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The inhibitory effect of liquiritigenin on hyaluronidase and its binding mechanism were investigated systematically by UV-vis
absorption, fluorescence, and molecular modeling approaches. These results indicated that liquiritigenin could interact with
hyaluronidase to form a liquiritigenin-hyaluronidase complex.The binding constant, number of binding sites, and thermodynamic
parameters were calculated, which indicated that liquiritigenin could spontaneously bind with hyaluronidase mainly through
electrostatic and hydrophobic interactions with one binding site. Synchronous fluorescence, three-dimensional fluorescence, and
molecular docking results revealed that liquiritigenin bound directly to the enzyme cavity site and this binding influenced the
microenvironment of the hyaluronidase activity site, resulting in reduced hyaluronidase activity. The present study provides useful
information for clinical applications of liquiritigenin as a hyaluronidase inhibitor.

1. Introduction

Hyaluronidase (HAase), an enzyme that depolymerizes the
polysaccharide hyaluronic acid in the extracellular matrix of
connective tissue, is found both in organs and in body fluids
[1]. The enzyme is known to be involved in allergic reactions
[2], cancer metastasis [3], inflammation, and petechial hem-
orrhages following its injection in mesentery preparations
and also an increase in the permeability of the vascular
system [4]. This information seemed to indicate that potent
HAase inhibitory substances might have antiallergic, anti-
inflammatory, and anticancer effects and could become lead-
ing compounds in the development of new antiallergic drugs.
Therefore, on the basis of this information, some researchers
have been devoted to searching and detecting the inhibitory
effects of some natural products against HAase [5–7].

Due to its invigorating spleen, replenishing 𝑞𝑖 (a term of
traditional Chinese medicine), clearing heat, and removing
toxic substance, liquorice root (Glycyrrhiza glabra L.) has
been used as a traditional Chinese medicine (TCM) for treat-
ment of many diseases, such as arresting coughing, reduc-
ing fever, alleviating urgency, comforting the stomach, and

potentiating the effects of various other herbs about 2000
years [8]. Liquiritigenin (structure shown in Figure 1), amajor
active component of liquorice root, belongs to flavonoid and
is used clinically for the treatment of allergic disorder and
inflammation [9]. These results indicated that liquiritigenin
might also possess potential ability to inhibit the activity of
HAase. Some previous studies have proved that several fla-
vonoids, such as apigenin, luteolin, kaempferol, quercetin,
and rutin [10–12], had the inhibitory effect on HAase and
their inhibitory ability was closely related to their structure.
However, to our knowledge, these studies were limited to
the enzymatic activity assay and the inhibitory mechanism of
liquiritigenin on HAase has not been investigated.

In this study, the inhibitory effect and interaction mech-
anism of liquiritigenin with HAase were investigated by
UV-vis absorption, fluorescence, and molecular modeling
approaches. The binding constant, thermodynamic parame-
ters, the special binding site, and the effect of liquiritigenin
onHAase conformation were evaluated.The aim of this work
was to determine the inhibitory mechanism of liquiritigenin
on HAase activity and to provide useful information for
clinical applications of liquiritigenin as a HAase inhibitor.
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Figure 1: Molecular structure of liquiritigenin.

2. Experimental

2.1. Reagents. HAase was purchased from Sigma-Aldrich
Chemical Co. (USA) and its stock solution (1.0 ×

10−5mol L−1) was made in sodium phosphate buffer
(0.2mol L−1, pH = 7.4) and then diluted to the required con-
centrations with the buffer. Liquiritigenin was obtained from
the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China), and its stock
solution (1.0 × 10−3mol L−1) was prepared by dissolving its
crystals in methanol and constant-volume with the sodium
phosphate buffer. All reagents and solvents were of analytical
reagent grade, and ultrapure water was used throughout the
experiment. All stock solutions were stored at 4∘C.

2.2. Apparatus. The UV-vis absorption measurements were
performed with a Shimadzu UV-2450 spectrophotometer
equipped with 1.0 cm quartz cells. Fluorescence spectra were
recorded on a Hitachi spectrofluorometer Model F-2500
equipped with 1.0 cm quartz cells. All experiments, unless
otherwise specified, were carried out at room temperature.

