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Abstract: The activity, type and kinetic constant of inhibition on Aminopeptidase N (APN) by luteolin were investigat-
ed using the enzyme inhibitory kinetics, the test on hepatoma cell growth inhibition was performed, the interaction 
between luteolin and APN was investigated by fluorescence quenching and molecular docking, and finally, the effect 
of luteolin on the structure of APN was discussed. Results showed that luteolin was a reversible competitive inhibitor 
of APN, with its half maximal inhibitory concentration (IC50) and inhibition constant (Ki) obtained at 70.85 µM and 
21.23 µM, respectively. Analysis on the time course of inactivation kinetics revealed that luteolin could react with 
APN rapidly to reduce the activity of the enzyme. Analysis on fluorescence spectrum indicated that the fluorescence 
of APN was quenched effectively by luteolin, with hydrophobic interaction force as the main driving force for the in-
teraction between. Analysis of CD spectra revealed that the binding of luteolin to APN could induce conformational 
unfolding, causing the content of α-helix to increase gradually, hindering formation of the active center and in turn, 
leading to reduction in the APN activity. Results of molecular simulation showed that luteolin bound in priority to 
the APN active center of Zn ions, and formed hydrogen bonds with the catalytic groups His383 and Glu384, which 
indicated that luteolin was a competitive APN inhibitor by reducing the rate of substrate binding to the active center, 
resulting ultimately in the reduced activity of APN. 
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Introduction

Growth, invasion and metastasis of tumor is a 
complex multi-step process, including division 
and proliferation of tumor cells, degradation of 
the extracellular matrix, and tumor cells enter-
ing into the vascular system through the base-
ment membrane, spreading along with the cir-
culatory system, localized and growing in sec-
ondary tissues and organs, and continuous 
spread of the metastatic carcinoma etc. [1]; 
Aminopeptidase N (APN) plays an essential 
part in physiological regulation and signal 
transmission between tissues and cells in the 
body, with its function and effects varying 
depending on its location, and especially, APN 
plays a role in all of the links in evolution of 
malignant tumors, e.g. participating in degrada-
tion of the extracellular matrix, cardiovascular 
generation [2-5], degradation of thymosins and 
interleukins, all of which leads to a reduced 

immunity of the body and facilitates the growth 
of tumor, indicating that an APN inhibitor may 
effectively prevent malignant tumors from 
transferring and spreading.

Luteolin (Figure 1) is a flavanoid and generally 
present in celery, beef-steak plant leaf, green 
pepper and camomile tea in the form of glyco-
sylation and also present in perilla seed and 
parsley in the form of aglycone [6]. Luteolin has 
the pharmacological activities such as anti-
mutagenic, anti-tumor, anti-infective and anti-
allergic activities, and is regarded as a free radi-
cal scavenger of hydroxide radicals and an 
inhibitor of protein kinase C. Recent studies 
revealed that luteolin also had the effects of 
inhibiting malignant tumor cells and inhibiting 
the activation of human mast cells [7, 8]. In 
order to investigate whether the anti-tumor 
effect of luteolin is related to its inhibitory effect 
on APN, this article studied the mechanism of 
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inhibition of APN by luteolin, analyzed the type 
of inhibitory effect of luteolin on APN and the 
inhibition kinetic constants, explored the mech-
anism of interaction between luteolin and APN 
and further studied the influence on APN con-
formation, providing basic data for the develop-
ment and application of luteolin in the field of 
functional medicine.

Material and methods

Inhibitory effect of luteolin on APN

The APN catalytic substrate (L-leucine phthalo-
cyanine-p-nitroaniline) generated p-nitroani-
line, with ultraviolet absorption at 405 nm, and 
the concentration of p-nitroaniline was posi-
tively related with the size of enzymatic activity; 
changes in the absorption value at 405 nm 
were detected to determine the activity of APN, 
which could indirectly reflect the degree of inhi-
bition on the enzymatic activity [9].

Luteolin (analytically pure, Aladdin reagent) and 
porcine APN (Sigma Corporation) were incubat-
ed at 37°C in the pH 6.8 phosphate (50 
mmol/L) buffer system for 3 hours. Afterwards, 
L-leucine phthalocyanine-p-nitroaniline (anal- 
ytically pure, Sigma Corporation) was added, 
the kinetics/time software of UV-2450 type 
UV-visible spectrophotometer (Japan Shimadzu) 
was used to detect the changes of absorbance 
values at 405 nm, and the inhibitory activity of 
luteolin on APN was calculated with the follow-
ing formula: relative activity (%) = (R/R0) × 
100%, where, R0 is the slope rate of changes in 
absorbance in the absence of inhibitor and R is 
the slope rate of changes in absorbance in the 
system containing luteolin at different concen-
trations. Bestatin (analytically pure, Sigma 
Corporation) was used as the positive control.

