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The effect of quercetin and oil water separation system on the formation of heterocyclic amines (HAs) was
investigated during the frying process of braised chicken drumsticks. The results showed that two B-carboline
HAs (B-CHAs) were detected in the chicken samples: 9H-pyrido [3,4-b] indole (Norharman) and1-methyl-9H-
pyrido [3,4-b] indole (Harman). p-CHAs content in the chicken samples increased as the cycle times of the
frying oil rose (P < 0.05). The addition of quercetin and use of oil water separation system significantly inhibited

the formation of Harman (27.3% and 28.2%; P < 0.05) and Norharman (28.7% and 64.1%; P < 0.05), respec-
tively, and the combined use of the two treatments had a better effect (47.0% and 80.2%; P < 0.05). It can be
attributed to the lower consumption of $-CHAs precursors (tryptophan) and reduced generation of the in-
termediates (carbonyl compounds and 1,2,3,4-Tetrahydro--carboline-3-carboxylic acid). This provides a
promising way for reducing -CHAs during the frying process of braised chicken products.

1. Introduction

Heterocyclic amines (HAs), mainly composed of carbon, nitrogen,
and hydrogen atom, are polycyclic aromatic compounds. These com-
pounds are carcinogenic and mutagenic substances generated in protein-
rich meat products during thermal processing (Yan et al., 2022). HAs
can be divided into thermic HAs and pyrolytic HAs according to their
formation pathway (Gibis, 2016; Bulanda and Janoszka, 2022). Thermic
HAs are formed due to Maillard reaction, from a-amino acids, creatine
and reducing sugars. Pyrolytic HAs are formed mainly from thermal
decomposition products of single amino acids like tryptophan (Dong
et al., 2020). Pyrolytic HAs mainly consist of carboline HAs and other
pyrolytic HAs according to their chemical structures (Gibis, 2016).
Among them, p-carboline HAs (p-CHAs) including Harman and
Norharman were reported as two major pyrolytic HAs in meat products
(Chang et al., 2018).

Deep-Frying is a typical dry cooking method immersing food in
edible oils at high temperatures (Cheng et al., 2021). Short-time frying
gives meat products attractive color, rich aroma and crispy texture,

however, it also provides convenient conditions for the formation of
consequent cooking-induced contaminants such as HAs. Braised chicken
is a time-honored meat product in China, which undergoes a
high-temperature frying process for a few minutes before braising at a
low temperature for several hours (Cheng et al., 2019). Raw chicken is
usually immersed with honey or maltose solution before frying to get a
golden yellow color and an attractive taste of the product (Cheng et al.,
2019). The frying oil tends to be used repeatedly to reduce the costs of
the products (Xu et al., 2022), which may cause thermal decomposition
and oxidation of fat (Wang et al., 2015). Under that circumstance, the
content of HAs in the chicken increases dramatically as the frying time
goes on (Yao et al., 2013). Consequently, it is important to restrict the
production of HAs during the frying process of braised chicken.
Previous studies have reported that some plant extracts, spices and
natural flavonoids can reduce the HAs formation and discussed the
mechanism in chemical model systems (Keskekoglu and Uren, 2014;
Tengilimoglu-Metin et al., 2017; Zeng et al., 2017, 2018). Quercetin is
one of the most abundant flavonoids in many fruits and vegetables
(Andres et al., 2018), which has been demonstrated to be a powerful
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antioxidant (Boots et al., 2008). It has been reported to be an effective
inhibitor for the production of 2-amino-1-methyl-6-phenylimidazo [4,
5-b] pyridine in roasted beef (Zhu et al., 2016). As for pyrolytic HAs,
other researchers also found that the addition of quercetin had an
inhibitive effect on the synthesis of Harman and Norharman in roasted
lamb meats (Ding et al., 2022).