2.3. Procedures

2.3.1. HAase Activity Assay. Effect on HAase enzyme activ-
ity was measured by the modified Morgan-Elson method
with some modifications [12, 13]. Briefly, HAase enzyme
(500UmL−1) was incubated with the test samples for 20min
at 37∘C. Then, 12.5mM calcium chloride was added to
the mixture and incubated for 20min at 37∘C again. The
hyaluronic acid sodium solution (0.5mgmL−1) was added
and incubation at 37∘C for 40min. After the addition of
sodium hydroxide and sodium borate, the reaction mixture
was heated in a boiling water bath for 5min to stop the
enzyme reaction. After cooling to room temperature, p-
dimethylaminobenzaldehyde (DMAB) reagent was added
and incubated at 37∘C for 30minwhen colour developed.The
absorbance at 530 nm of the clear supernatant was measured.
Test samples were replaced by the buffer solution for the
control. The HAase inhibition rate was calculated using the
following formula:

Inhibition (%) =
(ODcontrol − ODsample)

ODcontrol
× 100. (1)

2.3.2. Fluorescence Measurement. The fluorescence measure-
ments were carried out by successive addition of the solution
of liquiritigenin to a fixed amount of HAase (to give a final
concentration of 2.0 × 10

−6mol L−1) in each tube. The final
volumewasmade up to 5.0mLwith sodiumphosphate buffer.
Thus, a series of solutions containing different amount of
liquiritigenin and a definite amount of HAase were obtained.
The fluorescence spectra were then measured (excitation at
280 nm and emission wavelengths of 290–450 nm) at 293 and
310K, respectively. All solutions were mixed thoroughly and
kept for 20min before measurement.

In addition, the fluorescence intensity will be reduced
if the compounds added in fluorescence determination sys-
tem have ultraviolet absorption at excitation and emission
wavelength. Thus, in this work, all fluorescence intensities
were corrected for inner filter effect by using the following
equation [14]:

𝐹cor = 𝐹obs × 10
(𝐴ex+𝐴em)/2, (2)

where 𝐹cor is the fluorescence intensity corrected, 𝐹obs is the
fluorescence intensity calculated in experiment, and 𝐴ex and
𝐴em are the absorbance of silybin in fluorescence determi-
nation system at excitation wavelength (280 nm) and the
emission wavelength, respectively.

The synchronous fluorescence spectra of HAase in the
presence of liquiritigenin were recorded at 293K and the
𝐷-value (Δ𝜆) between excitation wavelength and emis-
sion wavelength was stabilized at 15 or 60 nm. The three-
dimensional fluorescence spectra were performed under the
following conditions: the emission wavelength range was
selected from 270 to 500 nm, the initial excitation wavelength
was set to 200 nm, and the scanning number was 15 with the
increment of 10 nm.

2.3.3. Molecular Docking Investigation. Thedocking program
AutoDock 4.0 was used to explore the probable interaction
between liquiritigenin and HAase. The 3D structure of
liquiritigenin was generated in Chem3D Ultra 8.0, and the
crystal structure of HAase (PDB ID: 2PE4) was retrieved
from the RCSB ProteinData Bank (http://www.rcsb.org/pdb/
home/home.do). To carry out docking simulations, a grid
box was defined to enclose the active site with dimensions of
126 Å × 126 Å × 126 Å and a grid spacing of 0.375 Å. The grid
maps for energy scoring were calculated using AutoGrid.
Docking calculations were performed using the Lamarckian
genetic algorithm (LGA) and the search parameters were
set to 100 times. From the docking results, the best scoring
docked model (the lowest energy conformation) of a com-
pound was chosen to represent its most favorable binding
mode predicted by AutoDock.

