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Brachyantheraoside Ag, a new natural nor-oleanane
triterpenoid as a kidney-type glutaminase inhibitor
from Stauntonia brachyantherat

Rong Li,i? Peifeng Wei, 1 Yue Wang,? Ying Liu,® Xuanli Liu® and Dali Meng

With the aim of finding a better kidney-type glutaminase (KGA) inhibitor with potential anti-cancer
properties, 18 nor-oleanane triterpenoids from Stauntonia brachyanthera, including 2 new ones, were
screened against KGA. The structure-based virtual ligand screening identified 8 compounds, which might
have more chance to become inhibitors of KGA with low binding energy. Glutaminase inhibition
experiments and a series of cellular level assays, including cytotoxicity, wound healing, transwell invasion,
western blot, and cell apoptosis, further confirmed the inhibitory effect of 5 (brachyantheraoside Ag).
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Introduction

Cancer is a deadly class of diseases whose mortality levels have
increased every year." The development and progression of
human cancer involve multiple steps, including sustaining
proliferative signaling, evading growth suppressors, and
resisting cell death.> Why is cancer so stubborn? Studies have
shown that cancer cells produce lots of energy by glycolysis and
glutaminolysis rather than pyruvate oxidation. Glutaminase is
a metabolic enzyme responsible for glutaminolysis, a process
harnessed by cancer cells to feed their accelerated growth and
proliferation.

There are two kinds of main glutaminase in humans
including kidney-type glutaminase (KGA) and liver-type gluta-
minase (LGA).>” KGA is often upregulated in cancer cells and
touted as an attractive drug target. Recent studies have high-
lighted the importance of KGA as a promising molecular target
for various human cancers.®® KGA is a good target for cancer
therapy, but there are very few selective and potent KGA
inhibitors available. 6-Diazo-5-oxo-/-norleucine (DON) is limited
due to severe toxicity and weak millimolar inhibitory
potency.®™ Bis-2-(5-phenylacetimido-1,2,4-thiadiazol-2-yl) ethyl
sulfide (BPTES), with low toxicity,"” is another KGA inhibitor.
However, it's not a drug-like compound because of its poor
solubility and low bioavailability.”® As a consequence, it's
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These provided the possibility for 5 to become an inhibitor.

particularly necessary for us to search a natural KGA inhibitor
against cancer.

Nor-oleanane triterpenoids were the main compositions of S.
brachyanthera based on our previous work.™™® Although
multiple bioactivities had been confirmed,”** KGA inhibitory
effect had been unreported for this rare kind of triterpenoids. In
this study, a series of nor-oleanane triterpenoids, including two
new ones were isolated from S. brachyanthera by various chro-
matographic methods. Their potential kidney-type glutaminase
inhibitor activities were evaluated employing virtual screening,
glutaminase assay, cytotoxic experiments in KGA over expressed
cells, and a train of verification of cellular level assays including
wound healing, transwell invasion, western blot and cell
apoptosis.

Experimental
Materials and methods

The nuclear magnetic resonance (NMR) spectra were acquired
using Bruker ARX-600 spectrometer (Bruker Biospin, Rhein-
stetten, Germany). HR-TOF-MS was measured on a micro TOFQ
Bruker mass spectrometer. Chemical shifts (6 ppm) are relative
to TMS (tetramethylsilane) as an internal standard. Analytical
HPLC was performed on a kromasil-ODS column (4.6 x 200 mm,
AkzoNobel Global, Bohus, Sweden) consisting with a refractive
index detector (Shimadzu RID-10A, Kyoto, Japan). Signs of
optical rotation were observed by an optical rotation detector
(Jasco LC2000P, Tokyo, Japan). Preparative HPLC was equipped
with an YMC-ODS column (YMC-Pack ODS-A, 250 x 20 mm,
5 um) and a refractive index detector (Shimadzu RID-10A).
Column chromatographic (CC) purifications were performed
on silica gel (200-300 mesh, Qingdao Haiyang Chemical Group
Corporation, Qingdao, China), as well as Sephadex LH-20
(GE Healthcare, Uppsala, Sweden), and Macroporous resin
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HPD100 (Cangzhou Bon adsorber Technology Co., Ltd.,
Cangzhou, China). p,i-Galactosamine, p-glucose, r-fucose, -
arabinose, p-xylose, and r-rhamnose were all purchased from
Sigma-Aldrich (Sigma-Aldrich China, Shanghai, China). Silica
gel GF,5,; (Qingdao Haiyang Chemical Group Corporation,
Qingdao, China) were used for analytical and preparative TLC.
All solvents and chemicals used were analytical grade, while
other reagents were of HPLC grade or of the highest grade
commercially available.

