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A B S T R A C T   

Pickled radish is a general source of natural bioactive compounds that include phenols. Here, we used molecular 
docking, fluorescence quenching, circular dichroism spectroscopy and molecular dynamics simulations to 
identify potential inhibitors against xanthine oxidase from a library of pickled radish compounds. The most 
effective compounds were selected for validation through in vitro experiments including enzyme activity inhi
bition tests, and cell-based assays. Molecular docking results revealed that 2,6-Dihydroxyacetophenone, 4- 
Hydroxyphenethyl alcohol, and 4-Hydroxybenzaldehyde exhibited significant effects on xanthine oxidase inhi
bition. Three phenols have varying degrees of inhibition on xanthine oxidase, which is driven by hydrophobic 
interactions and hydrogen bonds and affects the secondary structure and hydrophobic homeostasis of xanthine 
oxidase. The stability of xanthine oxidase inhibition by three phenols was analyzed by molecular dynamics 
simulation. Finally, cellular experiments confirmed that three phenols reduced uric acid levels by inhibiting the 
xanthine oxidase enzyme activity of BRL 3A cells.   

1. Introduction 

Xanthine oxidase (XOD), a key rate-limiting enzyme of purine 
metabolism in human body, it is responsible for catalyzing 

hypoxanthine to xanthine, which is further oxidized to uric acid (UA) 
(Cao, Pauff, & Hille, 2014). Uric acid oxidase in non-primate mammals 
can effectively oxidize UA to allantoin and CO2. However, UA is the final 
product of human purine metabolism due to the lack of uric acid oxidase 
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in the body (So, Dumusc, & Nasi, 2018). The disorder of purine meta
bolism or the obstructions of UA excretion led to the abnormally 
elevated levels of serum UA, which is the characteristic of hyperuricemia 
(HUA). Furthermore, abnormal serum UA level is associated with mul
tiple diseases, such as hypertension, hyperlipidemia, cardiovascular 
disease and chronic kidney disease (Sharaf El Din, Salem, & Abdulazim, 
2017). Currently, the main treatment for HUA in clinical practice is to 
reduce UA generation and promote UA excretion as a supplement 
(Mackenzie et al., 2020). Hence, inhibition of the activity of XOD could 
be used as an effective strategy to reduce UA level. 

As a homodimer with a molecular mass of approximately 290 kDa, 
each subunit of XOD has independent catalysis. The active center of XOD 
consists of molybdopterin (Mo-Pt), flavin adenine dinucleotide (FAD), 
and two iron sulfur centers (Fe2S2) (Enroth, Eger, Okamoto, Nishino, 
Nishino, & Pai, 2000). XOD is widely distributed in mammals, mostly in 
the liver and intestines (Pacher, Nivorozhkin, & Szabo, 2006). Although 
allopurinol is effective in reducing UA production in the body, long-term 
consumption can lead to side effects such as rashes, chronic kidney 
damage and cardiovascular disease (Badve et al., 2020). Therefore, the 
development of safe and efficient natural XOD inhibitors has promising 
prospect. 

Pickled radish, as a popular pickled food all over the world, has the 
characteristics of unique flavor, long shelf life and rich nutritional value 
(Kim, Zheng, & Shin, 2008). Radishes undergo complex biochemical 
changes after the unique curing process, resulting in changes in their 
microbial composition, nutrient composition and product texture 
(Cheigh & Park, 1994). In our previous research, a series of natural 
compounds containing phenols were identified from pickled radishes 
(Li, Huang, Deng, Li, Su, Liu, et al., 2020). At present, due to the limi
tations of cost, experimental conditions, and manpower, it is often 
difficult to screen out effective inhibitors according to specific target 
proteins. Computer-aided drug design (such as molecular docking) has 
emerged in this context as an efficient way to screen potential small 
molecules from a large number of compounds (Rester, 2008). In recent 
years, the effective screening of target small molecule compounds by 
molecular docking has been reported frequently. Liu et al used Autodock 
4.2 to screen for potential inhibitors of the key target enzymes acetyl
cholinesterase (AchE) and Butyrylcholinesterase (BuchE) in Alzheimer’s 
disease (AD). The results revealed Ajmalicine, a prominent natural 
alkaloid, showing promising inhibitory potential against AChE and 
BuChE (Liu et al., 2020). Cao et al used the molecular docking method to 
identify curcumin as an effective inhibitor of α-glucosidase and 
dipeptidyl-peptidase 4 (DPP-4) from 22 food source compounds and 
verified its inhibitory activity in vitro and in vivo (Cao et al., 2021). 
Virtual screening of potential functional small molecule compounds 
using molecular docking is increasingly being widely used in drug 
design and natural product development. 

