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ABSTRACT: Licorice is a traditional Chinese medicine, which is often used as
sweetener and cosmetic ingredients in food and pharmaceutical industries. Among
them, glycyrrhetic acid is one of the most important agents. Studies have shown that
glycyrrhetic acid exhibited anti-tumor activities as PPARy agonist. However, the
limited number of PPARy glycyrrhetinic agonists and their high toxicity greatly limit
the design based on the structure. Therefore, clarifying the binding mode between
PPARy and small molecules, we focused on the introduction of natural active
piperazine skeleton in the position of glycyrrhetinic acid C-3. According to the
Combination Principle and the Structure-Based Drug Design, nineteen glycyrrhetic
acid derivatives were designed and synthesized as potential PPARy agonists.
Compounds 4c¢ and 4q were screened as high-efficiency and low-toxic lead
compounds.

KEYWORDS: glycyrrhetic acid, molecular docking, piperazine, antitumor, PPARy
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INTRODUCTION

Among traditional Chinese medicines, licorice is a common medicinal plant and
is often used as a sweetener and cosmetic ingredient in the food and pharmaceutical
industries. Glycyrrhetinic acid is a class of pentacyclic triterpenoids extracted from
the roots of licorice, which is a component that actually exerts biological activity
through metabolism after taking licorice'. Studies have found that glycyrrhetinic acid
has a variety of pharmacological activities, such as anti-tumor, anti-inflammatory,
anti-ulcer, hypoglycemic and liver protection’’. There are two isomers of
glycyrrhetinic acid (Figure 1), of which 184-glycyrrhetinic acid is the main form.

At present, pharmacists have synthesized more than 400 glycyrrhetinic acid
derivatives related to cancer cytotoxic, of which nearly 130 compounds exhibit
anti-tumor activity with ICs, value less than 30 uM?. According to analyze the activity
data and mechanism, we found that glycyrrhetinic acid and its derivatives can mediate
the expression of many key factors in cancer cell lines and have anti-proliferation /
apoptosis and/or anti-invasion / anti-metastasis activities. For example, it can reduce
the expression of some apoptosis-related proteins, such as Bcl-2 and Bax. Besides, it
could affect the expression of MMP-2/MMP-9 and other cell migration-related
proteins’ ', Studies on pro-apoptosis of glycyrrhetinic acid and chemoprevention of
cancer have shown that glycyrrhetinic acid can reduce tumor cell migration ability
and induce tumor cell apoptosis by activating Peroxisome proliferator-activated
receptor y (PPARy), and has been verified in various tumor cell lines'>. PPARy, a

nuclear receptor and transcription factor that regulates the expression of many genes
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relevant to carcinogenesis, is now an important target for development of new drugs

for the prevention and treatment of cancer'*6.

18 a-Glycyrrhetinic Acid 18-Glycyrrhetinic Acid

Figure 1. 18-a and 18-4-Glycyrrhetinic Acid

The major challenge of cancer-related death is due to tumor metastasis and
multidrug resistance. The natural products of glycyrrhetinic acid targeting PPARy
may offer hope in combating cancer types associated with poor prognoses. Stephen
Safe!”!® reported that 2-cyano substituted analogues of glycyrrhetinic acid (Figure 2,
1, 2) could inhibit HT-29 and HCT-15 colon cancer cells as PPARy agonists. Robert
Kiss'? discovered that glycyrrhetinic acid derivative (Figure 2, 3) displayed similar
efficiency in apoptosis-sensitive versus apoptosis-resistant cancer cell lines. The
structural modification of glycyrrhetinic acid and its derivatives against PPARy has
shown some activity, but there are still some shortcomings. The mechanism of action
is not clear, and the toxicity of derivatives has not been further improved. According
to the data analysis of structure-activity relationship, it is found that the formation of
double bonds at C1-C2 site and the introduction of electronegative functional groups
at C2 site can improve cytotoxicity. In addition, the formation of short alkyl esters
from C30 carboxyl group and the oxidation of C3 hydroxyl group or the introduction
of ester group and diamino group can significantly improve the cytotoxicity?.