Plant material

The plants of S. brachyanthera were collected in October, 2009 in
Hunan Province, and were identified by Prof. Jincai Lu, School
of Traditional Chinese Materia Medica, Shenyang Pharmaceu-
tical University, China. The specimen (no. HLG-0910) was
deposited in the School of Traditional Chinese Material Medica,
Shenyang pharmaceutical University, China.

Extraction and isolation

The air-dried fruits of S. brachyanthera (7.0 kg), whose seeds
were separated, were crushed into good pieces and were
decocted with EtOH/H,O0 (7 : 3, V/V, 35 L) under refluxing for 4
hours for 4 times, and the total extraction was retrieved after
filtered. After a recuperation of the solvent from the mixture in
vacuo, the final aqueous fractions (2.7 kg) were dissolved in
water and passed through macroporous adsorptive resin (HPD-
100), eluted seriatim with H,0, 30% EtOH, 60% EtOH and 90%
EtOH, respectively. The 60% EtOH eluates (210 g) were dealt
with silica gel column chromatography (CC) (1000 mm X
100 mm i.d.) with a successive CH,Cl,-MeOH system (100 : 1-
0:100, v/v) to give eight fractions (1-8). And Comp. 9-11, 18
(3.4, 6.2, 4.3, 5.7 mg) were gained from the Fr. 4 (7:1-6:1) under
the help of ODS; similarly, Fr. 5 (5:1-4:1) provided us with
Comp. 4 (42.4 mg) and Comp. 5 (30.5 mg) by recrystallization;
Comp. 1 (20.0 mg), 2 (21.5 mg), 3 (14.3 mg), 6 (10.3 mg), and 7
(155.5 mg) were found in Fr. 6 (3:1-2:1). And Fr. 2 (100:7-10 : 1)
and Fr. 7 (1 : 1) were treated by ODS CC (500 mm x 60 mm i.d.)
with MeOH/H,O (v/v, 0%, 30%, 60%, 90%, 100%, respectively)
following HPLC system, supplying Comp. 8 and 12-17 (25.3,
10.2, 14.9, 35.4, 8.6, 3.9, 18.7 mg, respectively).

Acid hydrolysis

The operation was carried out with a modified method re-
ported.'®** In brief, the solution of sample (each about 4.0 mg)
is homogenized in methanol (2.5 mL), associated with 1 M
H,S0, (2.5 mL). Then the solution was heated at 90 °C for 7 h
(kept sealed) and was neutralized with 1 M NaOH to give cloudy
solution. An extraction with EtOAc (saturated with H,0, 5 mL X
2) was done when the mixture was cool down, of which the
aqueous solution was retrieved under reduced pressure. The
H,O fraction was diluted and passed through a Sep-Pak Cig
cartridge, which then analyzed by HPLC under the following
method: column, Capcell Pak NH, UG80; solvent, MeCN-H,O
(3:1); flow rate, 0.5 mL min~'; detection, RI and OR. The
identification of p-glucose, 1-arabinose, and r-thamnose present
in the polysaccharide parts were recognized by the polarities
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with those of authentic sample. It was detected at 589 nm on
a polarimeter that the optical rotation of 0.2% (W/V) of b-
glucose, r-arabinose, .-rhamnose, and r-fucose consisting with
a homologous standard distilled water solution.

Cloning, protein expression, and purification of the KGA

The KGA was cloned into a pET-26 (b) vector fusion with C-
terminal His tag, and the protein was expressed in Escherichia
coli BL21 (DE3)-RIL-Codon plus cells grown in 6 L LB broth
medium. Cells were sonicated in lysis buffer [50 mM Hepes
(pH 7.5), 500 mM NaCl, 5 mM imidazole, 10% glycerol, 1 mm
DTT and 0.1% (v/v) Triton X-100], and further lysed by French
press. The soluble fraction was passed on to a Ni-NTA affinity
column, and the bound protein was eluted with 500 mM
imidazole. The protein was further purified by Superdex-200 gel
filtration column and then concentrated to 20 mg mL™" in
a buffer containing 20 mM Hepes (pH 7.5), 200 mM NacCl, 10%
glycerol, and 3 mM DTT.?