In this study, molecular docking was used to screen potential XOD 
inhibitors from a collection of 10 bioactive compounds from pickled 
radish. After the promising compounds were selected, circular dichro
ism, fluorescence quenching and molecular simulation were carried out 
to clarify the inhibition mechanism between XOD and the phenols. The 
effects of the phenols on XOD were further conducted in enzyme activity 
inhibition tests and xanthine-induced high-UA BRL 3A cells model. The 
present study demonstrated a viable way for screening the potential 
target compounds of XOD inhibition from a series of bioactive com
pounds, which also provided a theoretical basis for the nutritional value 
of pickled radish. 

2. Materials and methods 

2.1. Materials 

MEM and antibiotics (streptomycin and penicillin) were from 
HyClone, USA. Fetal bovine serum (FBS) was from Gemini Bio-products, 
USA. 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium bromide 

(MTT) and xanthine oxidase (XOD, from bovine milk) were purchased 
from Sigma-Aldrich Chemicals Co. (St. Louis, MO, USA). 2,6-dihydrox
yacetophenone (DHAP, 99%), 4-Hydroxyphenethyl alcohol (4-HPEA, 
98%), and 4-Hydroxybenzaldehyde (HBA, 98%) were purchased from 
Macklin Biochemical Co., Ltd (Shanghai, China). Xanthine and allopu
rinol were purchased from Shanghai Macklin Biochemical Co., Ltd. 
Dimethyl sulfoxide (DMSO) was obtained from Xilong Scientific Co., Ltd 
(Guangdong, China). All reagents were analytical grade. The deionized 
water was obtained from the Milli-Q Reagent Water System of Milliore 
Co. (Milford, MA). 

2.2. Virtual screening using molecular docking 

The most favorable binding small molecules were screened by mo
lecular docking, the top three compounds with the best binding were 
used for subsequent studies (Li & Li, 2010). Using XOD as target, 
AutoDock 4.2 was used for virtual screening of previously identified 
pickled radish compounds and using PYMOL further investigates the 
probable binding interactions of compounds with XOD. The 3D struc
tures of all compounds were obtained from NCBI. Complex crystal 
structure of XOD and salicylic acid (PDB ID: 3BDJ) from RCSB protein 
data bank (http://www.rcsb.org/pdb) Download it. The 3D structure of 
the compounds was optimized by using Sybyl-X 2.0 according to the 
principle of minimizing the energy of the Tripos force field. The 3D 
structure was manually removed water and added polar hydrogen atoms 
according to the inhibitor and protein, and each atom of the protein was 
assigned Kollman charges. The grid box containing the active center is 
defined as 40 Å * 40 Å * 40 Å and the grid spacing is 0.375 Å. Docking 
parameters adopt Lamarkian genetic algorithm (LGA), while the other 
parameters adopt default values. 

2.3. In vitro XOD activity assay 

In vitro XOD activity assay method modified from previous study 
(Yan, Zhang, Hu, & Ma, 2013). The XOD inhibitory activity by screened 
compounds (DHAP, 4-HPEA, and HBA) was examined spectrophoto
metrically at 290 nm by the Multimode microplate reader (SYNERGY, 
Biotek, USA). Different concentration of three phenols were prepared 
using DMSO, including DHAP solution (0.1, 0.25, 0.5, 1, 1.5, 2 mM), 4- 
HPEA solution (10, 20, 40, 60, 80, 100 mM), and HBA solution (1, 2, 4, 
6, 8, 10 μM). Add 25 µL sample solution, 25 µL XOD (0.1 U/mL), and 
100 µL phosphate buffer sodium (PBS, pH = 7.5) to 96-well plate for 
uniform oscillation. After incubation at 37℃ for 10 min, 50 µL xanthine 
was added for 30 s, and the absorbance of the obtained solution was 
immediately determined at 290 nm. In blank group, PBS was used 
instead of sample and xanthine. In the complete response group, PBS 
was used instead of the sample. The XOD enzyme was replaced by PBS in 
the sample control group. Allopurinol was used as a positive control. The 
inhibition rate of the sample on XOD activity was calculated according 
to the following formula: 

Inhibition ratio (%) =

(

1 −
(

C3 − C4

C2 − C1

))

× 100% 

In the formula, C1 is the zero-setting group; C2 was the complete 
response group.C3 was the sample reaction group (positive group); C4 
was the sample control group. 