Therefore, in this manuscript, nineteen glycyrrhetic acid derivatives were designed
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and synthesized as potential PPARy agonists, according to the Combination Principle

and the Structure-Based Drug Design.

H
H N
%, COOCH; . . —~ \\g Q

1 2 3

Figure 2. Glycyrrhetinic acid derivatives as PPARy agonists.

MATERIALS AND METHODS

Materials. All chemicals (reagent grade) used were purchased from either
Aladdin (Shanghai, China) or Sangon Biotech. All the 'TH NMR and '3C NMR spectra
were recorded on a Bruker DPX 400 model spectrometer in CDCl;, and chemical
shifts (d) are reported as parts per million (ppm). Melting points were determined on a
Digital Melting Point apparatus (Shenguang., Shanghai, China). Thin layer
chromatography (TLC) was performed on silica gel plates (Silica Gel 60 GF254) and
visualized in UV light (254 nm and 365 nm). The PPARy Kinase Assay Kit was
purchased from Jiangsu Jingmei Biotechnology Co., Ltd. Human hepatoma cell line
(HepG2), human breast cell line (MCF-7) and Mouse fibroblast (L929) were
purchased from Nanjing Keygen Technology (Nanjing, China).

General procedure for the synthesis of compounds 4a-4s. The synthetic route
of target compounds (4a-4s) is shown in Scheme 1.

18- glycyrrhetic acid (1g) and concentrated sulfuric acid (0.5 mL) was

dissolved in methanol (30 mL) and refluxed for 24 h while monitoring by TLC. The
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reaction mixture was concentrated under reduced pressure and extracted with ethyl
acetate and water (1:3). The organic layer was collected, dried over anhydrous sodium
sulfate, and the solvent was evaporated under reduced pressure to give a crude
product which was recrystallized from ethanol to give a pure compound 2.

Bromoacetyl bromide (10 mmol) was slowly added to a solution of compound 2
(10 mmol) in anhydrous dichloromethane (30 mL) and the mixture was stirred at
room temperature for 3 h while monitoring by TLC. The mixture was then
concentrated under reduced pressure and extracted with ethyl acetate and saturated
aqueous solution of NaHCOj; (1:3). The organic layer was collected, dried over
anhydrous sodium sulfate, and the solvent was evaporated under reduced pressure to
give a crude product which was recrystallized from acetone to give the pure
compound 3.

The compound 3 (Immol) and different substituted piperazines (1mmol ) were
dissolved in acetonitrile, then the potassium carbonate (3 mmol) was added and the
reaction was refluxed for 8 hours in 85°C. After the reaction was completed, the
reaction solution was evaporated to dryness under reduced pressure, extracted with
ethyl acetate and water (3:1), the organic layer was dried over anhydrous sodium
sulfate, and the solvent was evaporated under reduced pressure to give the crude
product as acetone. Compounds 4a-4s were recrystallized with acetone. The 'H NMR

and 13C NMR spectra data was described in Materials and Methods.
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111 Scheme 1. General procedure for the synthesis of compounds 4a-4s.

112

113 3
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115  Reagents and conditions: (a) Concentrated sulfuric acid, CH;OH, reflux; (b) Bromoacetyl

116 bromide, CH,Cl,, rt; (c) Different substituted piperazines, K,COj;, Acetonitrile, reflux.

117 X-ray crystallography. Single crystal X-ray diffraction data was collected on a
118  Bruker D-8 venture diffractometer at room temperature (293 K). The X- ray generator
119  was operated at 50 kV and 35 mA using Mo Ka radiation (k = 0.71073 A). The data
120 was collected using SMART software package. The data were reduced by
121 SAINT-PLUS, an empirical absorption correction was applied using the package

122 SADABS and XPREP were used to determine the space group. The crystal structure
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was solved by direct methods using SIR92 and refined by full-matrix least-squares
method using SHELXL97 02!, All non-hydrogen atoms were refined anisotropically
and hydrogen atoms have been refined in the riding mode on their carrier atoms
wherever applicable.