Glutaminase assay

The enzymatic activity was measured in assay buffer containing
50 mM Tris-Acetate pH 8.6, 150 mM K2HPO4, 0.25 mM EDTA,
0.1 mg mL™" bovine serum albumin (BSA), 1 mM DTT, 2 mM
NADP" and 0.01% Triton X-100. To measure the inhibition, the
inhibitor (prepared in DMSO) was first pre-mixed with gluta-
mine and glutamate dehydrogenase (GDH) and reactions
were initiated by the addition of KGA. Final reactions contained
2 nM KGA, 10 mM glutamine, 6 units per mL GDH and 2%
DMSO. Generation of NADPH was monitored by fluorescence
(Ex. 340/Em. 460 nm) every minute for 15 minutes.*

Cell culture and cytotoxicity assay

SW1990 and MD-MB-231, HCC1806 cells were cultured in
DMEM, MEM medium (CORNING, USA). Cells were maintained
at 37 °C in a humidified atmosphere of 5% CO, air. After
incubating for 24 h at 37 °C at 1 x 10" cells per well in 96-well
plates (100 uL per well), isolated compounds (6.25, 12.5, 25, 50,
75 and 100 pM) were added for another 48 h. Fresh 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
solution (100 pL) was added to each well to be incubated for 4 h
at 37 °C. Afterwards, the growth medium was removed and
replaced with 150 pL of DMSO, after blending on a Microplate
reader for 10 min. The absorbance of each well was measured at
490 nm by using a Multimode Reader and ICs, values were
calculated.

Wound healing assay

The anti-migration effect of 5 on HCC1806 cells were measured
by wound healing migration assay as described in literature.” A
sufficient number of cells were placed on 6 well plates for 24 h.
After the serum-free medium was added to cells for 4 h, cells
were further incubated with various concentrations of
compounds (0, 10, 20, and 30 puM, respectively) for 48 h. Finally,
the sizes of wounds areas were measured.

This journal is © The Royal Society of Chemistry 2017
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Transwell invasion assay

HCC1806 cells were cultured with serum-free MEM medium for
6 h.”® Invasion of them was assayed using transwell (Corning
Costar) with 6.5 mm diameter polycarbonate filters (8 mm pore
size) in 24-well culture plates. Briefly, the lower surface of the
filter was coated with matrigel, and fresh medium (10% FBS)
was placed in the lower wells. 1 x 10° of the cell suspension
with different concentrations of compound (0, 10, 20, and
30 uM, respectively) were loaded into each of the upper wells,
and the chamber was incubated at 37 °C for 24 h. The cells were
filtered and stained with crystal violet. Non-invasion cells on the
upper surface were removed by wiping with a cotton swab, and
chemotaxis was quantified by counting cells that had migrated
to the lower side of the filter.

Cell apoptosis assay

To assess apoptosis, the cells were incubated with compounds
at different concentrations (0, 10, 20, and 30 uM, respectively)
for 24 h, and then stained with propidium iodide (PI) and FITC-
conjugated Annexin V for 30 min at 4 °C in darkness. The
fluorescence intensity of each dye on each cell was measured
utilizing flow cytometry.

Western blot assay

The cells were washed with PBS three times and lysed with RIPA
lysis buffer containing protease inhibitor. Equal amounts
(30 pg) of protein were separated in 10% SDS-polyacrylamide gel
and blotted onto a PVDF membrane. The membrane was then
blocked with 5% non-fat dry milk in TBST and incubated with
various primary antibodies. After overnight incubation with
primary antibody, the membrane was hybridized with HRP-
conjugated secondary antibody for 1 h and washed three
times with TBST. The immunoreactive bands were visualized
using the ECL system.

Statistical analysis

All computations were made with the statistical software of
Statistical Product and Service Solutions (SPSS, version 17.0),
and the level of significance was set at P < 0.05.