2.4. CD measurements 

CD measurements using previously reported and slightly modified 
method (Li et al., 2018). The CD spectra of XOD in the absence and 
presence of three phenols were recorded from 260 nm to 190 nm by a CD 
spectrometer (Applied Photo Physics Ltd., Surrey, UK) under nitrogen 
atmosphere. The concentration of XOD was kept at 0.1 U mL− 1, and 
phenols of different concentrations were prepared and mixed with XOD, 
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respectively. Three successive spectral scans were carried out, and the 
mean value was taken to present. 0.2 M PBS (pH = 7.5) was used as the 
zero-setting solvent. 

2.5. Fluorescence titration 

The quenching of XOD endogenous fluorescence by DHAP, 4-HPEA, 
and HBA was detected, and methodologies refer to previous report (Li, 
Zhao, Su, Lin, & Wang, 2016). In the reaction system of 0.2 M PBS (pH =
7.5), 0.1 U⋅mL− 1 XOD working solution was mixed with different con
centrations of DHAP, 4-HPEA and HBA, respectively, and incubated at 
25℃ for 5 min. The multi-mode enzyme plate analyzer (Synergy/H1, 
Biotek, USA) was used for detection. The excitation wavelength was set 
at 280 nm and the emission wavelength was 300 ~ 500 nm, the width of 
the slit was set to 2 nm. 

2.6. Molecular dynamics simulation 

Complexes were committed to 120 ns of all-atom MD simulation 
using the GROMACS ver. 2019.3 package followed by subsequent 
analysis. Amber99sb-ildn Force Field is used to process XOD. Moreover, 
the ligands restrained electrostatic potential (RESP) was calculated by 
Multiwfn and parameterized by General Amber Force Field (GAFF) 
(Wang, Wang, Kollman, & Case, 2006; Wang, Wolf, Caldwell, Kollman, 
& Case, 2004). Acubic box with dimension of 12 Å layer was defined and 
the complexes were solvated using the TIP3P water model. Kt counter
ions were added to the system until charge neutralization and further Na 
and Cl ions were added. The long-range electrostatic interactions were 
computed by means of the Particle Mesh Ewald (PME) method (Darden, 
York, & Pedersen, 1993), Use 1.0 Å spacing in periodic boundary con
ditions to set the grid. Subjected to a double minimization step to pre
processing this system: minimization of water and ions constraining the 
solute; global minimization without any restriction. Before MD simula
tion, both NVT and NPT were balanced with a 0.1 ns ensemble. The 120 
ns trajectory was analyzed by MD simulation, and the integration time 
step is 2 fs. 

2.7. Cell culture and cell viability assay 

Methods refer to the study by Ma et al. (Ma, Lian, & Wang, 2019). 
BRL 3A (Procell CL-0036) were kindly provided by Procell Life Scien
ce&Technology Co., Ltd. The complete growth medium of BRL 3A cells 
were MEM containing 10% FBS and 1% antibiotics (streptomycin and 
penicillin), then cells were grown at 37 ◦C in 5% CO2. Around 1 × 104 

cells per well were seeded in a 96-well plate for overnight. After treated 
with phenols for 48 h, 15 μL MTT (5 mg/mL) was added to the cells for 4 
h at 37℃. The supernatant was then removed and 150 μL DMSO was 
added to solubilize the formazan products with 10 min continuous 
shaking before OD490 nm was taken. The cell viability was determined, 
and DMSO served as the control. The calculation formula of cell survival 
rate is as follows: 

Cell survival rate (%) =

(
OD2 − OD0

OD1 − OD0

)

× 100% 

In the formula, OD0 represents the background value, OD1 is the light 
absorption value of the blank control, and OD2 is the light absorption 
value of the sample treatment group. 

2.8. Optimization of inductive agent, concentration, and incubation time 

BRL 3A cells at the exponential growth stage were digested with 
0.25% trypsin, and resuspended with complete medium, inoculated into 
12-well plates at a density of 5 × 105. After 16 h, the medium was dis
carded, and complete medium containing 1% inducer (adenosine, hy
poxanthine, and xanthine) was added at different concentrations. After 

48 h of incubation, the cell supernatant was collected and analyzed for 
uric acid test kit (Nanjing Jiancheng). 

BRL 3A cells in the exponential growth phase were digested with 
0.25% trypsin, resuspended in complete medium and seeded in 12-well 
plates at a density of 5 × 105. The culture medium was discarded after 
16 h of normal culture. At a ratio of 1%, different concentrations of 
xanthine were dissolved in complete medium and added to the well 
plate. After incubating for 12 h, 24 h, and 48 h, the cell supernatant was 
collected for UA detection. 

