
bated for 8 h at 4 °C and then roasted for 10 min on each side 
at 225 °C in an electric oven (D3-256A, Toshiba, Japan). 
Next, the patties were cut into small pieces and freeze-dried. 
All the above experiments were performed in triplicate.

The extraction process of PhIP refers to Zeng et al. [9]. 
The lyophilized patty samples (5.0 g) were placed into 30 mL 
of 1 M NaOH and homogenized for 2 min. Thereafter, the 
homogenates were thoroughly mixed with 13 g of diatoma-
ceous earth, and then extracted with 40 mL of ethyl acetate 
for 30 min twice. The concentrated fluent was transferred to 
Waters Oasis MCX cartridges, which were then sequentially 
rinsed with 6 mL of HCl (0.1 M), methanol, and a methanol-
ammonia mixture (19:1, v/v) and concentrated under nitrogen 
flushing. The residue was filtered through a 0.22-µm syringe 
filter and dissolved in 250 µL of methanol before UPLC-MS 
analysis.
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Effects of the polyphenols on PhIP formation 
in the model systems

Different levels of chlorogenic acid, hyperoside and querci-
trin were added to the reaction vials respectively. The control 
model system comprised 2 mmol phenylalanine, 2 mmol cre-
atinine and 1 mmol glucose. The reaction medium was 10 mL 
di(ethylene) glycol containing 14% water. The mixtures were 
heated at 200 °C in closed test tubes for 1 h. After heating, the 
tubes were immediately cooled down in an ice bath to termi-
nate the reaction. The samples were subsequently prepared 
for UPLC-MS analysis. The experiments were performed in 
triplicate.

UPLC‑MS analysis of PhIP

To identify and quantify PhIP, we used an Acquity UPLC 
BEH C18 column (1.7 µm; 2.1 mm × 100 mm I.D.; Waters) 
at 35 °C. 10 mmol/L of ammonium acetate (pH 6.8) and ace-
tonitrile were mobile phases A and B, respectively. The solvent 
composition was 0–0.1 min, 90% A; 0.1–18 min, 10–30% B; 
18–20 min, 30–100% B; 20–20.1 min, 100–10% B. The total 
flow rate was 0.3 µL/min, and the injection volume was 2 µL. 
The MS conditions were as follows: the positive ion mode; 
capillary voltage, 3.5 kV; ion source temperature, 120℃; des-
olvation temperature, 400℃. Data acquisition and processing 
were performed using Masslynx 4.1 (Waters, Milford, MA, 
USA).

Evaluation of phenylacetaldehyde‑scavenging 
capabilities in the model systems by GC–MS

The model system to examine the capabilities of pheny-
lacetaldehyde-scavenging was based on previous studies 
[12]. Ten milliliters of the reaction mixture was extracted 
with 20 mL of ethyl acetate. After thoroughly mixing, 

anhydrous sodium sulfate was added for drying. The 
mixtures were filtered through a 0.22-µm syringe filter 
immediately before GC-MS analysis. The samples were 
analyzed by Agilent gas chromatography (Agilent 7890) 
coupled with an Agilent mass spectrometer (5975 MSD) 
with a triple axis. The separation was carried out using an 
HP-5 capillary column. Analyses were performed using 
the following parameters: inlet temperature, 200 °C; col-
umn flow, 1 mL/min (He); temperature program, 40 °C for 
4 min, 5 °C/min up to 230 °C and hold for 5 min.

Direct reaction between polyphenol 
and phenylacetaldehyde in the di(ethylene) glycol 
model systems

This method was primarily from the study of Zhu et al. 
[12]. First, the polyphenols and phenylacetaldehyde were 
added to 10 mL solution of di(ethylene) glycol contain-
ing 14% MilliQ water. Second, the mixtures were heated 
at 200 °C for 1 h. Next, the reaction solution was cooled 
down in an ice bath. After cooling, the extraction sol-
vent system was prepared as follows: sample:water:ethyl 
acetate:hexane = 1:1:2:1 (v/v). The solvent mixture was 
then vortexed for 3  min and centrifuged at 8000g for 
10 min. Finally, the supernatant was evaporated and the 
resulting extract was redissolved in methanol. The adducts 
were detected using a Waters UPLC-Q-TOF system.