Anti-tumor proliferation activity test. The anticancer activities of the prepared
compounds in vitro have been evaluated against MCF-7, HepG2 cell lines. Target
tumor cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone)
(High Glucose) medium supplemented with 10% fetal bovine serum (FBS). After
reaching a dilution of 1x10° cells mL-! with the medium, 100 xL of the obtained cell
suspension was added to each well of 96-well culture plates. Subsequently, incubation
was performed at 37 C in 5% CO, atmosphere for 4h. Tested samples at preset
concentrations were added to 6 wells with 5-Fluorouracil being employed as a
positive reference. After 24 h exposure period, 25 uL of PBS containing 4 mg * mL"!
of MTT was added to each well. After 4 h, the medium was replaced by 150 uL
DMSO to dissolve the purple formazan crystals produced. The absorbance at 570 nm
of each well was measured with an ELISA plate reader. The data represented the
mean of three independent experiments in triplicate and were expressed as means +
SD. The ICs, value was defined as the concentration at which 50% of the cells could
survive.

PPARy agonistic activity test. The PPARy Enzyme-linked Immunoassay Kit
was used to test PPARy agonistic activities. The experiments were performed

according to the manufacturer’s instructions.
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Wound healing assay. The MCF-7 cancer cells at a density of 2 X 10° were
seeded into 6-well plates and allowed to attain confluent monolayers. In the center of
each well a line was drawn using a 200 ml pipette tip for producing wound area. The
cells were washed with PBS two times to remove the non-adherent cells. Various con-
centration of Compound 4q were added to each of the well in medium containing 1%
FBS. The cells were then cultured for 24 h in FBS free DMEM medium. Images were
captured at a magnification of X100 using a fluorescence inverted microscope at 0
hours and 24 hours, respectively. Finally, Image J was used for image processing and
data acquisition.

Western Blot analysis. Protein extracts (50 ug) prepared with RIPA lysis buffer
[50 mM Tris-HCI, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% NP-40,
0.5% sodium deoxy- cholate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 100 uM
leupeptin, and 2 ug /mL aprotinin (pH 8.0)] were separated on an 10% or 12%
SDS-polyacrylamide gel and transferred to PVDF membranes. The membranes were
stained with 0.2% Ponceau S red to assure equal protein loading and transfer. After
blocking with 5% nonfat milk, the membranes were incubated with a specific
antibody to PARP, Cleaved-PARP, MMP-2, MMP-9, PPARy or S-actin overnight at
4°C. Immunocomplexes were visualized using enhanced chemiluminescence Western
blotting detection reagents (Amersham Biosciences, England, UK). Protein
quantitation was determined by the BCA (Bicinchoninic acid) Protein Concentration
Quantification Kit.

Cell apoptosis assay. Approximately 10° cells/well were plated in a 24-well
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plate and allowed to adhere. Subsequently, the medium was replaced with fresh
culture medium containing compound 4q at final concentrations of 0, 6.25, 12.5 and
25 uM. Non-treated wells received an equivalent volume of ethanol (<0.1%). After 24
h, cells were trypsinized, washed in PBS and centrifuged at 2000 rpm for 5 min. The
pellet was resuspended in 500 uL staining solution (containing 5 uL. AnnexinV-FITC
and 5 uL PI in Binding Buffer), mixed gently and incubated for 15 min at room
temperature in dark. The samples were then analyzed by a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA, USA)