2.9. Determination of UA levels and XOD enzyme activity in BRL 3A cells 

The test method is modified with reference to Li et al (Li, Liu, Xie, 
Liu, & Zou, 2020). BRL 3A cells in the logarithmic growth phase were 
resuspended with complete growth medium and seeded in 12-well 
plates at a density of 5 × 105 cells per well. After a 16 h inoculation 
period, discarded the supernatant of each well and washed twice with 
PBS (pH = 7.5). The cells were treated with 1 mM xanthine and three 
phenols at various concentrations. Set allopurinol as a positive control. 
After 48 h, the cell supernatant was collected, and the UA level of the 
treated cells was quantitatively detected using the uric acid test kit 
(Nanjing Jiancheng). At the same time, the cells were collected, and the 
cells were treated with a cell lysate containing 1 mM Protease Inhibitor 
(PMSF) and used for the determination of protein concentration. XOD 
assay kit (Nanjing Jiancheng) was used to determine the XOD enzyme 
activity in the cells, following the manufacturer’s agreement. 

2.10. Statistical analysis 

Experimental data of this study were expressed as mean ± standard 
deviation (SD). Analysis of ANOVA and Duncan’s multiple comparison 
tests were used to determine significance. p < 0.05 means a significant 
difference, p < 0.01 and p < 0.001 means a highly significant difference. 

3. Results 

3.1. Molecular docking and visual analysis 

By predicting the optimal conformation of the ligand-binding site to 
the receptor, Ligands with good docking pose were selected. The output 
filter results were shown in Table 1. The interaction between the three 
phenols- 2,6-Dihydroxyacetophenone (DHAP), 4-Hydroxyphenethyl 
alcohol (4-HPEA), and 4-Hydroxybenzaldehyde (HBA) and XOD was 
further elucidated, and the molecular structure was visualized by mo
lecular docking model Fig. 1(A-D). The active cavity of Xanthine oxidase 
(XOD) is a multi-channel, and three phenols can enter the active cavity 
containing molybdopterin effectively, and three phenols were anchored 
in the active cavity containing molybdopterin in the same conforma
tional posture. The –OH on the benzene ring of DHAP directly forms 
hydrogen bonds with bond lengths of 1.9 Å, 2.4 Å and 2.3 Å with GLU- 
802, ARG-880 and THR-1010 respectively, and the O atom on the ketone 
group forms a hydrogen bond with VAL-1011 with a bond length of 2.4 
Å. The –OH directly connected to the benzene ring of 4-HPEA forms 
hydrogen bonds with bond lengths of 2.1 Å and 2.2 Å with ARG-880 and 
THR-1010. The hydrogen formed between the other hydroxyl group and 
ALA-1079 and GLU-1261, and the hydrogen-bond length is 1.9 Å and 
2.1 Å. The O atom on the hydroxyl group of HBA forms a hydrogen bond 
with ARG-880, and the bond length is 2.5 Å; the H atom on the hydroxyl 
group forms a hydrogen bond with THR-1010, and the bond length is 
2.2 Å. The O atom on the aldehyde group of HBA and ALA-1079 formed 
a hydrogen bond with a bond length of 2.0 Å. In the hydrophobic cavity 
of XOD, there is π-π conjugation between PHE-914, PHE-1009, and ALA- 
1078 and the benzene rings of the three phenols Fig. 1(E-G). In addition, 
we summarized ten reported natural phenols with XOD inhibitory ac
tivity and docked them with XOD to verify the stability of this molecular 
docking mode. The results were shown in Table S1. Compared with 
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other phenols, flavonoids used in this study were more dominant in 
binding with XOD, and the binding energy of other phenols was also in 
line with expectations. 

3.2. XOD inhibitory assay in vitro 

Allopurinol as the positive control, the inhibitory rates of different 
concentrations of phenols on XOD in vitro were shown in Fig. 2(A). With 
the increase of the concentration of the three phenols, the inhibition rate 
increased significantly (p < 0.05). When allopurinol (positive control 
group) concentration was 0.01 mM, the inhibition rate of XOD was 
80.06 ± 0.6%, which was significantly higher than the Dimethyl sulf
oxide (DMSO) group (control group) (p < 0.001). The concentration of 
DHAP, 4-HPEA, and HBA reached 2 mM, 80 mM, and 0.006 mM 
respectively, and the inhibition rate of XOD was close to the positive 
control allopurinol. The half inhibiting concentration (IC50) of DHAP, 4- 
HPEA, and HBA against XOD were calculated as 1.24 ± 0.02 mM, 24.52 
± 0.8 mM, and 2.67 ± 0.9 µM, respectively. The results showed that 
three phenols had significant inhibitory effects on XOD in vitro, and the 
order of the inhibitory strength of the three phenols on XOD: HBA＞ 
DHAP＞ 4-HPEA. 