Some publications also have described the phenomenon of allevi-
ating HAs emergence in meat products by different cooking methods.
The HAs level of electric grilled drumsticks was considerably lower
compared with that of gas-grilled ones (Yao et al., 2020). The highest
content of HAs was found in lamb patties cooked by stewing, followed
by roasting, frying and pan-frying (Guo et al., 2014). For chicken
meatballs, pan cooking led to lower levels of HAs compared with
deep-fat frying (Keskekoglu and Uren, 2014). Oil water separation
frying (OWSF) is a new technology, in which both water and oil are
added in one frying tank and naturally stratified because of their in-
compatibility with indifferent densities (Zhang et al., 2016). The oil
floats at the upper layer of the frying tank and the water sinks to the tank
bottom. The OWSF machine only heats in the oil layer locally. During
the process of OWSF, food residues in the oil-layer fall into the
water-layer with the help of gravity, which can keep the residues from
depositing in the oil and frying repeatedly (Ma et al., 2016). Therefore,
compared with deep-fat frying, the OWSF process may significantly
reduce the oxidation rate of the frying oil and alleviate its deterioration,
especially when the oil is used repeatedly. Thus, it is a candidate method
for preventing HAs development while food frying.

Thus, it has been found that quercetin was an effective inhibitor for
HAs in meat products. Considering the antioxidant role of OWSF, it is
necessary to evaluate the combined effect of quercetin and OWSF
treatment on the formation of HAs in the frying process of braised
chicken and clarify the mechanism. To our knowledge, there are few
studies on this.

The study aimed to determine the combined effect of quercetin and
OWSEF on the formation of HAs during the frying process of braised
chicken drumsticks. Moreover, some parameters related to HAs forma-
tion, such as tryptophan, reducing sugar, carbonyl content and thio-
barbituric acid reactive substances (TBARS), were also monitored to
reveal the mechanism.

2. Material and methods
2.1. Materials

2.1.1. Raw materials

Frozen chicken drumsticks and honey were purchased from a local
market in Hefei, China. The chicken drumsticks were delivered to the
laboratory within 0.5 h, and stored in a refrigerator at —20 °C. The
frozen chicken drumsticks were thawed at 4 °C before use. Quercetin
was obtained from Xi’an Shengqing Biotechnology Co. Ltd.

2.1.2. Chemicals

Heterocyclic amine standards were ordered from Toronto Research
Chemicals (Downsview, Ontario, Canada): 1-methyl-9H-pyrido [3,4-b]
indole (Harman, CAS no.: 486-84-0), 9H-pyrido [3,4-b] indole
(Norharman, CAS no.: 244-63-3), 3-amino-1,4-dimethyl-5H-pyrido
[4,3-b] indole (Trp-P-1, CAS no.: 68808-54-8), 3-amino-1-methyl-5H-
pyrido [4,3-b] indole (Trp-P-2, CAS no.: 72254-58-1), 2-amino-1-
methyl-6-phenylimidazo [4,5-b] pyridine (PHIP, CAS no.: 105650-23-
5), 2-amino-3,4-dimethylimidazo [4,5-f] quinoline (IQ, CAS no.:
76180-96-6), 2-amino-3,8- dimethylimidazo [4,5-f] quinoline (MelQx,
CAS no.: 77500-04-0), 2-amino-3,4- dimethylimidazo [4,5-f] quinoline
(MeIQ, CAS no.:. 77094-11-2), 2-amino-3,4,8-trimethylimidazoqui-
noxaline (4,8-DiMelQx, CAS no: 95896-78-9) and 2-amino-3,7,8-trime-
thylimidazo [4,5-f] quinoxaline (7,8-DiMelQx, CAS no: 92180-79-5).
The internal standard for the analysis of HAs is 2-Amino-3,4,7,8-tetra-
methyl-3H-imidazo [4,5-f] quinoxaline (4,7,8-DiMelQx, CAS no.:
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132898-07-8). Other chemicals and solvents were of analytical or high-
performance liquid chromatography (HPLC) grade.

2.2. Effect of cycle times of oil on the formation of HAs using different
frying methods

Four chicken drumsticks were chosen randomly and immersed in a
50% (w/w) honey solution. After drained for 1 min, the chicken
drumsticks were fried in a thermostatic fryer with 4 L of oil (HH-WO-5L,
Tanze Instrument Co., Ltd., Shanghai, China) or an oil water separation
fryer with 8 L of oil (LN-100, Leiniao Instrument Ltd., Rui’an, China) at
180 °C for 2 min. The proportion of drumsticks and oil is equal in the two
fryers. The schematic diagram of the oil water separation fryer is shown
in Fig. 1. The oil was used to fry the drumsticks continuously for 10 times
without any replenishment.