Kinetic study on inhibition of APN by luteolin

In the same buffer system at 37°C, the concen-
tration of APN was fixed, the enzymatic reaction 
speed was determined at different substrate 
concentrations, a Lineweaver-Burk plot was 
drawn, the kinesics of inhibition of APN by lute-
olin was analyzed based on the apparent 
Michaelis constant (Kmapp) and maximum 
reaction rate (Vmax) of enzymatic reactions, and 
the inhibition constant Ki was obtained. 

Test on inhibition of growth of the HepG2 cells 
by luteolin

The fumaric reductase in chondriosomes of liv-
ing cells can reduce the 3-(4,5-dimethyl-thia-
zol-2)-2,5-diphenyl tetrazolium (MTT) into blue-
violet water-insoluble formazan, which is de- 
posited in the cells. Generally, the generation of 
formazan is positively correlated with the num-
ber of living cells under the normal circum-
stances and is also positively correlated with 
the cell viability. Formazan can be dissolved by 
dimethyl sulfoxide (DMSO), and its content can 
be ascertained by determining the absorption 
at 570 nm. Therefore, the changes in the deter-
mined absorption values at 570 nm can be 
used to directly predict the number of living 
cells and find out about the inhibitor or its abil-
ity to kill the tumor cells [9].

Bestatin was used as the positive control and 
the solution without luteolin was used as the 
blank control. Luteolin at different concentra-
tions and the HepG2 cells were incubated in 5% 
CO2 at 37°C for 48 hours. Afterwards, 0.5% 
MTT solution was added. After 4 h of continu-
ous incubation, centrifugation was performed 
at 2500 rpm for 30 min. Then the culture medi-
um was discarded, the DMSO solution was 
added, the UV-2450 UV-visible spectrophotom-
eter was used to detect the absorbance value 
(OD value) at 570 nm, and the inhibition rate of 
cell growth was calculated according to the fol-
lowing formula: Inhibition rate (%) = (OD value 
of the blank-OD value of the inhibitor) × 100%

Determination of fluorescence spectrum

Luteolin solution (0-3.54 × 10-4 mol L-1) was 
continuously added to 3.0 mL of APN solution 
(2.0 × 10-6 mol L-1). At the three temperatures 
298, 304 and 310 K, a F-7000 fluorophotome-
ter (Japan Hitachi) was utilized to scan the fluo-

Figure 1. Molecular structure of luteolin.
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rescence spectrum within the range of 300 to 
500 nm with 280 nm as the excitation wave-
length, and both of the excitation and emission 
slits were 2.5 nm. 

Determination of circular dichroism

Luteolin at different concentrations was added 
to the APN solution and mixed well, then the 
circular dichroism of the sample solution was 
determined at 37°C, using the phosphate (50 
mmol/L) buffer solution (pH 6.8) as blank.

Molecular docking

The molecular modeling simulation software 
AUTODOCK 4.0 was used for molecular docking 

between galangin and polyphenol oxidase; APN 
(PDB:4FKE) was obtained from RCSB Protein 
Data Bank (http://www.rcsb.org/pdb), and the 
three-dimensional molecular crystals of luteo-
lin were drawn with the Sybyl × 1.1 software 
(Tripos Inc., St. Louis, USA). Before molecular 
docking, the structure and energy of the ligand 
luteolin and the receptor APN were optimized 
(dehydrated, hydrogenized and powered), the 
autogrid box parameter 80 Å × 80 Å × 80 Å was 
set, and the grid spacing was set as 0.75 Å; 
Lamarckian genetic algorithm (LGA) was select-
ed for autodock calculation, with default set-
ting for other parameters. The docking was per-
formed for 100 times, and analysis on the 
results was made using the PyMoL software.

Results and discussion

Inhibition of APN activity by luteolin

As shown in Figure 2, the activity of APN 
decreased continuously as concentration of 
the inhibitor luteolin increased, and it did not 
level off until the concentration of luteolin 
increased to 150 µM, indicating a concentra-
tion-dependent inhibition of APN by luteolin; its 
half maximal inhibitory concentration (IC50) was 
70.85 µM, while IC50 of the positive control 
bestatin was 21.23 µM, suggesting that luteo-
lin exhibited some inhibitory effects on APN, 
consistent with that previously reported in 
literatures. 

Figure 3 showed the relationship between APN 
activity and amount of the enzyme added. In 
assay systems with luteolin at different concen-
trations, a plot was drawn using enzyme activi-
ty vs. amount of the enzyme added and a set of 
straight lines were obtained passing the origin, 
as the concentration of luteolin increased, the 
slope of each line continued to decrease, which 
suggested that increase in concentration of 
luteolin inhibited the activity of APN, instead of 
causing decrease in enzyme activity by reduc-
ing the effective amount of the enzyme, indicat-
ing that the inhibitory effect of luteolin on APN 
was reversible [10]. 