Molecular docking study. Molecular docking of compounds into the three
dimensional X-ray structure of PPARy (PDB code: 2HFP) was carried out using the
Discovery Studio (version 4.5) as implemented through the graphical user interface
DS-CDOCKER protocol. The 3D structure of EGFR (2HFP) in docking study was
downloaded from Protein Data Bank. The three-dimensional structures of the
aforementioned compounds were constructed using Chem. 3D ultra 12.0 software
[Chemical Structure Drawing Standard; Cambridge Soft corporation, USA (2010)],
then they were energetically minimized by using MMFF94 with 5000 iterations and
minimum RMS gradient of 0.10. All bound waters and ligands were eliminated from
the protein and the polar hydrogen was added to the proteins. Each compound would
retain 10 poses, and were ranked by CDOCKER INTERACTION ENERGY.
Docking algorithm utilized: CDOCKER algorithm; definition of binding site: 25.432,
-7.312, 2.931; radius: 15 A; scoring function: CDocker interaction energy; rigid

receptor: PDB code 2HFP; flexible ligand docking: YES; cluster analysis of docking
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poses: ten optimal poses were retained.

Statistical analysis. All experiments were performed in triplicate. The data
presented are the mean of &= SD and were analyzed using SPSS software, version 160
(SPSS, Inc., Chicago, IL, USA). P < 0.05 was considered to indicate a statistically

significant difference.

RESULTS AND DISCUSSION

Structure-based design of small molecules. Rosiglitazone, a thiazolidinedione
derivative, has been proved to be one of the classical PPARy agonists *>. As shown in
Figure 3A and 3B, when rosiglitazone binds to the LDB of PPARy, it interacts with
HIS323, TYR473 and HIS449 in the AF-2 domain, resulting in the formation of
hydrophobic ditches, which fold helical H12 along the core of LBD with helical H3
and HS5 to form a more compact and rigid conformation. This conformational change
can lead to the recruitment of various cofactors required for gene transcription 3. We
found that four amino acid residues (HIS322, HIS449, LYS457, TYR473) are key
amino acid residues with high affinity to PPARy (Figure 3C and 3D) **. Therefore,
based on the basic skeleton of glycyrrhetinic acid, we have selected phenyl piperazine
skeleton at the C3 position. It can effectively bind to the active pocket confinement
cavity formed by PPARy H12 helix and act as an "anchor" to anchor the molecule on
PPARy. Besides, the main skeleton of glycyrrhetinic acid is located near the opening
of the confinement chamber, which can form a strong hydrogen bond to enhance the

stability of the binding of small molecules to PPARy. At the same time, The C30
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group of glycyrrhetinic acid can be extended to the back of the H12 spiral
confinement chamber after being replaced by methyl ester, further enhancing the

affinity with PPARy (Figure 3E)..

Hydrogen-bonding region

‘ f‘ﬂSJ 23 "‘ v - o
Sge O
N;’,T;Z’; ’ . K/N\/lLO

Anchor to bind with PPARy

High affinity
towards PPARy

J Am Chem Soc, 2008,
130(50):17129-17133.

Figure 3. Simulated interaction between target compounds and PPARy.

Chemistry. The synthesis of twenty 18-f glycyrrhetic acid derivatives (4a-4s)
followed the general pathway outlined in Scheme 1. The newly synthesized
compounds were characterized 'H NMR and 13C NMR analysis. The spectral data of
newly synthesized compounds 4a-4s are provided in the supporting information, and
in accordance with the assigned structures of the compounds. All of the synthetic
compounds gave satisfactory analytical and spectroscopic data, which were full
accordance with their depicted structures.

Crystal structure of compound 4h. Crystals of compound 4h were obtained
from Acetone solution. Figure 4 shows a perspective view of the monomeric unit with

the atomic numbering scheme, and Figure 5 depicts the Two-dimensional stacked
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graph. Crystallographic data, details of data collection and structure refinement
parameters are listed in Table 1. A single crystal of compound 4h (0.15 mm x 0.15
mm % 0.12 mm) was measured under a condition of 296 K using a D-§ VENTURE
single crystal ray diffractometer of a graphite monochromator MoKa having a A value
of 0.71073 A. A total of 37776 diffracts were collected for compound 4h, where
14095 was Ry, = 0.176. The last round of the refined full-matrix least squares method
converges to the values of R and wR of 0.4809 and 0.3344, respectively. The
maximum peaks and valleys on the difference Fourier map are 0.29 and -0.28 e A,

respectively.