3. Results and Discussion

3.1. Effect of Liquiritigenin on HAase Activity. HAase plays
an important role in allergic diseases and inhibition on the
HAase would be an effective antiallergic therapy. In order to
evaluate the antiallergic activities of liquiritigenin, the inhibi-
tory effect of it on HAase was investigated. With the increase
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Figure 2: The fluorescence emission spectra of HAase in the pres-
ence of increasing amounts of liquiritigenin. Peak from up to down
𝐶liquiritigenin = (0, 4.0, 8.0, 12.0, 16.0, 20.0, 24.0, 30.0) × 10

−6mol L−1,
𝐶HAase = 2.0 × 10

−6mol L−1.

of liquiritigenin concentration, the relative HAase activities
were decreased significantly and the 50% relative activity
(IC
50

) was estimated to be 680 ± 43 𝜇mol L−1. The result
implies that liquiritigenin can inhibit HAase activity.

3.2. Characterization of the Binding Interaction of Liquiriti-
genin with HAase by Fluorescence Measurements. The signif-
icant inhibitory activity of liquiritigenin on HAase suggests
that liquiritigenin may directly bind to the enzyme. Thus,
fluorescence measurements were used to further determine
the interaction between liquiritigenin and HAase. Figure 2
shows the fluorescence quenching spectra of HAase induced
by different concentrations of liquiritigenin with the excita-
tion wavelength of 280 nm. It can be seen from Figure 2 that
liquiritigenin in phosphate buffer emitted little fluorescence
under the experimental conditions, while HAase had a strong
fluorescence emission peaking at 338 nm after being excited
with a wavelength of 280 nm. When a fixed concentration of
HAase was titrated with different concentration of liquiriti-
genin, a remarkable intrinsic fluorescence decrease of HAase
was observed. The results indicate that liquiritigenin may
interact with HAase and quench its intrinsic fluorescence.

To elucidate further the quenching mechanism of HAase
induced by liquiritigenin, the fluorescence quenching data
were analyzed on the basis of the Stern-Volmer equation [15]
as follows:

𝐹obs
𝐹cor

= 1 + 𝐾
𝑞

𝜏
0

[𝑄] = 1 + 𝐾sv [𝑄] , (3)

where 𝐾sv, 𝐾
𝑞

, 𝜏
0

, and [𝑄] are the Stern-Volmer dynamic
quenching constant, the quenching rate constant of the
biomolecule, the average lifetime of the fluorophore in the
absence of quencher (𝜏

0

= 10−8 s) [16], and the concentration
of quencher, respectively. Hence, (3) was applied to determine
𝐾sv and 𝐾

𝑞

by linear regression of 𝐹obs/𝐹cor − 1 versus [𝑄].
Figure 3 shows the Stern-Volmer plots for the HAase fluo-
rescence quenching by the liquiritigenin and the calculated
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Figure 3: Stern-Volmer plots for the quenching of HAase by liquir-
itigenin at different temperatures (𝑛 = 3).

𝐾sv and 𝐾
𝑞

values are summarized in Table 1. As shown in
Table 1, the 𝐾sv values inversely correlate with temperature,
indicating that the probable quenching mechanism between
HAase and liquiritigenin is not initiated by dynamic collision
but by complex formation. Moreover, the corresponding 𝐾

𝑞

values at 293 and 310K were all higher than the limiting
diffusion constant of the bimolecule (2.0 × 1010 Lmol−1 s−1),
which confirmed that the fluorescence quenching was not the
result of dynamic collision quenching, rather a consequence
of static quenching.

In a static quenching process, when small molecules bind
independently to a set of equivalent sites on amacromolecule,
the equilibrium between free and boundmolecules was given
by the following equation [17, 18]:

log[
(𝐹obs − 𝐹cor)

𝐹cor
]

= 𝑛 log𝐾
𝑎

− 𝑛 log{
1

[[𝑄
𝑑

] − (𝐹obs − 𝐹cor) [𝑄
𝑝

] /𝐹obs]
} ,

(4)

where 𝐾
𝑎

is static quenching constant, 𝑛 is the number of
binding sites per HAase molecule, and [𝑄

𝑑

] and [𝑄
𝑝

] are the
concentration of drug molecule (liquiritigenin) and protein
(HAase), respectively. The values of binding constant and the
number of binding sites under different temperatures can be
obtained from the intercept and slope of plots of log(𝐹obs −