3.3. CD spectrum detection 

To elucidate the effect of three phenols on the secondary structure of 
XOD, CD spectroscopy was used to analyze. As shown in Fig. 2(B), there 
were two negative bands at 208 nm and 220 nm in the CD spectrum, 
indicating that three phenols changed the secondary structure of XOD 
and affect the secondary structure of the protein by adding α-helix. 
Meanwhile, negative absorption occurs at 218 nm, which was the 
characteristic peak of antiparallel β-folding. It could be seen that three 
phenols can increase the number of α-helix and β-folding of XOD, in
crease the rigid structure of a protein, lead to the formation of binding 
sites difficult to reduce the catalytic activity of XOD. 

3.4. Fluorescence quenching experiments 

Fluorescence spectroscopic analysis can be used to elucidate the in
teractions between small and large molecular proteins. To understand 
the effect of three phenols on the hydrophobic microenvironment of 
XOD, fluorescence spectroscopy was used to further explore the mech
anism of protein quenching by the inhibitors. Tryptophan (Try) is the 
main endogenous fluorescence source of XOD, which is sensitive to the 
changes of microenvironment. With the increase of compound 

Table 1 
Virtual screening results of 10 compounds and allopurinol in pickled radish with XOD as target.  

Name Structure Molecules Weight Binding_Energy 
(Kcal/mol) 

DHAP 151.14 − 6.63 

4-HPEA 138.16 − 6.03 

HBA 126.11 − 5.63 

5-HMF 126.11 − 4.86 

α-Linolenic 278.43 − 4.19 

Methyl linoleate 294.47 − 0.53 

1-Monopalmitin 330.50 ＞0 

Chaenomic Acid A 344.40 ＞0 

β-Sitosterol 428.73 ＞0 

Daucosterol 576.85 ＞0 

Allopurinol 136.11 − 4.91  
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concentration, the fluorescence intensity of XOD decreased, and the 
emission peak did not appear obvious shift. These results indicate that 
phenols interact with XOD, quench the intrinsic fluorescence of XOD, 
and change the hydrophobic microenvironment. 

In Fig. 2(C), the phenols were inversely correlated with XOD 
expression based on the Stern-Volmer curves of XOD. The quenching 
constant was decreased with the temperature rising, which indicated the 
quenching reaction between the three compounds and XOD was of a 
single type. An obvious linear relationship between the three com
pounds at different temperatures (298 K, 304 K, and 310 K). It suggested 
that the fluorescence quenching mechanism of DHAP, 4-HPEA and HBA 
for XOD were a single type. Hence, it could be inferred that the com
pound and XOD combine to form a stable complex in the process of 
fluorescence quenching, and the fluorescence quenching type of XOD for 
the three were static quenching. 

3.5. Molecular dynamics analysis 

The stability of three phenols with XOD complexes was further 
studied by molecular dynamics simulation. RMSD was used to evaluate 
the stability of each complexes system. As shown in Fig. 3(A–C), all the 
complexes’ systems were in a stable state after 10 ns, and the RMSD 
value was stable at 0.2–0.3 nm. Among them, the small molecule HBA 
has the smallest RMSD value. It shows that the combination of HBA and 
protein was more stable. This might be the reason why HBA has the best 
inhibition of XOD. RMSF analysis was performed according to the ki
netic trajectories of the complexes. After the three phenols were com
bined with XOD, the RMSF curves of the three compounds fluctuated in 
the same way. The Fig. 3(E–F) shows that the three complexes have 
three identical obvious fluctuations, which were roughly concentrated 
at amino acid residues 571 to 600, amino acid residues 1225 to 1250, 

Fig. 1. The conformations of the three phenolic compounds are superimposed in the active pocket of XOD (A). Binding mode of DHAP (B), 4-HPEA (C) and HBA (D) 
in the active site of XOD (PDB ID: 3BDJ) and the visualization of interaction between XOD and DHAP (E), 4-HPEA(F), and HBA (G). 
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and amino acid residues 1275 to 1330. The three regions with large 
fluctuations were all located at the entrance of the active pocket, and the 
regions composed of these amino acid residues were all located in the 
Loop region and flexible side chain of the protein. In addition, the amino 
acid residues (648 ~ 1015) located in the active pocket region, the 
RMSF fluctuated at 0.1 nm, indicate that the complexes have good 
stability. 