Table 1. Crystallographic data, details of data collection and structure refinement parameters.

Crystal Compound 4h
Empirical formula C4Hg 1 FN,Os5
Formula mass 704.94
Color, habit Colorless, block
Crystal dimensions (mm) 0.15x 0.15x 0.12
Crystal system Triclinic
Space group Pl
Z 2
a(A) 7.521(2)
b(A) 11.316(3)
c(A) 23.122(7)
o®) 90.00
BC) 82.181(6)
7(°) 90.00
Collection ranges 9<h<8, -15<k<14, -30<7/<30
Temperature (K) 296

ACS Paragon Plus Environment
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Volume(A3)

D ciiea(Mg m )
Radiation
Absorption coeff. (1) (mm™)
Absorption correction
F(000)

O range for data collection (°)
Observed reflections
Independent reflections
Data/restraints/parameters
Maximum shift/error
Goodness-of-fit on F2

Final R indices [ > 26({)]

1949.5(9)
1.201
Mo Ka (A =0.71073)
0.081
multi-scan
764
2.5-284
37776
14095 (Rine=0.176)
4154/0/ 935
0.00
1.112

R;=0.4809, R, =0.3344

R indices (all data) R;=0.2056, R, =0.2354
Absolute structure parameter N/A
Extinction coefficient N/A
Largest diff. Peak and hole (e A?) 0.29 and -0.28

236

M "" ‘1 .

|
-8,
237
238 Figure 4. Molecular structures of the compound 4h with atomic numbering scheme.
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Figure 5. Two-dimensional stacked diagram of compound 4h.

Anti-tumor cell proliferation and cytotoxicity test. To test the antiproliferative
activities and cytotoxicity of the synthesized compounds, the target compounds were
evaluated in vitro antiproliferation assays against two human cancer cell lines (MCF-7
and HepG2) and mouse fibroblast was evaluated for in vitro cytotoxicity. The results

were summarized in Table 2.

Table2. In vitro anticancer activities (IC so uM) against two human tumor cell lines

IC5¢+SD (uM) CCsp£SD (1M)
Compounds
MCF-7 HepG2 1929

4 6.898+0.839 9.949+0.998 333.885+2.524
4e 31.588+1.500 21.939+1.341 600.657+3.140
41 16.320+1.213 20.510+1.312 121.488+2.085
4m 18.003+1.255 34.163+1.534 49.965+1.699
4n 34.445+1.537 26.260+1.419 259.131+2.414
40 11.572+1.063 21.040+1.302 33.671+1.527
4p 8.073+£0.907 16.614+1.220 95.230+1.979
4q 9.500+0.978 25.585+1.408 650.226+2.822
Gl 29.555+1.471 28.146+1.449 321.630+2.507
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G2 60.090:£1.779 16.1871.209 114.385+2.058
Rosiglitazone 38.747£1.781 30.318+1.482 297.589+2.474
5FU 13.189+1.120 17.373+1.240 339.217£2.530

The results showed that all the compounds showed tumor cell proliferation
inhibitory activity, and the inhibitory effect on the proliferation activity of MCF-7
tumor cells was significantly stronger than that of HepG2 cells. In addition, most of
these compounds exhibited better anti-tumor cell proliferation activity than the
intermediate product and the classical PPARy agonist rosiglitazone, suggesting that
introduction of the piperazine ring into glycyrrhetinic acid can increase its anti-tumor
cell proliferation potency. The target compound 4¢ showed optimal tumor cell
proliferation inhibitory activity against both MCF-7 and HepG2 cells, and the
inhibitory activity against MCF-7 cells was ICsop = 6.898 uM, and the inhibitory
activity against HepG2 cells was ICso = 9.949 uM. The inhibitory activity of
compound 4p and compound 4q against MCF-7 tumor cells was second only to
compound 4c¢ (4p: ICsy = 8.073 uM, 4p: IC5o= 9.500 uM), and both showed superior
tumor cell proliferation inhibition activity than HepG?2.