𝐹cor)/𝐹cor versus log{1/[[𝑄
𝑑

]−(𝐹obs−𝐹cor)[𝑄
𝑝

]/𝐹obs]} (shown
in Figure 4) according to (4) and the results are listed in
Table 2. It can be inferred from Table 2 that the number
of binding sites 𝑛 was approximately equal to 1, indicating
that there was one binding site in HAase for liquiritigenin
during their interaction. The value of 𝐾

𝑎

was of the order of
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Table 1: Stern-Volmer constants for the interaction of HAase with liquiritigenin at different temperatures (𝑛 = 3).

𝑇 (K) Equations 𝐾sv (Lmol−1) 𝐾
𝑞

(Lmol−1) 𝑅
a SDb

293 𝐹obs/𝐹cor = 4.4157[𝑄] + 0.8483 4.4157 × 104 4.4157 × 1012 0.9937 0.15
310 𝐹obs/𝐹cor = 3.9668[𝑄] + 0.9838 3.9668 × 104 3.9668 × 1012 0.9942 0.11
aThe correlation coefficient.
bThe standard deviation.

Table 2: The binding constant 𝐾
𝑎

and relative thermodynamic parameters of the liquiritigenin-HAase system (𝑛 = 3).

𝑇 (K) 𝐾
𝑎

(Lmol−1) 𝑛 𝑅
a SDb

Δ𝐻
∘ (kJmol−1) Δ𝐺

∘ (kJmol−1) Δ𝑆
∘ (Jmol−1 K−1)

293 3.9537 × 104 1.0623 0.9928 0.09 −0.5174 −25.7851 88.9001
310 3.9079 × 104 1.4084 0.9988 0.07 −0.5174 −27.2511 87.9052
aThe correlation coefficient.
bThe standard deviation.
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Figure 4: Double-log plots of liquiritigenin quenching effect on
HAase fluorescence at different temperatures (𝑛 = 3).

104 Lmol−1, which indicated that a strong interaction existed
between liquiritigenin and HAase.

3.3. Binding Mode. The interaction forces between a small
molecule and macromolecule include hydrophobic interac-
tions, electrostatic forces, van derWaals forces, and hydrogen
bonds [19]. The thermodynamic parameters of binding reac-
tion are themain evidence for confirming the binding force. If
there is no significant change of temperature, enthalpy change
(Δ𝐻
∘) can be regarded as a constant, and then the values of

Δ𝐻
∘, entropy change (Δ𝑆

∘), and free energy change (Δ𝐺
∘) can

be obtained from the following equations:

log𝐾
𝑎

= −
Δ𝐻
∘

(2.303𝑅𝑇)
+

Δ𝑆
∘

(2.303𝑅)
,

Δ𝐺
∘

= Δ𝐻
∘

− 𝑇 ⋅ Δ𝑆
∘

,

(5)

where 𝑅 is the gas constant and 𝑇 is absolute temperature.
According to (5), the values of Δ𝐻

∘, Δ𝑆
∘, and Δ𝐺

∘ for
the liquiritigenin-HAase interaction are presented in Table 2.
The Δ𝐺

∘ at 293 and 310K are both negative, indicating that

the binding process is spontaneous. The negative Δ𝐻
∘ and

positive Δ𝑆
∘ mean that electrostatic interaction plays a major

role in the formation of the liquiritigenin-HAase complex.
However, the value of Δ𝐻

∘ is close to zero, indicating that
hydrophobic interactions also play a very important role in
the formation of the complex.Therefore, the interaction force
in the binding process is mainly electrostatic and hydropho-
bic interactions.