3.6. Optimization of the induction conditions of HUA cell model and the 
UA-lowering effect of three phenols on BRL 3A cells 

In order to establish a suitable hyperuricemia cell model, using 
adenosine, hypoxanthine and xanthine as candidate inductive agent, the 
level of UA produced by the cells was measured at different times. Re
sults as shown in Figs. 4, 1 mM xanthine stimulated BRL 3A cells to 
produce higher level of UA than other inducers. And the UA produced 
after 48 h incubation with 1 mM xanthine and cells was higher than 
other induction time. 

The effects of three phenols lowering UA were further performed in 
BRL 3A cells. MTT assay was used to detect the effects of three phenols 
on the survival rate of BRL 3A cells. Fig. 5 showed that the survival rate 
of BRL 3A cells decreased with the increase of the working concentration 
and culture time of the three phenols. In particular, when the concen
tration of DHAP, 4-HPEA, and HBA was 200 μM, 800 μM, and 200 μM, 
respectively, the cell survival rate decreased significantly (48 h) (p <
0.05). Hence, this dose was set as the high-concentration for subsequent 
experiments. A high UA cell model was established by inducing BRL 3A 
cells with xanthine, and the level of UA in the model group was signif
icantly higher than that in the normal group (p < 0.001). When 

allopurinol 10 μM (positive control group) was added, the UA content 
was significantly decreased compared with the model group (p < 0.05), 
reaching the level of UA in the normal group. After that, we observed 
that the UA level of BRL 3A cells was significantly revising after treat
ment with three phenols and xanthine, except for the low dose of HBA (p 
< 0.05). The effects of three phenols on the XOD enzyme activity of BRL 
3A cells were further tested, and it was observed that the addition of 
three phenols could effectively reduce the XOD enzyme activity of BRL 
3A cells (p < 0.05). Except for the 4-HPEA group, the ability to inhibit 
XOD is positively correlated with the concentration of phenols, as shown 
in Fig. 5. 

4. Discussion 

In recent years, the number of patients with hyperuricemia and gout 
has been increasing year by year, which has become a major metabolic 
disease worldwide (Dehlin, Jacobsson, & Roddy, 2020). However, the 
current clinical drugs for the treatment of hyperuricemia were often 
associated with a certain degree of side effects, which greatly limit their 
use (Li, et al., 2016). Therefore, special attention has been paid to 
functional foods that can reduce uric acid (UA). A growing number of 
natural phenols have been shown to have UA-lowering effects. Consid
ering the important role of xanthine oxidase (XOD) in UA metabolism, 
phenolic compounds have become popular for research on XOD in
hibitors due to their healthy and efficient properties. 

In this study, ten natural compounds in pickled radish were docked 
with XOD, and three phenols include 2,6-Dihydroxyacetophenone 
(DHAP), 4-Hydroxyphenethyl alcohol (4-HPEA), and 4-Hydroxybenzal
dehyde (HBA), which were more dominant in binding to XOD, were 

Fig. 2. (A) Inhibiting effect of phenols on pickled radish in vitro. Allopurinol was used in the positive control. DMSO was used as a solvent control. Error bars 
represent SD (n = 4). *** p < 0.001, (ai) Indicates the difference between sample groups (p < 0.05). (B) CD spectra of XOD in the absence and presence of DHAP, 4- 
HPEA and HBA. (C) Fluorescence spectroscopic analysis and the Stern-Volmer curves of XOD after radish compounds at treatment at different concentrations. 
indicate that the inhibitor concentration increases from small to large. 
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successfully screened. Especially, 5-Hydroxymethylfurfural (5-HMF) has 
been reported to have XOD inhibitory activity (Li, Zhao, Su, Lin, & 
Wang, 2016). Meanwhile, 5-Hydroxymethylfurfural (5-HMF), which has 
previously been shown to have XOD inhibitory activity, has shown good 
binding energy (Li, Zhao, Su, Lin, & Wang, 2016). In addition, ten 
phenols that have been reported to have XOD inhibitory activities were 
summarized in this study, and their binding energy to XOD was evalu
ated using this molecular docking mode (Table S1). The results were 
expected. 