The chicken drumsticks fried in the oil recycled for 8 and 10 times
were selected. The skin was removed from the drumsticks and ground
with a S1-M81 (D) blender (Joyoung Co., Ltd., Shandong, China). All the
ground skin samples were stored at —80 °C before analysis of HAs.

2.3. Effect of quercetin and OWSF on the generation of -CHAs during
frying process of chicken drumsticks

Four groups of the chicken drumsticks were prepared. Two percent
of quercetin (w/w) was dissolved into a 50% honey solution (w/v). The
drumsticks were selected randomly in each group and immersed in the
honey solution with or without adding quercetin. After drained for 1
min, the chicken drumsticks were fried using the thermostatic fryer or
oil water separation fryer for 2 min when the oil reached 180 °C. Before
frying, the oil in the both fryers has been recycled for 10 times. The fried
chicken drumsticks were prepared in four groups as follows: (1) Control
(deep-fat frying), (2) QC (treated with quercetin, deep-fat frying), (3)
OW (OWSEF), (4) QC-OW (treated with quercetin, OWSF). The ground
skin samples were prepared as depicted in 2.2. to analysis for HAs,
B-CHAs precursors (tryptophan and reducing sugar), carbonyl content
and TBARS, 1,2,3,4-Tetrahydro-p-carboline-3-carboxylic acid (THCA).

2.4. Analysis of HAs

HAs content was determined using the method of Yan et al. (2022)
with slight modifications. 2.0 g of the skin sample, 100 pL of the internal
standard solution (200 pg/mL) and 3 mL of distilled water were added to
a 50-mL centrifuge tube. The mixture was homogenized (9000 rpm, 15s,
4 times) using a T18DS25 homogenizer (IKA Instrument Equipment Co.,
Ltd., Guangzhou, China). Later, the homogenizer’s blade was rinsed
with acetonitrile and n-hexane, and the rinsing solution was collected
into the centrifuge tube containing the homogenized product. Then, the
resultant mixture was vortexed for 1 min and followed by 30-min ul-
trasonic extraction steps. After centrifuged at 1320xg for 5 min, the
acetonitrile layers of the mixture were removed into a new centrifuge
tube. The extract procedures were repeated twice to collect the aceto-
nitrile eluent for solid phase extraction (SPE).

The SPE procedures were carried out with MCX cartridges (60 mg, 3

—— Filtering net
=== Hecating tube
Water layer
Eject valve Eg

Fig. 1. Schematic diagram of the oil water separation fryer.



X. Lietal

mL) (Anpel Co., Ltd., shanghai, China). 3 mL of 0.1 mol/L HCl and 3 mL
of methyl alcohol were used to eliminate impurities. The retained HAs
were eluted by a 6-mL mixture of ammonium hydroxide and methyl
alcohol (10:90, v/v), evaporated under nitrogen to dryness and redis-
solved in 1 mL 0.03 mol/L ammonium acetate - acetonitrile mixed so-
lution (50:50, v/v) for HPLC-MS/MS analysis.

An AB Sciex UPLC-MS/MS system (API 5000, AB Sciex Pte., Ltd,
Shanghai, China) was applied to analyze HAs. Separation process was
carried out on a ZORBAX Eclipse Plus C18 column (100 mm x 2.1 mm,
1.8 pm) (Agilent Technologies Co., Ltd., California, USA) at 30 °C. 0.03
mol/L ammonium acetate (pH = 3.4) (A) and acetonitrile containing 1%
acetic acid (B) were used as binary mobile phase. The flow rate was 0.25
mL/min. The elution program was 0-5 min, 95% A; 5-10 min, 95%-—
90% A; 10-15 min, 90-70% A; 15-22 min, 70-1% A; 22-25 min, 1-95%
A; 25-30 min, 95% A. The HAs content was expressed as ng per g of the
skin sample.