3.4. Energy Transfer. According to Föster’s nonradioactive
energy transfer theory [20], if an acceptor could absorb the
emitted fluorescence from a donor, energy may transfer from
the donor to the acceptor. The distances (𝑟) between donor
(HAase) and acceptor (liquiritigenin) could be determined.
The efficiency of energy transfer (𝐸) related to the distance:

𝐸 = 1 −
𝐹obs
𝐹cor

=
𝑅
0

6

(𝑅
0

6

+ 𝑟6)
, (6)

where 𝑅
0

is the critical distance when their transfer efficiency
is 50%. It is given by the following equation:

𝑅
0

6

= 8.8 × 10
−25

𝐾
2

⋅ Φ ⋅ 𝑛
−4

⋅ 𝐽, (7)

where𝐾
2 is the spatial orientation factor of dipole for random

orientations as in a fluid solution, 𝑛 is the refractive index
of medium, Φ is the fluorescence quantum yield of donor in
the absence of acceptor, and 𝐽 is the overlap integral between
the donor fluorescence emission spectrum and the acceptor
absorption spectrum (shown in Figure 5), which could be
calculated by the equation:

𝐽 =
∑ (𝐹 (𝜆) ⋅ 𝜀 (𝜆) ⋅ 𝜆

4

⋅ Δ𝜆)

∑ (𝐹 (𝜆) ⋅ Δ𝜆)
, (8)

where 𝐹(𝜆) is the fluorescence intensity of donor in the
wavelength range 𝜆 to 𝜆+Δ𝜆 and 𝜀(𝜆) is themolar absorption
coefficient of acceptor at wavelength 𝜆.

In the present case, 𝐾
2

= 2/3, 𝑛 = 1.366, and Φ = 0.118

[21]. According to (6)–(8), the values of the parameters were
calculated to be 𝐽 = 1.899 × 10

−14 cm3moL−1 L, 𝐸 = 0.07,
𝑅
0

= 3.23 nm, and 𝑟 = 5.04 nm. The distance between
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Figure 5: Overlapping of fluorescence spectra of HAase (𝐶HAase = 2.0 × 10
−6mol L−1) with absorption spectra of liquiritigenin (𝐶liquiritigenin =

2.0 × 10
−6mol L−1).
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Figure 6: Synchronous fluorescence spectra of interaction between HAase and liquiritigenin at (a) Δ𝜆 = 15 nm and (b) Δ𝜆 = 60 nm at room
temperature. Peak from up to down 𝐶liquiritigenin = (0, 4.0, 8.0, 12.0, 16.0, 20.0, 24.0, 30.0) × 10

−6mol L−1, 𝐶HAase = 2.0 × 10
−6mol L−1.

liquiritigenin and HAase was obviously less than 7 nm and
0.5𝑅
0

< 𝑟 < 2.0𝑅
0

, indicating that the energy transferring
from HAase to liquiritigenin occurs with high possibility.

3.5. Conformational Investigations. In order to understand
the possible effect of liquiritigenin binding on the secondary
structure of HAase, the synchronous fluorescence and the
three-dimensional fluorescence spectra weremeasured in the
absence and presence of liquiritigenin.

When the wavelength interval (Δ𝜆) between the excita-
tion and emission wavelength is stabilized at 15 or 60 nm, the
synchronous fluorescence gives characteristic information of
tyrosine (Tyr) residues or tryptophan (Trp) residues, respec-
tively [22, 23]. The synchronous fluorescence spectra at these
two different wavelength intervals are presented in Figure 6.
As the concentration of liquiritigenin increased gradually, the
synchronous fluorescence intensity decreased; however, an
obvious shift of theTyr peak andTrp peak cannot be observed
in Figures 6(a) and 6(b), which indicated that liquiritigenin
has a weak effect on the microenvironment of Tyr and Trp
residues in HAase. On the other hand, it can be seen from
Figure 7 that the slope was higher when Δ𝜆was 60 nm, which
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Figure 7: The quenching of HAase synchronous fluorescence by
liquiritigenin. 𝐶HAase = 2.0 × 10

−6mol L−1, (X) Δ𝜆 = 15 nm and
(◼) Δ𝜆 = 60 nm (𝑛 = 3).

indicated that liquiritigenin was closer to the Trp residues
than to the Tyr residues and the microenvironments of Trp
residues were influenced more than those of Tyr residues.
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Figure 8: The three-dimensional fluorescence contour spectra of (a) HAase and (b) liquiritigenin-HAase system. (a) 𝐶HAase = 2.0 ×

10
−6mol L−1, 𝐶liquiritigenin = 0.0mol L−1; (b) 𝐶HAase = 2.0 × 10

−6mol L−1, 𝐶liquiritigenin = 3.0 × 10
−5mol L−1.