Results
The identification of the new compounds

Compound 4, white amorphous powder (MeOH). It was
assigned as Cs5oH,3015 on the basis of HR-ESI-MS with a quasi-
molecular iron peak at [M + K + HJ*": m/2z 511.2392 (calcd.
511.2421). The 'H and "*C NMR data (Table 1) showed that 1
had the same aglycone as that of brachyantheraoside A,.** The
comparison of the NMR data of aglycone of 1 with those of
brachyantheraoside A, suggested that the differences between
them were the chemical shifts of C-3 and C-28, in which the
hydroxyl at C-3 in brachyantheraoside A, [0y 3.44 (1H, s), ¢
78.3] was substituted by a glycoside bond in 1 [6y 3.31 (1H, dd,
= 11.5, 3.7 Hz), ¢ 88.6], and the ester glycoside bond at C-28 in
brachyantheraoside A, (¢ 175.9) was replaced by a carboxylic
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acid in 1 (6¢ 180.0). The sugar units at C-3 were determined as
three r-arabinose and one r-rhamnose after the acid hydrolysis
of 4 by direct HPLC analysis of the hydrolysate using refractive
index (RI) and optical rotation (OR) detectors. The linkages of
the sugar units were established on the basis of HMBC corre-
lations between H-1" (6 5.00) of the terminal arabinose and C-4”
(6 79.4) of the middle arabinose, H-1” (6 4.97) of the middle
arabinose and C-3' (6 81.3) of the inner arabinose, H-1' (6 4.92)
of the inner arabinose and C-3 (6 88.6) of aglycone, the H-1"" (6
6.07) of the rhamnose and the C-2' (6 74.9) of the inner arabi-
nose. The a-anomeric configurations for the arabinopyranosyl
moieties were determined from their coupling constants [J = 5.2
(ara), 6.7 (middle-ara’), 7.4 Hz (terminal-ara”), respectively]. The
configuration of L.-rhamnose was determined to be a-form from
its >C NMR chemical shifts of C-3 (6 73.0) and C-5 (6 70.1).**
Therefore, the structure of 4 was determined as 3-O-a-L-arabi-
nopyranosyl-(1 — 4)-o-L-arabinopyranosyl-(1 — 3)-a-L-arabino-
pyranosyl-{o-L.-rhamnopyranosyl-(1 — 2)]-30-noroleana-12, 20
(29)-dien-28-oic acid (Fig. 1), which was named as brachyan-
theraoside A,.

Compound 5, white amorphous powder (MeOH). Its molec-
ular was determined as Cs;Hgo0,5 based on quasi-molecular
iron peak at [M + Na]: m/z 1197.5848 (caled. for 1197.5771)
from HR-EST-MS. The 'H and ">C NMR data (Table 1) showed
that 5 had the same aglycone as 4. While, the down-field shifted
signal at 0c 176.1 of C-28 suggested the linkage of a sugar
moiety to the carboxylic acid. Its sugar units were determined as
two r-arabinose, two p-glucose, and one r-rhamnose in the
molecular after the acid hydrolysis of 2 by direct HPLC analysis
of the hydrolysate using RI and OR detectors. The linkages of
the sugar units were established on the basis of HMBC corre-
lations between the H-1" (6 6.02) of the terminal t-rhamnose
and the C-2" (6 79.0) of the middle r-arabinose, the H-1" (6 5.09)
of the middle r-arabinose and the C-4’ (6 79.0) of the inner -
arabinose, the H-1’ (6 4.96) of the inner r-arabinose and the C-3
(6 88.6) of the aglycon, H-1""" (6 5.03) of the terminal glucose
and the C-6""" (6 69.8) of the inner glucose, the H-1"" (6 6.24) of
the inner glucose and the C-28 (6 176.2) of the aglycon. The a-
anomeric configuration for the arabinoses and the B-anomeric
configuration for the glucoses were determined from their
coupling constants [J = 8.2 Hz (glc), 7.5 Hz (glc'), 4.7 Hz (ara),
6.2 Hz (ara’), respectively], while the a-anomeric configuration
for L-thamnose was determined from its chemical shifts of C-3
(6 72.7) and C-5 (6 70.6).>* All of the data above led to the
formulation of 5 as 3-O-o-L.-rhamnopyranosyl-(1 — 2)-o-L-ara-
binopyranosyl-(1 — 4)-a-L-arabinopyranosyl-30-norolean-12, 20
(29)-dien-28-oic acid B-p-glucopyranosyl-(1 — 6)-B-o-glucopyr-
anosyl ester (Fig. 1), which was given the name of brachyan-
theraoside Ag.