Determination on the time course of inhibition 
of APN by luteolin

In the same buffer system, incubation solution 
of the same volume was taken for luteolin-
enzyme at different concentrations every other 
180 s, and the substrate L-leucine aminopepti-

Figure 2. Inhibition of APN by luteolin. (■) = Bestatin, 
(●) = luteolin, c(APN) = 4 µg/mL, c(����������������L-leucine amino-
peptidase-P-nitroaniline) = 1 × 10-3 mol/L. 

Figure 3. Type of inhibition of APN by luteolin. c(�������L- leu-
cine aminopeptidase-P-nitroaniline) = 1 × 10-3 mol/L, 
c(APN) = 4 µg/mL. c(luteolin) curve from top down: 0, 
25, 75 and 150 µM. 
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dase-P-nitroaniline was added to determine the 
time course of APN deactivation. As can be 
seen from Figure 4, at different concentrations 
of luteolin, there were no changes in the rela-
tive activity of APN as the time of incubation 
prolonged, suggesting that luteolin was ready 
to interact with APN, changing rapidly the physi-
ological structure and nature of the latter, so 
that the enzyme was inhibited in a short time 
and its relative activity did not change with the 
time of incubation [11].

Kinetic study on inhibition of APN by luteolin

Type of the inhibitory effect of luteolin on APN 
was further verified. Under the same experi-

mental conditions, the inhibitory effect of luteo-
lin on polyphenol oxidase was investigated at 
different substrate concentrations to analyze 
the inhibition kinetics of luteolin on APN, and a 
plot was drawn with the Lineweaver-Burk dou-
ble reciprocal equation to obtain the kinetic 
parameters Kmapp and Vmax. As seen in Figure 
5, the Lineweaver-Burk double reciprocal plot 
was a set of straight lines intersecting at the 
ordinate, suggesting that in the system, Vmax 
remained unchanged and Kmapp increased 
gradually, thus making a kind of typical com-
petitive inhibition [12]. This indicated that lute-
olin might bind into the active center of APN 
and compete with substrates for the active 
sites, thus resulting in an inhibitory effect. On 
this basis, intercept of the Y-axis was plotted 
against different concentrations of morin to 
obtain the inhibition constant Ki = 24.83 µM. 

Inhibition of growth of the HepG2 cells by lu-
teolin

APN was the major target of bestatin, which 
induced apoptosis of the HepG2 cells in acute 
myeloid diseases. The present study investi-
gated inhibition of the HepG2 cells by luteolin 
with those cells as the target. Results of the 
experiment (Figure 6) showed that the inhibito-
ry activity of luteolin on the HepG2 cells was 
consistent with the trend in the experiment on 
in vitro enzyme inhibition, i.e. as the concentra-
tion of luteolin increased, the inhibitory effect 
on the HepG2 cells was markedly enhanced. 
The half maximal inhibitory concentration (IC50) 
was 61.23 µM and 49.34 µM respectively for 
the positive control bestatin and luteolin, and 
data indicated a slightly higher ability to inhibit 

Figure 5. Lineweaver-Burk plot for inhibition of APN 
by luteolin. c(APN) = 4 µg/mL, c(luteolin) curve from 
top down: 0, 75, 100 and 150 µM.

Figure 6. Inhibitory effect of luteolin on growth of the 
HepG2 cells.

Figure 4. Time course of inhibition of APN by luteolin. 
c(APN) = 4 µg/mL, c(luteolin) curve from top down: 0, 
75, 100 and 150 µM.
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growth of the HepG2 cells by luteolin than by 
bestatin, suggesting that luteolin might induce 
apoptosis of the cells by inhibiting the APN 
activity. 

Effect of luteolin on fluorescence spectrum of 
APN

By measurement of the changes in fluores-
cence spectrum of APN in the presence of lute-
olin, it was found out that as the concentration 
of luteolin increased, a quenching effect on the 
endogenous fluorescence of APN was observed 
in a concentration-dependent manner (Figure 
7), suggesting possible interaction between 
the two [13]. The binding parameter of lute- 
olin and APN was obtained and the bind- 
ing constant at 298 K was calculated as Ka = 
3.98 × 104 L moL-1 using the formula: 

1
[Q]
1 1

F F
F

f K f0 a a a

0

- = +  [14]. 