Structural-Activity relationship analysis showed that the antiproliferative activity
of glycyrrhetinic acid was significantly increased when piperazine skeleton was
introduced in the position of glycyrrhetinic acid C-3 (compared with G1 and G2).
More importantly, the antiproliferative activity of glycyrrhetinic acid was better when
there was no or one benzene ring than two benzene rings. Possibly because the size of
the two benzene rings was too large to enter the active cavity, thus it affected the

affinity of the active site with the target compound. Besides, when the
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para-withdrawn groups were substituted on the benzene rings, the potency activity
order was nitro (4m) < trifluoromethyl (4q) < chlorine (4p). Perhaps the excessive
electron-withdrawn groups reduced the electron cloud density of benzene rings and
prevented them from interacting with corresponding amino acids to form interactions,
thus reduced the affinity with active pockets, and ultimately affected the
anti-proliferation activities.

Cytotoxicity data showed that most of the compounds had less damage to normal
cells, indicating a low toxicity of the target compound. Therefore, Compound 4¢ and
Compound 4q were screened as highly efficient and low toxicity lead compounds by
comparison with antitumor cell proliferation activity data.

PPARy agonists assay. In order to verify that the synthetic target compound
exerts anti-tumor cell proliferation activity by targeting agonistic PPARy, we
investigated the agonistic effect of some compounds on PPARy. Rosiglitazone (ROS)
is a class of classical PPARy full agonists that have been shown to play an important
role in hypoglycemic and anti-tumor functions as PPARy agonists. Therefore, this
experiment used ROS as a positive control to confirm the agonistic ability of the
target compound to PPARy. The PPARy enzyme-linked immunosorbent assay kit was
used to detect changes in intracellular PPARy content of selected compounds
mediated MCF-7. The results are shown in Figure 6.

The three target compounds acted on the cells and caused an increase in
intracellular PPARy content higher than ROS at 62.5 uM and 12.5 uM. The increase

in the amount of PPARy caused by rosiglitazone at 50 M was higher than compound
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4p and compound 4q, but lower than compound 4¢. Through data analysis, it can be
determined that the target compound acts on the cells and can increase the expression

level of PPARY in the cells.

~
w

(4
>

—
wn

50 pM
o125uM
26.25 M

p—
=

wn

Drug group minus Negative control

=

Compounds

Figure 6. Targeting PPARy activity (*: P<0.05, each concentration compared to the positive

control)

Western Blot analysis. To further verify the targeted agonistic activity of the
target compound on PPARy, We used the Western blot assay to demonstrate the
targeted agonistic activity of the target compound against PPARy by detecting the
MMP-2/MMP-9 signaling pathway regulated by PPARy. The results are shown in
Figure 7 and Figure 8. Through the analysis of the results, we can find that when
compound 4q acts on MCF-7 cells, it can lead to an increase in PPARy content and a
decrease in MMP-2/MMP-9 content in cells. This indicates that the target compound
can reduce the intracellular expression level of MMP2/MMP-9 by activating PPARy.
This experimental data is consistent with the literature report that activation of PPARy
can reduce MMP-2/MMP-9, thus proving the correctness of the results. In addition,
MMP-2/MMP-9 is a matrix metalloproteinase, and its reduced intracellular content

can attenuate the migration ability of tumor cells. It was also confirmed in the
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subsequent tumor cell migration inhibition test.
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Figure 7. Changes in PPARYy cell expression (*: P<0.05, each concentration compared to the solvent
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Figure 8. Changes in MMP-2 and MMP-9 cell expression (*: P<0.05, each concentration of MMP-9
protein was compared with the solvent control, ®: P<0.05, and each concentration of MMP-2 protein
was compared with the solvent control)

Tumor cell migration inhibition. Using tumor cell scratch assays, it was
verified that the target compound can reduce the migration ability of tumor cells by
activating PPARy. The result is shown on Figure 9. When the compound 4q was
incubated with MCF-7 cells for 24 hours, the percentage of wound healing at 20 uM
reached 23%, and the percentage of wound healing at 10 uM reached 35%, whereas
the percentage of wound healing of tumor cells without drug action was 51%. The
results indicate that compound 4q can significantly reduce the migration of tumor cell
MCF-7. By combining with the previous data, the target compound can activate