2.5. Analysis of tryptophan

Tryptophan was extracted and analyzed using the method described
by Zhang et al. (2022) and Islam et al. (2016) with minor modifications.
4.0 g of the skin sample was mixed with 20 mL of distilled water and
homogenized at 10,000 rpm for 30 s. The mixture was centrifuged at
2100xg for 15 min at 4 °C. Then, 4 mL of the supernatant was mixed
with 2 mL n-hexane, vortexed for 15 s and filtered to vials through a
0.22-pm filter. The identification and quantification of tryptophan was
carried out using a S6000 HPLC system (Acchrom-Tech Ltd., Beijing,
China) based on a reversed-phase analytical column (TSKgel ODS-80 Tyy;
250 mm x 4.6 mm, 5 pm). Fluorescence was detected at the excitation
wavelength and emission wavelength of 283 nm and 343 nm, respec-
tively. The tryptophan content was expressed as microgram per gram of
the skin sample.

2.6. Analysis of reducing sugar

Reducing sugar was measured according to Lou et al. (2018) using
the 3, 5-dinitrosalicylic acid (DNS) method with minor modifications.
1.0 g of the ground skin sample and 9 mL distilled water were added to a
50-mL centrifuge tube and homogenized at 10,000 rpm for 30 s. The
tube was placed in a water bath at 80 °C for 40 min and then cooled to
room temperature. The samples were then centrifuged for 10 min at
8000xg. 1 mL of the supernatant was mixed with 9 mL of distilled water.
2 mL of DNS solution (10 mg/mL DNS, 300 mg/mL sodium potassium
tartrate and 16 mg/mL NaOH in distilled water) was added to 1 mL of
the diluent. The control consisted of 1 mL of distilled water and 2 mL of
DNS solution. The samples and the control were kept in boiling water
baths for 5 min and cooled on ice. The absorbance was determined at
540 nm with a microplate reader (H1, Boten Instrument Co., Ltd.,
Winooski, VT, USA). The contents of reducing sugars were calculated
from the standard calibration curve prepared with glucose and
expressed as milligram per gram of the sample.

2.7. Analysis of carbonyl content

Carbonyl contents in the skin samples were determined by 2,4-
dinitrophenyl hydrazine (DNPH) method according to the method of
Zhang et al. (2020) with slight modifications. 3.0 g of the skin sample
was homogenized for 1 min at 10,000 rpm with 30 mL of phosphate
buffer (20 mM, pH = 6.5, containing 0.6 M NaCl). The mixture was
divided into four 0.2-mL aliquots and each was centrifuged with 1 mL of
10% cold trichloroacetic acid (TCA) at 8000xg for 10 min The protein
pellet of two aliquots were added with 0.5 mL of 10 mmol/L DNPH
(w/v) in 2.0 mol/L HCI and incubated for 1 h at 25 °C with continuous
shaking, while the other two were treated with 0.5 mL of 2.0 mol/L HCI
as blank. Then, the four aliquots were added with 0.5 mL of TCA (20%)
before centrifugation at 8000 xg for 10 min. The sediments were washed
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three times with 1 mL of ethanol and ethyl acetate solution (1:1, v/v) to
remove excess DNPH. The precipitates were resuspended in 1 mL of
phosphate buffer (20 mmol/L, pH = 6.5) with 6.0 mol/L guanidine
hydrochloride. Finally, the solution absorbance of the protein mixture
was measured at 280 nm and 370 nm. The carbonyl content (nmol/mg
protein) was calculated using the following equation:

Chydrazone _ A37O
Corotein ~ Enydrazone370(Aa2go — Azzg X 0.43)

x 10°

. 4 r—1 -1
Enydrazone,370 18 2.2 X 10" M~ -.cm™ .

2.8. Analysis of TBARS

Lipid oxidation was determined according to the TBARS as described
by Xiao et al. (2021) with minor modifications. 2.5 g of the skin sample
from each group was homogenized for 1 min at 3000 rpm with 25 mL of
cold trichloroacetic acid (TCA) reagent (7.5% TCA, 0.1% EDTA) using a
homogenizer (T18DS25, IKA Instrument Equipment Co., Ltd., Guangz-
hou, China). Then, the mixture was filtered using filter paper and 2 mL
of the filtrate was added with an equal volume of thiobarbituric acid
(0.02 M). After incubated at 90 °C for 30 min and cooled to 25 °C, the
absorbance of the mixture was determined at 532 nm using a microplate
reader (H1, Boten Instrument Co., Ltd., Winooski, VT, USA). 1,1,3,3-Tet-
raethoxypropane was used to define the standard curve. The TBARS was
expressed as mg of malonaldehyde (MDA) per kg of the skin sample.