Extraction and detection of adducts in roast beef 
patties

Ten grams of the patty powder was added to 50 ml of MilliQ 
water and homogenized for 2 min and then extracted twice 
with 100 ml of ethyl acetate. The extract was centrifuged 
at 8000g for 10 min, and the supernatant was collected and 

Table 1   Levels of the three 
polyphenols in roast beef patties 
and the model systems

Levelp represents the level of each additive in roast beef patties. Levelm represents the additive level in the 
model systems. The numbers (1, 2 and 3) represent the different additive levels

Groups Beef patties Model systems

Levelp 1 
(μg/g)

Levelp 2 
(μg/g)

Levelp 3 
(μg/g)

Levelm 1 (mM) Levelm 2 (mM) Levelm 3 (mM)

Chlorogenic acid 5 10 15 0.15 0.30 0.45
Hyperoside 15 30 45 0.30 0.60 0.90
Quercitrin 20 40 60 0.40 0.80 1.20
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rotary evaporated. Finally, the mixtures were dissolved in 
methanol and filtered before UPLC-MS analysis. The experi-
ments were performed in triplicate.

UPLC‑MS analysis of polyphenol‑phenylacetaldehyde 
adducts

The adducts were identified by an UPLC-MS system (G2-
XS Q-TOF Waters) equipped with a Waters Acquity UPLC. 
The separation was performed using an Acquity UPLC BEH 
C18 column (100 mm × 2.1 mm, 1.7 μm). 0.1% formic acid 
in water (buffer A) and methanol (buffer B) were mobile 
phases. The elution gradient was 5% buffer B for 0.5 min, 
5–95% buffer B for 11 min, and 95% buffer B for 2 min at 
a flow rate of 0.4 mL/min. An electrospray source in the 
positive ion mode with the MSe acquisition mode were used 
for Mass spectrometry analysis. The MS conditions were as 
follows: capillary voltage 2.5 kV; scan range 50–1200 m/z; 
collision energy 40 eV; source temperature 120 °C; desolva-
tion gas temperature 400 °C.

Statistical analysis

All the experiments were conducted in triplicate. The data 
were expressed as the mean ± standard deviation. Data anal-
ysis was performed using the IBM SPSS Statistics program 
ver. 19 (Chicago, IL, USA), and differential significance 
analysis was performed using Duncan's multiple range test. 
P < 0.05 indicated a statistically significant difference.

Results and discussion

Effects of ZML extract on PhIP formation 
in the patties

UPLC-MS analysis was used to detect the content of PhIP 
in the patties with and without ZML extract. The correla-
tion coefficient (R2) for PhIP standard curve was 0.9982. 
The limit of detection (LOD) and limit of quantification 
(LOQ) adopt the signal-to-noise ratio (S/N) of 3 and 10, 
respectively. The LOD for PhIP was 0.080 ng/g and the 
LOQ was 0.112 ng/g. These values were consistent with 
the previous studies [20]. As shown in Fig. 1, the con-
tents of PhIP in all treatments were significantly lower 
than those of the control (p < 0.05) and decreased with 
the increasing level of ZML extract. ZML extract sig-
nificantly reduced the formation of PhIP by 40–78.02%. 
Similar results with a reduction of approx. 90% for PhIP 
using grape seed and rosemary extract in marinades were 
shown in a study of Gibis et al. [10]. These results sug-
gested that the ZML extract was a potent inhibitor against 

PhIP formation. Numerous studies have also found that 
natural extracts effectively inhibit HAs formation, which 
may be related to the polyphenols in the extracts [21, 22].

Effects of the polyphenols on PhIP formation 
in the patties and model systems

To identify the active ingredients of ZML extract that 
inhibited PhIP formation, chlorogenic acid, hyperoside and 
quercitrin were further evaluated. The results showed that 

Fig. 1   Inhibitory effects of different concentrations of ZML extract 
on the formation of PhIP in roast beef patties (n = 3). Different letters 
(a–c) above the error bars indicate significant differences (p < 0.05)

Fig. 2   Inhibitory effects of different levels of chlorogenic acid, 
hyperoside and quercitrin on the formation of PhIP in roast beef pat-
ties (n = 3). Levelp represents the additive levels in the patties. Differ-
ent letters (a-g) above the error bars indicate significant differences 
(p < 0.05)
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each polyphenol influenced PhIP formation in the patties 
(Fig. 2). Hyperoside and quercitrin significantly (p < 0.05) 
inhibited PhIP generation. The highest level of hyperoside 
reduced PhIP formation by 76.19%. Zhu et al. [12] tested 
eight flavonoids for their effects on HAs formation, among 
which phlorizin and EGCG exhibited the strongest inhibi-
tion effects on PhIP formation, with inhibition rates of up 
to 78.56% and 77.45%, respectively. A similar inhibitory 
effect was seen in quercitrin, suggesting that quercitrin is 
also an efficient inhibitor on PhIP formation. Contrary to 
hyperoside and quercitrin, chlorogenic acid at higher levels 
(levelp 2 and levelp 3) significantly (p < 0.05) promoted PhIP 
formation, which was capable of increasing the amount of 
PhIP by 36.19%.