By observing the binding modes between the three phenols and XOD, 
it was found that there were multiple hydrogen bonds between ligand 
and receptor. ARG-880 and THR-1010 located in the active XOD cavity 

are more likely to form hydrogen bonds with hydroxyl groups directly 
attached to the benzene ring. Therefore, it can be considered that this is 
one of the shreds of evidence of effective binding between the three 
phenols and XOD. In the docking results, it can be observed that three 
phenols have similar binding effects with XOD. The –OH on the benzene 
ring of phenols was close to the entrance of the hydrophobic pocket, 
while the other side (–CH2CH2OH, –CHO) was closer to the inside of the 
active pocket. This result was consistent with the previously reported 
interaction between phenols and XOD (Ou, Lin, Zhao, & Xie, 2020). In 
the active pocket of XOD, the amino acid residues GLU-802 and ARG- 
880 located inside the hydrophobic pocket were generally considered 
to be the key amino acids when XOD catalyzes the action of substrates 

Fig. 3. Root mean square deviations (RMSD) and Root mean square fluctuations (RMSF) calculation of three complexes. (A) and (D) DHAP-XOD complex, (B) and (E) 
4-HPEA-XOD complex, (C) and (F) HBA-XOD complex. 
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(Okamoto, Matsumoto, Hille, Eger, Pai, & Nishino, 2004). Hydrogen 
bonds play a key role in ligand–protein interactions. In our results, the 
amino acid residues GLU-802 and ARG-880 formed hydrogen bonds 
with the target small molecule. In addition, there is a π-π interaction 
between the benzene ring of the phenols and the amino acid residues 
PHE-914 and PHE-1009 of XOD. Since the amino acid residues PHE-914 
and PHE-1009 regulate the recognition and entry of small molecules, 
this binding mode facilitates the stable binding of the compound in the 
pocket, thereby blocking the entry of purine substrates (Pauff, 2008). 

Three phenols, DHAP, 4-HPEA and HBA had varying degrees 
inhibitory effect on XOD in vitro, and IC50 values were 1.24 ± 0.02 mM, 
24.52 ± 0.8 mM and 2.67 ± 0.9 µM, respectively. By comparing the 
structural pairs of the three phenols and their inhibition relationship to 
XOD, it can be obtained that the presence of –CHO on the benzene ring 
of HBA contributes more to the XOD inhibitory activity than -C––O- and 
–CH2CH2OH. Therefore, this may be the key to the difference in the 
ability of the three phenols to inhibit XOD. 

In general, the ultraviolet region (<250 nm) can be used to reveal the 
characteristics of the secondary structure of proteins (α-helix, β-folding, 
random coil, etc.) (Gao et al., 2010; Kamat & Seetharamappa, 2004). 
Due to the anchoring of three phenols, the number of α-helix and β-fold 
in the secondary structure of XOD was increased, which leads to the 
reduction of flexible structure, the formation of binding sites was diffi
cult. Hence, the chance of substrate binding to the active site of XOD is 
reduced, resulting in a decrease of UA production. 

Fluorescence quenching reaction usually depends on the reaction 
temperature or the life of the excited state, so the quenching reaction 
could be distinguished as static quenching or dynamic quenching. Static 
quenching is caused by the combination of fluorescence molecule and 
quenching agent to form a stable complex (Acharya, Sanguansri, & 

Augustin, 2013). While the increase of the reaction system temperature 
will lead to the decrease of the stability of the composite during static 
quenching (Chen, Jiang, Chen, & Chen, 2008). Among the endogenous 
fluorescence sources of XOD, tryptophan (Trp) is the most sensitive to 
the changes in the microenvironment. The XOD has two strong fluo
rescence emission peaks at 328 nm and 398 nm at a certain excitation 
wavelength, indicating that the tryptophan residues in XOD are located 
in the hydrophobic region of the active site (Qi, Zhang, Liao, Ou-Yang, 
Liu, & Yang, 2008). It was found that three phenols quenched the 
endogenous fluorescence of XOD, and destroy the hydrophobic ho
meostasis of XOD. Further, the quenching of XOD endogenous fluores
cence by the three phenols were all dominated by static quenching. 
These results confirmed our conjecture and are consistent with the 
previously confirmed effect of phenols on XOD (Yan, Zhang, Hu, & Ma, 
2013). 

The stability of phenols binding to XOD can be observed by molec
ular dynamics simulation. All three complexes showed reasonable sta
bility in this system. Among them, we observed that the RMSD value of 
HBA was better than that of the other two phenols, which might be one 
of the reasons for the strongest inhibition of XOD activity of HBA. In 
addition, the key amino acids with large fluctuations were evenly 
distributed around the active pocket. These areas where the RMSF value 
fluctuates greatly have Loop regions and long flexible side chains. They 
were in frequent contact with solvents, so they have greater flexibility 
(Pan et al., 2021). 