2.9. Analysis of 1,2,3,4-tetrahydro-p-carboline-3-carboxylic acid
(THCA)

The THCA content of the skin samples was measured according to the
method of Herraiz (2000) and Wang et al. (2021) with slight modifi-
cations. 3.0 g of the sample was mixed with 15 mL of 0.6 mol/L HClIO4
and then homogenized at 10,000 rpm for 30 s before solid-phase
extraction. THCA analysis was performed on an Acchrom S6000 HPLC
system with a TSKgel ODS-80 Ty (250 mm x 4.6 mm, 5 pm) column.
The mobile phase was 0.5 mol/L ammonium acetate-acetic acid buffer
(pH = 3.4) (A)/acetonitrile (B), and the elution procedure was as fol-
lowed: 0-8 min, 90%-68% A; 8-10 min, 68%-90% A; 10-15 min, 90%
A. A fluorescence detector was employed, in which the excitation
wavelength and emission wavelength were set as 270 nm and 343 nm,
respectively. The THCA content was expressed as ng per g of the skin
sample.

2.10. Statistical analysis

All the experiments were carried out in triplicate, with each being
replicated three times. Values are presented as mean + standard devi-
ation. Statistical analysis was carried out using the SPSS software
package (Version 26, SPSS Inc., Chicago, IL, USA). Independent two-
sample t-test model was performed to identify the results among
different oil cycle times. Tukey’s multiple range test was used to
compare the results of different treatments. The results were considered
statistically significant at P < 0.05.

3. Results and discussion

3.1. Effect of cycle times of oil on the formation of HAs using different
frying methods

Norharman was the most abundant HA in the chicken drumsticks
fried under different methods, followed by Harman, with a concentra-
tion below 1 ng/g (Fig. 2). The chicken drumsticks treated with OWSF
showed considerably lower levels of HAs compared with the control (P
< 0.05). Under different frying methods, the concentration of HAs
increased rapidly as cycle times of the oil increased. When the cycle time
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Fig. 2. Effect of cycle times of oil on the formation of HAs in the chicken
samples using deep-fat frying (Control) or OWSF (OW). Bars with different
uppercase letters (A-B) indicate significant differences among different frying
methods at the same cycle times of oil (P < 0.05) and means with different
lowercase letters (a-b) indicate significant differences among different cycle
times of oil using the same frying methods (P < 0.05). Comparisons were made
within one heterocyclic amine.

of the oil increased from 8 to 10, the content of Harman and Norharman
in the deep-fat fried chicken sample increased by 290.88% and
186.37%, respectively. For the samples treated with OWSF, an increase
of 150.95% and 155.13% was observed for Harman and Norharman,
respectively. Compared with the deep-fat frying group, the contents of
Harman and Norharman detected in the OWSF group were obviously
reduced when the oil was recycled for the same times (P < 0.05).

The formation of HAs depends on the heating temperature, heating
time and cooking method. When chicken drumsticks were grilled at
230 °C for 27 min, many HAs, including IQ, Harman, Norharman, PHIP,
MelQx and AaC were detected (Yao et al., 2020). However, only IQx was
detected when drumsticks were deep-fat fried at 175 °C in sunflower oil
for 8.5 min (Haskaraca et al., 2014). In this study, only Harman and
Norharman were detected in the chicken skin samples which were fried
for 2 min at 180 °C. Yao et al. (2013) also found that Harman and
Norharman were detected in the chicken skin after fried at 160 °C for 2
min. Similar results were found in roasted pork and beef patties (Xu
et al.,, 2021). Harman and Norharman are collectively called -CHAs.
They can be formed at a relatively low temperature (100 °C) in com-
parison to other HAs (> 150 °C) (Dong et al., 2020), which is responsible
for the common occurrence of Harman and Norharman in
thermally-processed meat products (Feng et al., 2022).

The preparation of traditional braised chicken involves a frying
process for a few minutes before a relatively low temperature braising
for several hours (Cheng et al., 2019). The main purpose of the
short-time frying process is to generate a golden color and an attractive
flavor, rather than make the product fully cooked (Yao et al., 2013).
Thus, the heating conditions of the process are relatively mild and only
two B-CHAs were detected. Moreover, previous research (Yao et al.,
2013) and our preliminary experiments have demonstrated that HAs
distributed mainly in the chicken skin after the short-time frying. Hence,
the chicken skin was chosen to determine the contents of HAs.