Having found that the polyphenols significantly inhib-
ited PhIP formation in roast beef patties, their inhibitory 
effects were further evaluated in chemical model systems 
(Fig. 3). As expected, hyperoside and quercitrin effectively 
inhibited PhIP generation (p < 0.05). The inhibition rates 
of PhIP ranged from 49.23% to 63.86%. Different from the 
patties, chlorogenic acid inhibited PhIP formation in the 
model systems, with the maximum inhibition rate of 61.77%. 
Similar observation with different polyphenols, which sup-
pressed the formation of PhIP in both the meat and model 
systems, has been also reported. Cheng et al. [23] reported 
that naringenin significantly reduced the amount of PhIP in 
the model systems and beef patties, with the inhibitory rate 
of nearly 60% and 74%, respectively. Zhou et al. [24] showed 
a significant decrease on PhIP formation by the addition of 
dihydromyricetin to both the fried beef patties and the model 
systems, with the maximum inhibitory rate up to 80.1% and 
75.7%, respectively.

Comparing Figs. 2 and 3, it was found that chlorogenic 
acid showed opposite effects on PhIP formation in the 
two systems, which were consistent with other investiga-
tions [17, 23]. Possible explanations are that the formation 
mechanisms of PhIP may differ between the model systems 
and meat, and the difference in the composition of the two 
systems may have a larger effect on the role of the added 
polyphenols on PhIP formation [25]. Moreover, some reac-
tive groups from phenolic acids, such as the carboxyl group, 
interact with the amino group of phenylalanine, possibly 
affecting PhIP formation [26].

Among the three polyphenols, hyperoside and quercitrin 
showed relatively strong inhibitory effects on PhIP forma-
tion in both systems. These results suggested that hyperoside 
and quercitrin may be promising candidates for PhIP-inhi-
bition agents. Different structures were in charge of differ-
ent functions. The similarity in their structures lies in the 
presence of hydroxyl groups at the 3′- and 4′-position of the 
B-ring, which increases the inhibition on PhIP formation to 
a certain extent. Despite the above mentioned similarities, 
important differences among them also could be recognized. 
On the one hand, the presence of a pair of meta hydroxyl 
groups on the A-ring in hyperoside and quercitrin but not 
in chlorogenic acid has a predominant contribution to their 
inhibitory abilities. On the other hand, the existence of a 
double bond between the 2- and 3-positions of the C-ring 
of hyperoside and quercitrin also improves their inhibitory 
abilities. In summary, the above differences may explain that 
the ability of chlorogenic acid to inhibit PhIP formation in 
the patties is relatively weaker than that of the other two 
polyphenols.

Phenylacetaldehyde‑scavenging capabilities 
of polyphenols in the model systems

Previous studies have shown that phenylacetaldehyde is a 
key intermediate of PhIP, playing an important role in the 
formation of PhIP [27]. Numerous studies revealed that fla-
vonoids cause significant inhibition effects on PhIP forma-
tion by directly reacting with phenylacetaldehyde [11, 12, 
19]. Thus, it is critical to assess the phenylacetaldehyde-
scavenging capabilities of the polyphenols. In the present 
work, the scavenging abilities of phenylacetaldehyde by 
chlorogenic acid, hyperoside and quercitrin were deter-
mined by GC-MS. The results (Fig. 4a) showed that all the 
polyphenols significantly reduced the amount of phenylac-
etaldehyde in the model systems (p < 0.05). At the highest 
level, chlorogenic acid, hyperoside and quercitrin showed 
the strongest abilities to trap phenylacetaldehyde, with trap-
ping ratios of up to 54.65, 62.52 and 67.37%, respectively. 
The amount of phenylacetaldehyde treated with hyperoside 
at levelm 1 was significantly lower than those of chlorogenic 
acid and quercitrin at levelm 1 (p < 0.05), suggesting that 

Fig. 3   Inhibitory effects of different levels of chlorogenic acid, 
hyperoside and quercitrin on the formation of PhIP in model systems 
(n = 3). Levelm represents the additive levels in model systems. Dif-
ferent letters (a–d) above the error bars indicate significant differences 
(p < 0.05)
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hyperoside exhibited stronger capabilities to trap phenylac-
etaldehyde. By contrast, chlorogenic acid showed relatively 
weak phenylacetaldehyde-scavenging capabilities.