By comparing their physical and spectroscopic data with
those of the literatures reported, the rest compounds were
identified as 3-O-p-p-glucopyranosyl-(1 — 3)-a-L-rhamnopy-
ranosyl-(1 — 2)-a-i-arabinopyranosyl-30-norolean-12,20 (29)-
dien-28-oic acid,” brachyantheraoside As,*® yemuoside YM;,”
yemuoside YM,,”® brachyantheraoside A,,*® brachyantheraoside
A, brachyantheraoside Bo,' brachyantheraoside D;," bra-
chyanthera acid,'® brachyantheraoside B;,** brachyantheraoside
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Table 1 The NMR data of the aglycones and sugar moieties of 4 and 5 (600 MHz for H, pyridine-ds; 150 MHz for **C, pyridine-ds. J in Hz)

4 5 4 5
Pos. Oy Oc Ou 0c Pos. On 0c Ou 0c
1 0.95, 1.46 39.3  0.92,1.47 39.3 3-ara (inner) 3-ara (inner) 3-ara (inner) 3-ara (inner)
2 1.86, 2.09 26.9 1.79,2.00 269 1 4.92,d (5.2) 105.0 4.96,d (4.7) 104.7
3 3.31,dd 88.6 3.28, dd 88.6 2/ 4.14 74.9 4.50 72.5
(11.5, 3.7) (11.7,4.1)
4 40.1 39.9 3 4.28 81.3 4.63 74.7
5 0.84 56.3 0.77 56.2 4 4.46 68.4 4.37 79.0
6 1.31, 1.47 18.8 1.31, 1.44 18.8 5/ 3.97, 4.26 65.2 4.35, 4.49 62.9
7 1.30, 1.50 33.5 1.31, 1.47 33.4 6’ 4.92,d (5.2)
8 39.9 40.2 3-ara’ (middle) 3-ara’ (middle) 3-ara’ (middle) 3-ara’ (middle)
9 1.62,d (6.2) 484 1.60 483 1" 4.97,d (6.7) 104.9 5.09, d (6.2) 104.3
10 37.4 37.3 2/ 4.36 73.1 4.50 75.5
11 1.86, 2.00 241 2.10,2.15 23.8 3" 4.62 74.3 4.20 (1H, m) 74.3
12 5.49 123.3 5.44, brs 123.5 4" 4.37 79.4 4.38 68.9
13 144.6 143.8 5" 3.78, 4.47 66.4 3.78, 4.36 66.4
14 42.5 42.4 6"
15 1.21, 2.00 28.7  1.16,2.32 28.6 3-ara” (terminal)  3-ara” (terminal)  3-rha 3-rha
16 2.04, 2.16 24.2 1.60, 1.85 24.1 1" 5.00, d (7.4) 107.7 6.02 102.4
17 47.4 47.7 2" 4.46 73.4 4.58, dd (9.3, 3.1) 72.9
18 3.25,dd 48.3 3.13, dd 47.8 3" 4.63 75.1 4.72 72.7
(13.3, 4.4) (13.3, 4.8)
19 2.16, 2.27 42.4 2.17,2.56 42.0 4" 4.25 70.5 4.12 74.2
20 149.7 148.7 5" 3.73, 4.26 67.8 4.53 70.6
21 2.18, 2.28 30.3  2.07,2.19 300 6" 1.65, d (6.2) 18.9
22 1.96, 2.10 38.8  1.74,2.00 38.0 3-rha 3-rha 28-glc (inner) 28-glc (inner)
23 1.21, s 28.4 1.17 28.5 1" 6.07 102.5 6.24, d, (8.2) 96.1
24 1.09, s 17.3 1.08 17.3 2" 4.57 72.8 4.12 74.2
25 0.81, s 15.9  0.87 16.0 3" 4.73 73.0 4.37 79.0
26 0.96, s 17.9  1.09 17.8 4" 4.27 7441 4.22 71.8
27 1.28, s 265 1.24 26.3 5" 4.23 70.1 4.08 78.2
28 4.76, 4.81 180.0 176.1 6" 1.63, d (6.2) 19.0 4.33, 4.70 69.8
29 107.5  4.73, brs, 107.6 28-glc’ (terminal)  28-glc’ (terminal)
4.66, brs
30 1" 5.03, d (7.5) 105.7
2" 4.03 75.5
3" 4.20 78.8
4" 4.33 71.2
5" 3.89 78.7
6" 3.81, 4.31 64.5
-COCH,