Large quantities of oxides and abundant free radicals were formed in
the oil when used repeatedly (Bulanda and Janoszka, 2022; Khan et al.,
2022b), which promoted the formation of HAs in fried meat products.
Previous research (Ma et al., 2016) demonstrated that the OWSF treat-
ment imparted lower polymeric degradation and oxidation of the oil and
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compared with deep-fat frying. During the frying process, food residues
exited the oil-layer and descended to the water-layer before carboniza-
tion (Zhang et al., 2016). Thus, the free radicals and oxides in the frying
oil may keep at a relatively low content during the process. Based on
these, the OWSF treatment is considered to be an effective way to reduce
the content of HAs in chicken.

3.2. Effect of quercetin and OWSF on the formation of -CHAs during
frying process of chicken drumsticks

Both quercetin and OWSF were found to significantly inhibit the
generation of f-CHAs (P < 0.05; Fig. 3). Norharman was significantly
suppressed by the addition of quercetin (28.7%) and the use of oil water
separation system (64.1%) (P < 0.05). The combination of the two
treatments achieved a better inhibitory effect on Norharman (P < 0.05),
with a higher inhibition rate of 80.2%. For Harman, when adding
quercetin or using oil water separation system alone, the inhibition rate
was 27.3% and 28.2%, respectively. When the two treatments were used
in combination, the inhibition rate of Harman reached 47.0%.

Quercetin, a member of flavonoids family, is one of the best in vitro
antioxidants (Boots et al., 2008). Its antioxidative role is attributed to
the existence of two antioxidant pharmacophores within the molecule
that have the optimal configuration to scavenge free radical (Heijnen
etal., 2009). Kikugawa (1999) found that antioxidants can scavenge the
free radicals and inhibit the radical reactions involved in HAs formation,
and thus reduce the HAs formation. Furthermore, it was also reported
that the addition of quercetin had an inhibitory effect on the formation
of Harman and Norharman in roasted lamb meats (Ding et al., 2022).
The scavenge of free radicals by quercetin was considered to be involved
in the blockade of the f-CHAs formation pathway.

In this study, quercetin was considered to block the formation
pathway of p-CHAs in the chicken drumsticks by scavenging free radi-
cals. Oil water separation system can also keep oxides and free radicals
in the oil at a low level. Therefore, the combination of the two treat-
ments can exhibit a better inhibitory effect on the formation of f-CHAs
in the chicken drumsticks during the frying process.

Il Harman A
801 Norhamran *
B
60 I
[}
IS A
=
g 40 + B
3 C B
e I
20 1
O -
QC ow QC-OW

Treatments

Fig. 3. Effect of quercetin (QC) and OWSF (OW) on the formation of p-CHAs
during frying process of the chicken samples. Inhibition rate was defined as the
ratio of B-CHAs content in the treatment to that in the control. Bars with
different letters (A-C) indicate significant differences among different treat-
ments (P < 0.05). Comparisons were made within one heterocyclic amine.
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3.3. Analysis of tryptophan and reducing sugar

Tryptophan is considered as a precursor of f-CHAs formation and it
can be initially converted to tryptophan Amadori rearrangement prod-
uct with the presence of reducing sugar (Pfau and Skog, 2004; Ronner
et al., 2000). The effects of quercetin and OWSF treatment on trypto-
phan content of the chicken skin samples were shown in Fig. 4A. The
content of tryptophan of the OW and QC-OW groups was significantly
higher than that of the control group (P < 0.05). Among them, the
QC-OW group had the highest tryptophan content, which was 1.8 times
higher than that of the control. The production of p-CHAs was related to
the thermal-oxidative decomposition of tryptophan in food when
treated at high temperatures (Pfau and Skog, 2004). The content of
B-CHAs in the chicken samples treated with OWSF was substantially
decreased compared with the control (Fig. 3), while the content of
precursor tryptophan was significantly increased. Amadori rearrange-
ment is an irreversible reaction (Lin et al., 2018). Therefore, it can be
assumed that the OWSF treatment may inhibit the tryptophan Amadori
rearrangement reaction and decrease the consumption of tryptophan in
the frying process, thus reduce the production of §-CHAs in the chicken
samples. The addition of quercetin alone did not significantly inhibit the
consumption of tryptophan (Fig. 4A), but still reduced the generation of
HAs in the chicken sample (Fig. 3), which suggested that quercetin may
not inhibit HAs formation through block the Amadori rearrangement

reaction.