PPARy to reduce the migration ability of tumor cells.
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Figure 9. Percentage of wound healing of compound 4q against MCF-7 cells. (*: P<0.05, each

concentration compared to the solvent control)

Apoptosis. Apoptosis is a manifestation of programmed cell death, which is
softer than the process of cell death. We envisaged the activation of PPARy in tumor
cells, which enhances the apoptosis of tumor cells and ultimately inhibits tumor cells.
The content of the intracellular Cleaved-PARP protein, an apoptotic marker protein,
was detected by WB assay after the action of compound 4q on MCF-7 cells. The
result is shown in Figure 10. The results showed that the expression of Cleaved-PARP
protein increased in a concentration-dependent manner after the target compound 4q
was applied to MCF-7 cells. This indicates that the target compound can induce
apoptosis of tumor cells by activating PPARy, thereby producing tumor cell inhibitory

activity.

25uM  12.5uM 6.25uM 0 pM

PARP — — e -
Cleaved-PARP —— s s —

12.5M 525M

S-Actin — D D e WD

®PARP  Cleaved-PARP

Figure 10. PARP and cleaved-PARP protein cell expression changes (*: P < 0.05, protein

concentration compared with solvent control)

Besides, we detected the mechanism of compound 4q inhibition activity by flow
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cytometry (FCM) and found that the compound could induce the apoptosis of
activated MCF-7cells (Figure 11). As shown in Figure 11, MCF-7 cells were treated
with 6.25 uM, 12.5 uM and 25 uM of compound 4q for 24 h. The compound

increased the percentage of apoptosis by Annexin V-FITC/PI staining.
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Figure 11. MCF-7 cells were cultured with antitumor and various concentrations of 4q for 24
h. Cells were stained by Annexin VeFITC/PI and apoptosis was analyzed by flow cytometry. (A)
Control. (B) 6.25 uM. (C) 12.5 uM. (D) 25 uM.

Experimental protocol of docking study. Molecular docking of the synthesized
compounds and PPARy was performed on the binding model based on the PPARy
protein complex structure (2HFP.pdb). The docking results of all compounds are
shown in Figure 12. The model of compound 4q docked with PPARy is depicted in

Figure 13.
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Figure 12. The -CDCKER INTEACTION_ENERGY (kcal/mol) obtained from the docking
study of all synthesized compounds by the CDOCKER protocol.

Analysis of the docking results indicated that compound 4q was able to bind to
the active site and interact with multiple amino acid residues in the active site, thereby
increasing the affinity of the compound for PPARy. Analysis of the docking results
indicated that compound 4q was able to bind to the active site and interact with
multiple amino acid residues in the active site, thereby increasing the affinity of the
compound for PPARy. Compound 4q can form a hydrogen bond interaction with
Arg280, I1e281, Ser289 and His323 in the PPARy site. The phenyl ring of the
phenylpiperazine moiety of compound 4q will form a Pi-Pi T-shaped interaction with

Phe282.
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Figure 13. Compound 4q docking model (A) 2D docking diagram; (B) 3D docking diagram

Licorice is often used as sweetener and cosmetic ingredients in food and
pharmaceutical industries. Therefore, it is very important to reconstruct the structure
of licorice and find new functions. In our research, PPARy was used as a drug target,
and a series of glycyrrhetic acid derivatives were designed and synthesized by
computer simulation drug design technology. The experiment results showed that
some compounds exhibited strong antitumor activities, and compounds 4¢ and 4q
were screened as high-efficiency and low-toxic lead compounds. We will continue to
investigate new licorice derivatives and establish potential functions in our future

research.
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HepG2, Human hepatoma cell line; MCF-7, Human breast cell line; ROS,
Rosiglitazone.
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