Bs,"® brachyantheraoside C,, brachyantheraoside B;,** bra-
chyantheraoside Bg,*
acid B."®

eupteleasaponin VIIL,** brachyanthera

Virtual screening and glutaminase assay

The structure-based virtual ligand screening was showed in
Table 2. There were eight compounds exhibited inhibitory
activity towards KGA (mf Score values: —233 to —167; KGA ICs,
values: 95.04 to 6.10) to varying degrees and the others had no
activity. Comp. 5 was the highest binding affinity to KGA with
the most negative free binding energy (mf Score value = —233).
The mf Score values of 12 and 13 were —21 and —59, which
represented low binding affinities to KGA. In the enzyme inhi-
bition assay, three compounds, 1, 4, 5, expressed significant
inhibitory effects to KGA, with the ICs, values of 10.97, 15.38,
and 6.10, respectively.

52536 | RSC Adv., 2017, 7, 52533-52542

Cell experiments

The cytotoxic activities of eight compounds, which exhibited
better effects from virtual screening and glutaminase assay,
were further evaluated on three different human tumour cell
lines that were all KGA over expressed (HCC1806, MD-MB-231,
SW1990 cell lines) (American Type Culture Collection, Rock-
ville, MD, USA) employing MTT assay (Table 2). It could be
found that 1, 4, and 5 could decrease the cells viabilities in
different degree. Among them, 5 expressed stronger antitumor
activity, especially for HCC1806 cell (IC5, value = 24.94 uM). As
a result, it was selected to perform the following test to confirm
its inhibitory effect on KGA.

The effects of 5 on HCC1806 cells migratory ability were
evaluated using a wound healing assay. Wound healing rates
of four kinds of drug concentration (0, 10, 20, 30 pM)
were 84.93%, 57.89%, 47.65%, and 22.82%, respectively,

This journal is © The Royal Society of Chemistry 2017
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R;=-D-glucopyranosyl-(1—3)-a-L-rhamnopyranosyl-(1—2)-a-L-arabinopyranosyl

R,=H

2 R;=a-L-rhamnopyranosyl-(1—3)-a-L-arabinopyranosyl-(1—3)-[ -D-xylopyranosyl-(1—2)]-a-L-arabinopyranosyl
Ry=a-L-rhamnopyranosyl-(1—4)-3-D-glucopyranosyl-(1—6)-3-D-glucopyranosyl

3 R;=a-L-arabinopyranosyl
R,=p-D-glucopyranosyl-(1—6)-4-D-glucopyranosyl

4 R;=a-L-arabinopyranosyl-(1—4)-a-L-arabinopyranosyl-(1—3)-a-L-arabinopyranosyl-[ @-L-rhamnopyranosyl-(1-2)]
Ry=H

5 R;=a-L-thamnopyranosyl-(1—2)-a-L-arabinopyranosyl-(1—4)-a-L-arabinopyranosyl
R,=p-D-glucopyranosyl-(1—6)-3-D-glucopyranosyl

6 R;=a-L-arabinopyranosyl-(1—3)-a-L-arabinopyranosyl
Ry=a-L-rhamnopyranosyl-(1—4)-S-D-glucopyranosyl-(1—6)-b—D-glucopyranosyl

7 R;=OH
R,=a-L-rhamnopyranosyl-(1—4)-3-D-glucopyranosyl-(1—6)-3-D-glucopyranosyl

8 R;=a-L-arabinopyranosyl-(1—4)-a-L-arabinopyranosyl-(1—3)-a-L-arabinopyranosyl

Ry=a-L-rhamnopyranosyl-(1—4)--D-glucopyranosyl-(1—6)--D-glucopyranosyl

9 R;=a-L-arabinopyranosyl-(1—3)-[ a-L-rhamnopyranosyl-(1—2)]--D-glucopyranosyl

Ry=R;=R¢=CH; Rs=CH,OH R,=R;=Rg=H

10 R;=p-D-glucopyranosyl-O
R;=R,=R,=H  R=R¢=CH; Rs=COOH Rg=OH

11 R;=R,=H R4=R¢=CH; R3=CH,OH Rs=COOH  R;=Rg=OH

12 R4 =p-L-fucopyranosyl-(1-2)-[ @-L-arabinopyranosyl-(1—3)]-6'-O-acetyl-3-D-glucopyranosyl-O
Ry=R¢=CH; Rs=OH R;=R,;=R;=Rg=H