Control QC-OW

104

z

Tryptophan content (nug/g)
W

B) o,

4
2

D
0

Control QC-OW

Content of reducing sugar (mg/g)

Treatments

Fig. 4. Effect of quercetin (QC) and OWSF (OW) on the content of tryptophan
(A) and reducing sugar (B) of the chicken samples. Bars with different letters
(A-D) indicate significant differences among different treatments (P < 0.05).
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Reducing sugar has been reported to promote the formation of
B-CHAs (Gibis, 2016). Fig. 4B detailed the data on the reducing sugar
content of the chicken samples treated with quercetin and OWSF. The
content of reducing sugar was significantly decreased in all the treat-
ment groups compared to the control (P < 0.05). In the QC-OW sample,
the content of reducing sugar reached the lowest value (22.7% of the
control). Based on the results of tryptophan (Fig. 4A), quercetin may not
block the Amadori rearrangement reaction. However, the presence of
the antioxidant can alter the reaction paths and products of reducing
sugars involved in the Maillard reaction mainly by scavenging the free
radicals, capturing the active carbonyl compounds and protecting the
protein glycosylation sites (Jia et al., 2023). Thus, it was assumed that
quercetin may promote reducing sugars to be involved in other path-
ways of Maillard reaction, which led to the reduction of 3-CHAs for-
mation. The OWSF treatment can also timely remove the free radicals
and oxides produced during the frying process (Ma et al., 2016). These
may cause the continuously positive shift of the chemical reaction
equilibrium in which abundant reducing sugars are involved.

3.4. Analysis of carbonyl content and TBARS value

Carbonyl compounds such as acetaldehyde and o-ketonic acids are
the intermediates in the f-CHAs formation (Totsuka et al., 1999). They
can be involved in the Pictet-Spengler reaction with Amadori rear-
rangement product of tryptophan to generate tetrahydro-p-carbolines
(THPC), the intermediates of f-CHAs (Ronner et al., 2000). Hence, the
contents of carbonyl compounds in the chicken samples under different
treatments were determined (Fig. 5A). The carbonyl contents of all the
treatment groups were significantly reduced compared with that of the
control (P < 0.05). The combined treatment of quercetin and OWSF led
to the most remarkable decrease in the carbonyl content (0.80 mmol/mg
protein).

Previous studies have also shown that the HAs formation would be
enhanced if lipid oxidation was accelerated (Zamora et al., 2012; Khan
etal., 2022). The TBARS levels of all the treatment groups were lower as
compared to that of the control (P < 0.05; Fig. 5B), and the QC-OW
group had the lowest one (0.109 mg MDA/kg). The results of TBARS
were consistent with those of the carbonyl compounds in all the groups.

Carbonyl compounds are active products of Maillard reaction, and
may be produced from amino acids attacked by free radicals (Xue et al.,
2020). Quercetin addition was found to reduce carbonyl contents of the
chicken skin samples, which led to the decrease of p-CHAs formation
(Fig. 3). These were in agreement with previous research using other
antioxidant. Curcumin has been reported to decrease the contents of
B-CHAs by inhibiting the production of carbonyl compounds (Wang
et al., 2021). It has been widely accepted that antioxidants have excel-
lent ability to remove free radicals (Meurillon and Engel, 2016), which
may contribute to the inhibitory effects on the formation of carbonyl
compounds.

The content of carbonyl compounds in the chicken samples treated
with OWSF was found to be significantly lower than that of the QC group
and Control. The key advantage of using OWSF was that the residues of
the chicken drumsticks in the frying oil can be removed in time, which
effectively alleviated the oxidation and polymerization deterioration in
the oil (Ma et al., 2016). It has also been found that the carbonyl value of
soybean oil using OWSF was lower than that using deep-fat frying (Ma
et al.,, 2016). Meanwhile, during the frying process, food can absorb
large amount of oil making oil become a component of the final product
(Al-Khusaibi et al., 2012). Thus, OWSF is a promising way to retard the
oxidation of fried meat products.