Three-dimensional fluorescence spectroscopy is a pow-
erful method for providing conformational and structural
information of proteins [24]. The three-dimensional fluores-
cence spectra of HAase and liquiritigenin-HAase systems are
shown in Figure 8. It can be seen from Figure 8(a) that the
three-dimensional fluorescence contour spectrum of HAase
shows contour maxims at 𝜆ex/𝜆em = 278/330 nm arising by
𝜋-𝜋∗ transition of aromatic amino acids in HAase. In Fig-
ure 8(b), the HAase fluorescence peak shifted to 278/335 nm.
The stoke shift of HAase (𝜆em − 𝜆ex = 52 nm) and liquir-
itigenin-HAase (𝜆em − 𝜆ex = 57 nm) was different obviously.
The above phenomena and the analysis of the fluorescence
characteristic of the peaks revealed that the binding of liquir-
itigenin to HAase induced some microenvironmental and
conformational changes in HAase and a complex between
liquiritigenin and HAase has formed. On the other hand, the
relative fluorescence intensity of HAase peak was 115.10 in the
absence of liquiritigenin. After the addition of liquiritigenin,
the relative fluorescence intensity of peak decreased to 50.68.
The relative fluorescence intensity of HAase peak decreased a
lot after the addition of liquiritigenin, which implied that the
peptide chain structure of HAase was changed and this result
was consistent with that of synchronous fluorescence spectra.

3.6. Modeling Study of the Interaction between Liquiritigenin
and HAase. In order to identify the precise binding sites
on HAase, a docking program was performed to simu-
late the binding mode between HAase and liquiritigenin.
The docking results were shown in Table 3. It can be
seen from Table 3 that 2 conformations for liquiritigenin
were achieved and the observed free energy changes of
binding for liquiritigenin-HAase complex were found to
be −6.36 kcalmol−1 (−26.60 kJmol−1) and −6.24 kcalmol−1
(−26.10 kJmol−1), respectively, which was extremely close to
the experimental data (−25.7851 and−27.2511 kJmol−1). How-
ever, the exact binding sites of liquiritigenin on HAase in

Table 3: The lowest energy-ranked results of two liquiritigenin-
HAase binding conformations.

Energy-ranked results Conformation data
1 2

Binding energy (kcalmol−1) −6.36 −6.24
Ligand efficiency (kcalmol−1) −0.33 −0.33
Inhibition constant (𝜇M) 21.75 26.53
Intermolecular energy (kcalmol−1) −6.91 −6.79

these two conformations are different. The exact binding site
of liquiritigenin onHAasewith the lowest binding free energy
is presented in Figure 9, which revealed the most likely
binding site in the enzyme. As shown in Figure 9, liquirit-
igenin was located in the HAase cavity and surrounded by
10 amino acid residues, including 6 hydrophobic amino acid
residues (Tyr75, Val127, Tyr202, Tyr247, Tyr286, and Trp321)
and 4 hydrophilic amino acid residues (Asp129, Glu131,
Gln288, and Asp292). Therefore, it can be concluded that
the interaction between liquiritigenin and HAase was mainly
electrostatic and hydrophobic forces in nature. The result
was in accordance with that of thermodynamic parameter
analysis. Furthermore, there also existed two hydrogen bonds
between liquiritigenin and Tyr286 (H-band distance, 2.0958)
and Asp292 (H-band distance, 2.0797) residues of HAase.