Li et al. indicated that hydrophobic interactions play a key role in the 
inhibition of the XOD enzymatic response (Li, et al., 2018). In the pre
sent study, the molecular docking study showed that the binding of the 
three phenols to XOD was driven by hydrophobic interactions and 
hydrogen bonding. Fluorescence spectroscopy, circular dichroism (CD) 

Fig. 4. Determination the content of uric acid produced by BRL 3A cells with different inducers and induction time. * p < 0.05, ** p < 0.01.  
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and molecular dynamics simulations were powerful approaches for 
characterizing the hydrophobic homeostasis of proteins, secondary 
structure changes and the internal stability of systems (Pan, et al., 2021; 
Tang & Zhao, 2019). Our fluorescence quenching assays and CD results 
confirmed the effect of three phenols on the endogenous fluorescence 
source (hydrophobic amino acid residues) and secondary structure of 
XOD. In order to verify the stability of the inhibitor-protein complex, we 
performed molecular dynamics simulations, which also further proved 
that our molecular docking results were reliable. This is consistent with 
previous studies (Pan, et al., 2021). Furthermore, one study has 
demonstrated that phenols inhibited the production of superoxide anion 
generation (O2

–) when combined with the molybdopterin-containing 
active pocket of XOD (Zhang, Zhang, Liao, & Gong, 2017). Mean
while, in another study, it was reported that XOD inhibitors reduced 
superoxide anion generation (O2

–) and alleviated hepatic lipid peroxi
dation in rats (Fang, Seki, Qin, Bharate, Iyer, & Maeda, 2010). There
fore, there could be a possible association between the XOD inhibition 
and lipid peroxidation suppression, and additional research were 
required. 

In cell experiments, compared with 4-HPEA, DHAP and HBA cause 
damage to BRL 3A cells at a lower dose. Therefore, we chose a relatively 
safe dose for BRL 3A cells. We took BRL 3A cells as the modeling object 

and successfully established a hyperuricemia cell model after 48 h of 
inducing BRL 3A cells with xanthine. Subsequently, we used this model 
to successfully evaluate the UA lowering ability of three phenols at the 
cellular level. The results showed that except for the low-dose HBA 
group, the other experimental groups effectively reduced the level of 
UA. This result is consistent with the previously reported hypouricemic 
effect of phenols on BRL 3A cells (Li, Liu, Xie, Liu, & Zou, 2020). 
Although the positive control group treated with allopurinol was the 
best to reduce the UA level of BRL 3A cells, considering the potential 
toxicity of allopurinol, we believed that the UA lowering effect of the 
three phenols in cells was as expected. 

As a preliminary study, there were still some limitations in the pre
sent study. For one thing, this study did not explore the absorption and 
bioavailability of the three phenols in the human body. In the next place, 
is there coordinate repression of three phenols on XOD? In addition, 
some in vivo experiments are needed for verification. 

5. Conclusion 

In conclusion, through virtual screening of 10 compounds previously 
identified in pickled radish, three phenols with good docking pose to 
xanthine oxidase (XOD) were screened out, namely 2,6- 

Fig. 5. Effect of three phenols on the survival rate of BRL 3A cells and evaluation of their uric acid lowering efficacy in vitro. Error bars represent SD (n = 6). *** p <
0.001, ** p < 0.01. (a-i) indicates the difference between sample groups (p < 0.05). 

X. Liu et al.                                                                                                                                                                                                                                      



Food Chemistry: X 14 (2022) 100343

10

Dihydroxyacetophenone (DHAP), 4-Hydroxyphenethyl alcohol (4- 
HPEA), and 4-Hydroxybenzaldehyde (HBA). Then, three pickled radish 
phenols were taken as the object to study the inhibition mechanism of 
XOD by multispectral methods and molecular simulation. It speculated 
that hydrophobic forces and hydrogen bonds mainly drove the interac
tion of three phenols with XOD. The anti-hyperuricemia effects of three 
phenols were confirmed further by XOD activity in vitro assay. Estab
lished an ideal hyperuricemia cell model and tested the effect of three 
phenols on improving hyperuricemia at the cellular level. The 
improvement of hyperuricemia by diet has always been a concern. This 
study provided base information that explains the inhibitory effect of 
salted radish phenols on XOD activity, which is used further as theo
retical support for the XOD inhibitors’ development. 
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