Lipid oxidation usually promotes protein oxidation (Berardo et al.,
2016), and thus may enhance the formation of p-CHAs. This is because
the free radicals generated in the lipid oxidation process are also the
potential initiators of protein carbonylation (Estevez, 2011), which may
lead to the B-CHAs production (Khan et al., 2022). Many studies have
shown that the addition of antioxidant compounds to meat products was
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Fig. 5. Effect of quercetin (QC) and OWSF (OW) on carbonyl content (A) and
TBARS value (B) in the chicken samples. Bars with different letters (A-D)
indicate significant differences among different treatments (P < 0.05).

an effective way to scavenge the free radicals produced (Selani et al.,
2011; Tengilimoglu-Metin et al., 2017; Wang et al., 2021), thus allevi-
ated the lipid and protein oxidation. The OWSF treatment also had the
ability to keep the free radical content in the oil at a low level by
avoiding repeated heating of food residues (Ma et al., 2016), thus
decreased the products of lipid and protein oxidation. Thus, the inhi-
bition of lipid and protein oxidation caused by quercetin addition and
OWSF treatment blocked the Pictet-Spengler reaction and subsequently
led to the inhibition of p-CHAs generation in the chicken samples.

3.5. Analysis of THCA

Tryptophan Amadori rearrangement products can react with
carbonyl compounds such as acetaldehyde or a-ketonic acids to produce
THCA and 1-methyl-1,2,3,4-tetrahydro-carboline-3-carboxylic acid via
the Pictet-Spengler pathway, which are then oxidized and decarboxy-
lated to generate Norharman and Harman, respectively (Herraiz, 2000).
Norharman was the most abundant p-CHA in the frying process of the
braised chicken drumsticks, and had stronger co-mutagenic activity than
Harman (Totsuka et al., 1999). Therefore, the content of THCA was
determined to investigate whether the quercetin and OWSF treatment
can inhibit the Pictet-Spengler reaction. As shown in Fig. 6, both the
quercetin addition and OWSF treatment had a strong inhibitory effect on
THCA generation (46.7% and 51.6% of the control; P < 0.05). For the
QC-OW sample, the content of THCA reached the lowest value (20.6% of
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Fig. 6. Effect of quercetin (QC) and OWSF (OW) on the content of THCA in the
chicken samples. Bars with different letters (A-C) indicate significant differ-
ences among different treatments (P < 0.05).

the control; P < 0.05), indicating that the Pictet-Spengler reaction chain
was blocked, which subsequently inhibited the formation of Norharman.
Quercetin has been proven to be an excellent antioxidant (Boots
et al., 2008), and has strong capacity to scavenge free radicals in food
(Meurillon and Engel, 2016). In the present study, the addition of
quercetin successfully inhibited the carbonyl compounds in the chicken
samples (Fig. 5), led to the subsequent decrease of THPC generation
(Fig. 6), therefore resulted in the reduced formation of B-CHAs (Fig. 3).
For the OWSF treatment, it can not only keep free radicals at a relatively
low content but also inhibit the consumption of tryptophan during the
frying process of the chicken samples (Fig. 4A). Then, the formation of
the carbonyl compounds and the tryptophan Amadori rearrangement
products may be reduced. Therefore, the THBC content was significantly
reduced in the chicken samples treated with OWSF (Fig. 6), which
eventually led to the inhibition of p-CHAs generation (Fig. 3). Based on
the different mechanisms for the p-CHAs inhibition of the quercetin and
OWSF treatment, the combined use of them achieved a better effect.

4. Conclusion

Two B-CHAs (Harman and Norharman) were detected in the frying
process of Chinese braised chicken. The quercetin addition and OWSF
treatment significantly inhibited the formation of §-CHAs by inhibiting
the consumption of p-CHAs precursors (tryptophan) and the formation
of their intermediates (carbonyl compounds and THBC). The inhibition
of the lipid oxidation helped to decrease the f-CHAs formation. The
combined use of the two treatments had a better effect, with a reduction
rate of 47.0% for Harman and 80.2% for Norharman, respectively. The
study provides an effective and promising method to control p-CHAs
formation in the frying process of braised chicken.
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