In addition, as shown in Figure 9(b), liquiritigenin also
bound with two aspartate residues (Asp129 and Asp292). It
was reported that the catalytic site of some enzyme (such
as pepsin [25] and rennin [26]) was formed by these two
amino acid residues for the protein to be active. Therefore,
according to docking and fluorescence results, it could be
speculated that liquiritigenin bound directly into the enzyme
cavity site and the binding of liquiritigenin into the enzyme
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Figure 9: Docked pose corresponding to the minimum energy conformation for liquiritigenin binding to HAase. (a) The hydrophobicity
of HAase with liquiritigenin. (b) Detailed illustration of the amino acid residues lining the binding site in the HAase cavity. Green molecule
displays liquiritigenin; broken lines display hydrogen bonds.

cavity influenced the microenvironment of the catalytic site,
which would affect the activity of HAase.

4. Conclusion

In this study, the binding of liquiritigenin with HAase has
been investigated bymultispectroscopic andmolecular dock-
ing methods. Liquiritigenin effectively quenched the fluo-
rescence of HAase by a static quenching process. Based
on the results of binding capacity, thermodynamic param-
eters, and molecular docking study, it was concluded that
the liquiritigenin could spontaneously bind with HAase
mainly through electrostatic and hydrophobic forces. The
synchronous and three-dimensional fluorescence spectra
revealed that the microenvironment and conformation of
HAase were changed in the presence of liquiritigenin. Since
the binding of liquiritigenin affected the microenvironment
of the HAase activity site, liquiritigenin caused the inhibition
of HAase activity.

Competing Interests

The authors declare that there are no competing interests
regarding the publication of this paper.

Acknowledgments

The authors gratefully acknowledge the financial support
of the National Natural Science Foundation of China
(U1304823) and the Natural Science Project of the Education
Department of Henan Province (201212459).

References

[1] E. S. Duthie and E. A. Chain, “A mucolytic enzyme in testis
extracts,” Nature, vol. 144, pp. 977–978, 1939.

[2] H. Kakegawa, H. Matsumoto, and T. Satoh, “Inhibitory effects
of some natural products on the activation of hyaluronidase
and their antiallergic actions,” Chemical and Pharmaceutical
Bulletin, vol. 40, no. 6, pp. 1439–1442, 1992.

[3] E. Cameron, L. Pauling, and B. Leibovitz, “Ascorbic acid and
cancer: a review,” Cancer Research, vol. 39, no. 3, pp. 663–681,
1979.

[4] K. Meyer, “The biological significance of hyaluronic acid and
hyaluronidase,” Physiological Reviews, vol. 27, pp. 335–359, 1947.

[5] K.-K. Lee and J.-D. Choi, “The effects of Areca catechu L extract
on anti-inflammation and anti-melanogenesis,” International
Journal of Cosmetic Science, vol. 21, no. 4, pp. 275–284, 1999.

[6] T. Shibata, K. Fujimoto, K. Nagayama, K. Yamaguchi, and T.
Nakamura, “Inhibitory activity of brown algal phlorotannins
against hyaluronidase,” International Journal of Food Science
and Technology, vol. 37, no. 6, pp. 703–709, 2002.

[7] S. J. Jeong, N. Y. Kim, N. H. Ahn, and Y. C. Kim, “Screening
of hyaluronidase inhibitory activity using a microplate assay,”
Korean Journal of Pharmacognosy, vol. 29, pp. 131–137, 1997.

[8] China Pharmacopoeia Committee, Pharmacopoeia of the Peo-
ple’s Republic of China, Chemical Industry Press, Beijing, China,
2010.

[9] Y.W. Kim, R. J. Zhao, S. J. Park et al., “Anti-inflammatory effects
of liquiritigenin as a consequence of the inhibition of NF-𝜅B-
dependent iNOS and proinflammatory cytokines production,”
British Journal of Pharmacology, vol. 154, no. 1, pp. 165–173,
2008.



8 Scientifica

[10] U. R. Kuppusamy andN. P. Das, “Inhibitory effects of flavonoids
on several venom hyaluronidases,” Experientia, vol. 47, no. 11-12,
pp. 1196–1200, 1991.

[11] S.-H. Moon, K.-T. Kim, N.-K. Lee et al., “Inhibitory effects of
naringenin and its novel derivatives on hyaluronidase,” Food
Science and Biotechnology, vol. 18, no. 1, pp. 267–270, 2009.