13 R4=6"-O-acetyl-S-D-glucopyranosyl-O
R3;=R¢=CH; Rs=CH,0H R;=R,=R;=R¢=H

14 R,=a-L-rhamnopyranosyl-(1—2)-a-L-arabinopyranosyl
R,=a-L-rhamnopyranosyl-(1—4)--D-glucopyranosyl-(1—6)-3-D-glucopyranosyl

Ry=R,=CH; Rs=CH,0H Rg=R,=Rg=H
15 R;=a-L-arabinopyranosyl-(1—3)-S-D-glucopyranosyl-O
R;=R¢=CH; Rs=OH R=R,=R;=Rg=H
16 R4=p-D-fucopyranosyl-(1—2)-6'-O-acetyl--D-glucopyranosyl-O
R;=R¢=CH; Rs=CH,OH R;=R,=R;=Rg=H
17 Rs=p-D-glucopyranosyl-O
R4=R¢=CH; Rs=CH,0H R;=R,=R,=Rg=H
18 R,;=R,=H Ry=R¢=CHj R4=CH,OH Rs=COOH  R;=Rg=OH

Fig. 1 The structures of 1-18 compunds.

indicating that the cell migration ability was signifi- It is well commonly accepted that the tumor invasion of
cantly inhibited when 5 (30 uM) was added to cell (Fig. 2A  basement membranes is one of the crucial steps in the complex
and B). multistep event resulting to the successful formation of
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Table 2 Predicted binding free energy and KGA enzyme in vitro and inhibitory activities of 1-18 against carcinoma cell
ICso (ULM)
No. mf Scroe (kcal mol ™) KGA ICs5, (uM) HCC1806 MD-MB-231 SW1990
1 —212 10.97 + 0.69 29.72 £1.41 27.73 £ 2.51 28.05 £ 1.10
2 —205 29.67 £ 1.21 >100 >100 >100
3 —207 32.18 £ 0.95 >100 >100 >100
4 —208 15.38 £+ 1.44 78.65 £ 2.55 97.33 £ 2.91 86.75 £ 2.49
5 —233 6.10 £+ 0.57 24.94 £ 1.43 29.23 £ 0.37 30.70 £ 1.48
6 —194 47.83 £+ 2.01 >100 >100 >100
7 —175 80.51 £ 1.30 >100 >100 >100
8 —-167 95.04 £ 2.31 >100 >100 >100
9 —-161 >100 — — —
10 —159 >100 — — —
11 —134 >100 — — —
12 -21 >100 — — —
13 -59 >100 — — —
14 —159 >100 — — —
15 —154 >100 — — —
16 —152 >100 — — —
17 —142 >100 — — —
18 —142 >100 — — —

a metastasis. Therefore, the transwell invasion assay for
HCC1806 cells was studied. Similarly, the result revealed that
the number of cell migration decreased obviously after treated
with 5 (10, 20, and 30 pM, Fig. 2C and D). Compared with
control group, inhibition ratios reached to 53.76%, 85.11%, and
96.39%, respectively, which suggested the anti-migratory
activity of 5 was in a concentration-dependent manner.

Based on the above results, annexin V and PI staining were
performed to distinguish early and late apoptotic cells. The rate
of apoptosis was increased after treatment with 5 for 48 h
(Fig. 3). The rates of apoptosis in HCC1806 cells treated with 10,
20, and 30 uM of 5 were 1.63%, 3.53%, and 5.89%, respectively,
and were higher than the control cells (0.45%).

Meanwhile, Bcl-2 family proteins were further investigated in
HCC1806 cells to track the signal factor associated with
apoptosis. The increasing expression of Bax and decreasing
expression of Bcl-2 were found in the drug group compared with
the control group in current results. At the same time, the ratio
of Bax to Bcl-2 was also significantly enhanced (Fig. 4).

Discussion

Although surgical resection and chemotherapy can cure
restricted primary tumors, metastatic disease is largely incur-
able because of its systemic nature and the resistance of
spreading tumor cells to existing therapeutic agents. Cancer
cells have an increasing reliance on glycolysis for their bioen-
ergetic and biosynthetic requirements, which is always coupled
with an up-regulated amount of KGA.*>** This is because
glutamine can make meets to tumor cells. Whereas, one vital
step in the utilization of glutamine is its transformation to
glutamate by the mitochondrial enzyme, glutaminase KGA.
Suppression of the broadly expressed KGA with inhibitors can
be a potential method to kill tumors. Plant-based agents have
played an important role in the treatment of cancers and

52538 | RSC Adv., 2017, 7, 52533-52542

natural products have been considered to be an important
source for antitumor drug discovery and development.**
Therefore, it's essential to seek a natural KGA inhibitor.