The main forces involved in the interaction of 
small molecules with biological macromole-
cules were hydrogen bonding, hydrophobic 

interaction, van der Waals forces and electro-
static attraction [15]. The type of the main force 
between small molecules and proteins could 
be determined from the values of the thermo-
dynamic parameters enthalpy (ΔH) and entropy 
(ΔS) changes:

lg 2.303 2.303K RT
H

R
S

a =- +3 3

In case of no great variability in temperature, 
enthalpy changes during the reaction could be 
used as a fixed value to calculate the corre-
sponding ΔH and ΔS with the van’t Hoff equa-
tion: ΔG =ΔH-TΔS

Where, Kb was the apparent binding constant at 
the corresponding temperature and R was the 
gas constant. 

1/T was plotted against lgKa, and enthalpy and 
entropy changes in the system were calculated 
from the fitted slope and intercept of the 
straight lines respectively. Free energy changes 
ΔG could be calculated 

A thermodynamic analysis was made on the 
interaction between luteolin and APN and a 
conclusion was drawn that the binding reaction 
of the two was a spontaneous process. ΔH and 
ΔS were calculated as 36.58 kJ mol-1 and 
168.12 J mol-1 K-1 respectively, indicating that 
the process of luteolin and APN forming com-
plexes was an entropy-driven endothermic 
reaction and the hydrophobic interaction effort 
was the main driving force.

Effect of luteolin on the secondary structure 
of APN

The on-line Dichroweb software was used to 
calculate the secondary structure content 
before and after APN binding to luteolin and the 
results were listed in Table 1. As shown in the 
table, the content of α-helix of free APN was 
21.2%, and the content of β-fold was 27.2%. 
When the concentration of luteolin added to 
APN was up to 150 µM, the content of α-helix 
increased to 32.9%, while the content of β-fold 
decreased to 20.2%, indicating that luteolin 
induced some changes in the APN conforma-
tion. With continuing increase in the content of 
α-helix, the structure of APN became dense 
and did not facilitate the process of enzyme 
forming the active center, resulting in a drop in 
the activity of APN [16]. This is probably one of 

Figure 7. Effects of luteolin on fluorescence emis-
sion spectrum of APN. c(APN) = 4 µg/mL, c(luteolin)/
(µM), 1-8: 0, 25, 50, 75, 100, 125, 150 and 175.

Table 1. Effect of luteolin on the secondary 
structure of APN

[Luteolin] (µM) α-helix 
(%)

β-fold 
(%)

β-turn 
(%)

Random 
coil (%)

0 21.2 27.2 21.2 30.4
50 24.8 25.0 21.8 28.4
100 28.2 22.2 22.7 26.9
150 32.9 20.2 22.9 24.0
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the mechanisms underlying the inhibition on 
APN activity by luteolin.

Molecular docking of luteolin with APN

In the results of 100 runs, sites with the most 
docking regions and the lowest energy were 
selected for the study and they were also the 
optimal regions for luteolin binding to APN. As 
shown in Figure 8, luteolin was binding near the 
active center of zinc ions of APN, fitted into the 
surrounding areas of the amino acid residues 
(Ala348, Glu350, His383, Glu384 and Tyr462) 
in the catalytic center [17], and interacted with 
His383 and Glu384 to form hydrogen bonds. 
This implied that luteolin could compete with 
substrates for the active regions of APN and 
change the structure of the enzyme, interact 
with residues in the active center to form hydro-
gen bonds and subsequently lead to decrease 
in the catalytic efficiency of APN, which was 
consistent with the results of the above experi-
ment and was also the mechanism underlying 
the inhibitory effect of APN on polyphenol 
oxidase.

Conclusion

It was revealed in the study that luteolin was a 
reversible competitive inhibitor of APN, with a 
half maximal inhibitory concentration (IC50) of 
70.85 µM and inhibition constant Ki of 21.23 
µM; analysis on the time course of inactivation 
kinetics showed that luteolin could react with 

APN rapidly to reduce the activity of the enzyme; 
luteolin had a greater ability to inhibit growth of 
the HepG2 cells than the positive control 
bestatin, indicating that luteolin might induce 
apoptosis of the cells by inhibiting the APN 
activity; analysis on fluorescence spectrum 
indicated that the fluorescence of APN was 
quenched effectively by luteolin, with a binding 
constant Ka of 3.98 × 104 L mol-1 between the 
two and the hydrophobic interaction force as 
the main driving force for the interaction; analy-
sis of CD spectra revealed that the binding of 
luteolin to APN could induce conformational 
unfolding, causing the content of α-helix to 
increase, hindering formation of the active cen-
ter and in turn, leading to reduction in APN 
activity. In addition, the results of molecular 
docking further confirmed the validity of the 
above results that luteolin competitively binds 
with the active sites of APN, and on the other 
hand, it can influence the secondary structure 
of APN, which are the two aspects in the mech-
anism underlying the inhibition of APN by 
luteolin. 
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Figure 8. Molecular docking of luteolin with APN.
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