[12] M. Liu, H. Yin, J. Dong et al., “Inhibition and interaction with
hyaluronidase by compounds from hop (humulus lupulus l)
flowers,” Asian Journal of Chemistry, vol. 25, no. 18, pp. 10262–
10266, 2013.

[13] N. Fujitani, S. Sakaki, Y. Yamaguchi, and H. Takenaka, “Inhibi-
tory effects of microalgae on the activation of hyaluronidase,”
Journal of Applied Phycology, vol. 13, no. 6, pp. 489–492, 2001.

[14] J. H. Shi, J. Chen, J. Wang, Y. Y. Zhu, and Q. Wang, “Binding
interaction of sorafenib with bovine serum albumin: spectro-
scopic methodologies and molecular docking,” Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 149,
pp. 630–637, 2015.

[15] R. Yang, L. L. Yu, H. J. Zeng, R. L. Liang, X. L. Chen, and L. B.
Qu, “The interaction of flavonoid-lysozyme and the relationship
between molecular structure of flavonoids and their binding
activity to lysozyme,” Journal of Fluorescence, vol. 22, no. 6, pp.
1449–1459, 2012.

[16] J. R. Lakowicz and G. Weber, “Quenching of protein fluores-
cence by oxygen.Detection of structural fluctuations in proteins
on the nanosecond time scale,” Biochemistry, vol. 12, no. 21, pp.
4171–4179, 1973.

[17] S. Y. Bi, L. Ding, Y. Tian et al., “Investigation of the interaction
between flavonoids and human serum albumin,” Journal of
Molecular Structure, vol. 703, no. 1–3, pp. 37–45, 2004.

[18] H. J. Zeng, J. You, R. Yang, and L. B. Qu, “Molecular interaction
of silybin with hyaluronidase: a spectroscopic and molecular
docking study,” Spectroscopy Letters, 2016.

[19] H.-J. Zeng, J. Ma, R. Yang, Y. Jing, and L.-B. Qu, “Molecu-
lar interactions of flavonoids to hyaluronidase: insights from
spectroscopic and molecular modeling studies,” Journal of
Fluorescence, vol. 25, no. 4, pp. 941–959, 2015.

[20] T. Förster, “Zwischenmolekulare energiewanderung und fluo-
reszenz,” Annalen der Physik, vol. 437, no. 1-2, pp. 55–75, 1948.

[21] J. Jin and X. Zhang, “Spectrophotometric studies on the interac-
tion between pazufloxacin mesilate and human serum albumin
or lysozyme,” Journal of Luminescence, vol. 128, no. 1, pp. 81–86,
2008.

[22] M. Guo,W. J. Lu, M. H. Li, andW.Wang, “Study on the binding
interaction between carnitine optical isomer and bovine serum
albumin,” European Journal of Medicinal Chemistry, vol. 43, no.
10, pp. 2140–2148, 2008.

[23] H.-J. Zeng, J. You, H.-L. Liang, T. Qi, R. Yang, and L.-B.
Qu, “Investigation on the binding interaction between silybin
and pepsin by spectral and molecular docking,” International
Journal of Biological Macromolecules, vol. 67, pp. 105–111, 2014.

[24] C. Y. Dong, S. Y. Ma, and Y. Liu, “Studies of the interaction
between demeclocycline and human serum albumin by multi-
spectroscopic andmolecular docking methods,” Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 103,
pp. 179–186, 2013.

[25] V. K. Antonov, L. M. Ginodman, Y. V. Kapitannikov, T. N.
Barshevskaya, A. G. Gurova, and L. D. Rumsh, “Mechanism
of pepsin catalysis: general base catalysis by the active-site car-
boxylate ion,” FEBS Letters, vol. 88, no. 1, pp. 87–90, 1978.

[26] A. H. J. Danser and J. Deinum, “Renin, prorenin and the puta-
tive (Pro)renin receptor,”Hypertension, vol. 46, no. 5, pp. 1069–
1076, 2005.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