Zamora et al. [28] suggested that the carbonyl-scavenging 
activity requires the presence of phenolic carbons with a 
high electronic density, such as those in luteolin, apigenin, 
chrysin and baicalein. This result indicated that hypero-
side and quercitrin also contain active carbonyl-scavenging 
regions, which was consistent with the strong trapping capa-
bilities of phenylacetaldehyde of these two polyphenols. 
However, chlorogenic acid, with smaller active carbonyl-
scavenging regions, would exhibit relatively weak pheny-
lacetaldehyde-scavenging capabilities.

Relationships 
between the phenylacetaldehyde‑trapping 
and PhIP‑inhibiting abilities of the polyphenols

The relationships between the effects of the polyphenols on 
PhIP formation and their phenylacetaldehyde-scavenging 
capabilities in di(ethylene) glycol reaction solution in both 
the patties and model systems were analyzed using a linear 
regression model. Good correlations were obtained between 
the effects of hyperoside (R2 = 0.8928 and 0.9113; Fig. 5b) 
(p < 0.01) and quercitrin (R2 = 0.8699 and 0.7683; Fig. 5c) 
(p < 0.01) on PhIP formation and their phenylacetaldehyde-
scavenging abilities in both systems. The results indicated 
that the effect of polyphenols on PhIP formation is closely 
related to their corresponding phenylacetaldehyde-scaveng-
ing abilities. Therefore, the inhibition of PhIP by hypero-
side and quercitrin is likely based on their mechanisms 

of trappinging phenylacetaldehyde. However, the data of 
chlorogenic acid showed a poor correlation (R2 = 0.5002 
and 0.0078; Fig. 5a). Thus, other potential pathways war-
rant further investigation considering that chlorogenic acid 
had a strong ability to inhibit PhIP formation in the model 
systems.

Analysis of polyphenol‑phenylacetaldehyde 
adducts in the patties and model systems

To gain insight into the mechanisms underlying how the 
polyphenols scavenge phenylacetaldehyde, UPLC-MS anal-
ysis was performed to identify reaction products that may 
arise from reactions between phenylacetaldehyde and the 
polyphenols. In the present work, four adducts were identi-
fied in the model systems, namely 8-C-(E-phenylethenyl)
hyperoside), 6-C-(E-phenylethenyl)hyperoside, 8-C-(E-
phenylethenyl)quercitrin and 6-C-(E-phenylethenyl)quer-
citrin (Fig. 6). The total ion chromatogram (TIC) of the 
reaction mixtures of phenylacetaldehyde and hyperoside is 
shown in Fig. 6a1. Two extracted molecular ion peaks at 
m/z 567.15 [(M + H)+] in positive ESI-MS were detected, 
and the corresponding molecular weight was 566, assign-
able to a product of hyperoside and phenylacetaldehyde with 
the elimination of a water molecule. Similarly, for querci-
trin (Fig. 6a2), two main molecular ion peaks appeared at 
m/z 551.16 [(M + H)+] in positive ESI-MS with a molecu-
lar weight of 550, which agreed with the molecular weight 
of quercitrin and phenylacetaldehyde after removing one 
molecule of water. Moreover, the roast beef patties treated 

Fig. 4   Effects of different concentrations of chlorogenic acid, hypero-
side and quercitrin (a) on the amount of phenylacetaldehyde in the 
model systems (n = 3) and carbonyl-scavenging region of polyphenols 

(b). Levelm represents the additive levels in the model systems. Dif-
ferent letters (a–f) above the error bars indicate significant differences 
(p < 0.05)
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with hyperoside and quercitrin also contained the identified 
adducts (Fig. 6b).