In this study, a series of nor-oleanane triterpenoids was
screened via structure-based virtual ligand. It could be found
that the mf Score values of nor-oleanane triterpenoid saponins
were much lower than those of others. That's to say, nor-
oleanane triterpenoid saponins had potential inhibitory
activity to KGA. On the other hand, it could be considered that
acetyl might be the most suspicious functional groups, which
made 12 and 13 with low mf Score values. The enzyme inhi-
bition experiments and cell assays further confirmed inhibi-
tory effects of nor-oleanane triterpenoid saponins on KGA,
showing that they could be potent inhibitors of KGA and
might be used as leading compounds to develop new anti-
tumor agents. In the glutaminase assay, various of nor-
oleanane triterpenoids had demonstrated different levels of
inhibitory to KGA. However, when the double bond in C-29
was replaced by hydroxyl, the inhibitory effects will decrease
dramatically, which were also found in the cytotoxicity assay,
indicating the importance of substitution of a double bond in
C-29 to the effect.

The inhibitory effects of compounds against HCC1806, MD-
MB-231, SW1990, cells were further investigated using MTT
method. These three kinds of cells were inducing over-
expression of KGA, so they were chosen to judge the correla-
tion of compounds towards KGA. HCC1806 cell activity was
severely inhibited by 5 with the ICs, value of 6.10 uM. Further
study verified that 5 exerted robust cytotoxic effects in three
cells, as evidenced by the reduction in cell viability, inhibition of
cell colonization and migratory abilities. The migration and
invasive abilities of cancer are the initial steps for tumor
metastasis. From Fig. 2 and 3, compared with control group,
wound healing rate was slowed to 22.82%, and inhibition ratio
reached to 96.39%, respectively, which obviously indicated that

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Effect of brachyantheraoside Ag (5) on HCC1806 cell migration and invasion. (A) Comp. 5 inhibited HCC1806 cells migration. (B) The
migration ability in HCC1806 cells treated with 5 were analyzed by wound healing assay. (C) Microscope images of invading HCC1806 cells that
have migrated through the Matrigel induced by 0, 10, 20, and 30 uM of 5. (D) Cell invasion assay result of 5 against HCC1806 cells. *P < 0.05

represents significant differences compared with control.

5 (30 uM) significantly suppressed the migration and invasion
of HCC1806 cells in vitro.

Previous studies have shown that tumorigenesis is associ-
ated with malfunction of cell apoptosis.** However, apoptosis is
one of the critical mechanisms of the anti-tumor agents. It had
been also observed that the apoptosis rate increased in a dose-
dependent manner in the HCC1806 cell lines after 5 was added.
Tumor cell apoptosis has been regulated by a series of

This journal is © The Royal Society of Chemistry 2017

apoptosis-related proteins. Bcl-2 family proteins play an
important role in the regulation of the mitochondria-mediated
pathway of apoptosis. Bcl-2 family proteins include anti-
apoptotic such as Bcl-2 and Bclxl and proapoptotic proteins
containing Bax and Bid. Bax and Bcl-2 are the major factors that
control the apoptosis.*® The ratio of Bax to Bcl-2 was signifi-
cantly enhanced from Fig. 3. The results indicated that 5-
induced cell death is under control of Bax/Bcl-2.

RSC Adv., 2017, 7, 52533-52542 | 52539
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Fig. 4 Western blot analysis of Bcl-2 and Bax in HCC1806 cell treated with different concentration of 5 for 48 h. B-actin was used as internal

control.

In summary, brachyantheraoside Ag (5) significantly
inhibited the growth of HCC1806 cell and induced apoptosis
through the modulating Bax/Bcl-2 ratio in a dose-dependent
manner. Thus, comp. 5 might be an effective drug against
HCC1806, and further investigation including in vivo evalua-
tion need to be carried out. In the current, breast cancer and
pancreatic cancer threatened human health all the time.

52540 | RSC Adv., 2017, 7, 52533-52542

Therefore, this studies contributed to the development of
human health.
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