Target adducts formed from hyperoside and quercitrin 
were further examined by TOF–MS/MS. According to the 
analysis results of collision-induced dissociation (CID) 
of hyperoside-phenylacetaldehyde adducts at m/z 567.15 
[(M + H)+], two major fragment ions were generated, m/z 
405 and m/z 255, respectively. And the CID of the m/z 
551.16 [(M + H)+] ion also produced major fragment ions 
at m/z 405 and m/z 255. The fragment ion of m/z 405 was 
mainly due to the loss of the glycosidic bond at 3-posi-
tion from the C-ring. The appearance of m/z 255 was 
assigned to the Retro–Diels–Alder cleavage of the C-ring 
from the m/z 405, thus precluding the B-ring and C-ring 
as the active trapping site for phenylacetaldehyde, and 

further indicating that the A-ring is the trapping site. Zhu 
et al. [29] explained that the hydroxyl groups at the meta 
position act as electron donors and could form electron-
rich centers at the unsubstituted carbon sites to promote 
the electrophilic substitution reactions with electrophiles 
such as reactive carbonyl species. Furthermore, numerous 
studies [12, 18, 19] have revealed that some polyphenols 
scavenge phenylacetaldehyde via electrophilic substitu-
tion reactions at C-6 and C-8 of the A-ring. In conclu-
sion, given the unsubstituted carbon sites on the A-ring of 
hyperoside and quercitrin, we conclude that C-6 and C-8 
are active sites for trapping phenylacetaldehyde.

The above results indicated that in the presence of 
hyperoside and quercitrin, phenylacetaldehyde was trapped 
by forming adducts, thereby preventing it from entering 

Fig. 5   Correlations of the different levels of chlorogenic acid (a), hyperoside (b) and quercitrin (c) on the phenylacetaldehyde-scavenging rate 
and the inhibition rates of PhIP formation in the patties and model systems (n = 3)
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the pathway leading to the formation of PhIP. Postulated 
pathways for the inhibitory activity of hyperoside and 
quercitrin on PhIP formation was exhibited in Fig. 7. How-
ever, the mechanism of chlorogenic acid on the inhibition 
of PhIP formation in the model systems is unknown. Chlo-
rogenic acid significantly inhibited PhIP formation, but did 
not generate a predicted adduct with phenylacetaldehyde 
(Supplementary Fig. S1). Zhang et al. [30] reported that 
caffeic acid releases a CO2 molecule to produce 4-vinylcat-
echol, which could form adducts with phenylacetaldehyde, 
thus leading to significant inhibition of PhIP formation. 
Dihydromyricetin was also demonstrated to be degraded 
to myricetin during heating and then traps phenylacetal-
dehyde to form adducts, thereby inhibiting PhIP formation 
[24]. Therefore, it was speculated that chlorogenic acid 
may undergo degradation to generate some substances 

after heating in the model systems, and these substances 
may have good ability to inhibit PhIP formation.

Some of these flavonoid-phenylacetaldehyde adducts 
were reported to exhibit anticancer potential, among 
which 8-C- and 6-C-(E-phenylethenyl)naringenin showed 
selective cytotoxicity and anticancer activity against colon 
cancer cells in a mouse model of human colon cancer 
[31]. 8-C-(E-phenylethenyl)norartocarpetin significantly 
induced cancer cell death [32]. Thus it can be hypothesized 
that polyphenol-phenylacetaldehyde adducts detected in 
the present work might also exhibit anticancer potential. 
The above speculations need further identification.

Fig. 6   Polyphenol-phenylacetaldehyde adducts in the chemical reac-
tion systems and roast beef patties. Extracted ion chromatograms of 
polyphenol-phenylacetaldehyde adducts in the chemical reaction sys-

tems (a) and roast beef patties (b), TOF–MS/MS spectrum of poly-
phenol-phenylacetaldehyde adducts (c)
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Conclusions

It was concluded that ZML extract, hyperoside and quer-
citrin significantly inhibit PhIP formation in both beef pat-
ties and chemical model systems. Further identification of 
8-C-(E-phenylethenyl)hyperoside, 6-C-(E-phenylethenyl)
hyperoside, 8-C-(E-phenylethenyl)quercitrin and 6-C-(E-
phenylethenyl)quercitrin in the two systems confirmed that 
the inhibitory mechanism was based on the formation of 
adducts between the flavonoids and phenylacetaldehyde, 
suggesting that the glucosylation of flavonoids do not mod-
ify the mechanism of inhibiting PhIP formation. These find-
ings contribute to a better understanding of the inhibitory 
effects of hyperoside and quercitrin from ZML on PhIP for-
mation. Different from the flavonoids, chlorogenic acid did 
not directly react with phenylacetaldehyde to form adducts, 
it is possible that the thermal degradation products of chlo-
rogenic acid might be responsible for the trapping of pheny-
lacetaldehyde that needs further investigation.
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