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Hepatocellular carcinoma (HCC), the most common malignancy of the liver,
exhibits high recurrence and metastasis. Structural modifications of natural
products are crucial resources of antitumor drugs. This study aimed to
synthesize C-14 derivatives of tetrandrine and evaluate their effects on HCC.
Forty C-14 sulfonate tetrandrine derivatives were synthesized and their in vitro
antiproliferative was evaluated against four hepatoma (HepG-2, SMMC-7721,
QGY-7701, and SK-Hep-1) cell lines. For all tested cells, most of the modified
compounds were more active than the lead compound, tetrandrine. In
particular, 14-O-(5-chlorothiophene-2-sulfonyl)-tetrandrine (33) exhibited
the strongest antiproliferative effect, with half-maximal inhibitory
concentration values of 1.65, 2.89, 1.77, and 2.41 uM for the four hepatoma
cell lines, respectively. Moreover, 33 was found to induce apoptosis via a
mitochondria-mediated intrinsic pathway via flow cytometry and western
blotting analysis. In addition, colony formation, wound healing, and transwell
assays demonstrated that 33 significantly inhibited HepG-2 and SMMC-7721
cell proliferation, migration, and invasion, indicating that it might potentially be a
candidate for an anti-HCC therapy in the future.
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1 Introduction

Liver cancer exhibits the second highest mortality rate among
all cancers worldwide (Sung et al., 2021; Siegel et al., 2022).
Hepatocellular carcinoma (HCC) accounts for >90% of all liver
cancer cases. According to the treatment guidelines, liver
resection and transplantation are recommended for early
stage, and chemotherapy and radiofrequency ablation are
recommended for advanced stage patients with HCC (Liu C.
et al., 2015; Dimitroulis et al., 2017). Currently, the commonly
used liver cancer treatment drugs in clinical practice include
chemotherapy  drugs  (5-fluorouracil, oxaliplatin, and
doxorubicin) and targeted drugs (sorafenib and lenvatinib)
(Kim et al, 2017). Despite remarkable progress in the
treatment of HCC with chemotherapy and targeted therapy,
numerous patients experience relapse, toxic side effects, and
drug resistance (Anwanwan et al, 2020). In addition, high
cost of targeted drugs imposes a heavy burden on patients
with HCC. Therefore, it is necessary to develop new, effective,
and inexpensive anti-HCC drugs. Natural small-molecular
their

functional diversities. They are important sources for new

compounds are characterized by structural and
drug development (Rishton, 2008). A significant proportion of
commonly used clinical drugs is derived directly or indirectly
from natural compounds. Drugs derived from natural products
and their derivatives have accounted for 10% and 23% of the total
global small-molecule antitumor drugs, respectively, in the past
30 years (Newman and Cragg, 2020). Natural products remain
one of the most promising avenues for future antitumor drug
development.
Tetrandrine, isolated and identified from Stephania
tetrandra Moore in the 1930s, is an alkaloid consisting of
two benzylisoquinoline fragments coupled by two ether
bonds to form an irregular eighteen-membered ring (Bhagya
and Chandrashekar, 2016). It is a potential bioactive molecule
with anticancer (Bhagya and Chandrashekar, 2022), anti-
inflammatory (Gao et al, 2016), antioxidant (Shi et al,
1995), (Yi et 2022),

pharmacological properties (Heister and Poston, 2020).

antibacterial al, and other
Studies have shown that tetrandrine can induce tumor cell
apoptosis for its antitumor effects, including reactive oxygen
species activation (Lin et al., 2016), inhibition of the AKT/
forkhead box O3a signaling pathway (Zhang et al., 2015) and
signal transducer and activator of transcription three
phosphorylation (Ma et al., 2015). Owing to its excellent
antitumor activities, many researchers have focused their
efforts on the structural modifications of tetrandrine to
discover new antitumor drug candidates. The structural
modification of tetrandrine is mainly focused on two sites,
C-5 and C-14, and the antitumor activity of some derivatives
can be enhanced by introducing halogens and alkyl groups at
these positions (Wu et al., 2013; Wei et al., 2016). The same

effect can be achieved by converting tertiary amine nitrogen to
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quaternary amine nitrogen to form quaternary salts at these two
sites (Li et al., 2017).

Previously, our group synthesized a series of C-14 tetrandrine
derivatives with substituents, including urea, thiourea, and amide
fragments. In vitro screening for antitumor activity revealed that
these compounds showed favorable inhibitory effects on various
tumor cell lines, including HCC (MHCC97L and PLC/PRF/5)
(Lan et al., 2017), leukemia (HEL and K562), breast cancer
(MDA-MB-231), prostate cancer (PC3), and melanoma
(WM9) (Lan et al, 2018; Song et al, 2018) cell lines.
However, all the active compounds we synthesized were
structurally derived from Cl4-amino-tetrandrine. Despite their
potential as anticancer agents, these derivatives had low
bioavailability and poor water solubility, which limited their
further development. Therefore, we hope to change these
adverse situations by modifying the C-14 substitutions.
Sulfonyl groups are generally known for their stable structure
and high polarity. The introduction of sulfonyl groups could
reduce the pKa value and increase the bioavailability of the target
derivatives while changing their biological activities (Jamieson
et al, 2006). In addition, sulfonyl groups can provide two
hydrogen bond acceptors, which is beneficial for enhancing
ligand-protein interaction. Recently, Gao et al. reported that
C7-O-sulfonate-d-tetrandrine
anticancer properties in human lung cancer cells in vitro (Gao
et al.,, 2021).

Encouraged by the findings of our earlier research and

derivatives showed potential

relevant literature, we kept working to modify the C-14
position of tetrandrine to develop novel anti-HCC drug
candidates. In this study, we designed and synthesized a series
of sulfonate-substituted tetrandrine derivatives and evaluated
their proliferative inhibitory effects on HepG-2, SMMC-7721,
QGY-7701, and SK-Hep-1 HCC cell lines. Derivative 33 showed
a significantly higher anti-HCC activity compared to tetrandrine.
We also performed a preliminary study to investigate the
probable anticancer mechanism of 33.

2 Materials and methods
2.1 Chemistry

2.1.1 General information

Tetrandrine (purity >98%) was purchased from Nanjing
Jingzhu Biotechnology Co., Ltd. (Nanjing, China). All reagents
and solvents were sourced from commercial companies, Adamas
(Shanghai, China) and Energy & Chemical (Shanghai, China),
and used without additional purification unless otherwise stated.
Anhydrous dichloromethane (DCM) was dried over calcium
hydride prior to distillation under an argon atmosphere.
Column chromatograph was filled with 300-400 mesh silica
gel (Qingdao Marine Chemical Co., Ltd, Qingdao, China) and
eluted using a mixture of dichloromethane, methanol, and
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diethylamine. Thin layer chromatography (TLC; 0.25 mmy
GF254; Qingdao Marine Chemical Co., Ltd, Qingdao, China)
was used to monitor the reactions, and UV light (254 nm) or 10%
phosphomolybdic acid/ethanol was used for visualization.
Bruker AVANCE IIT 600 MHz spectrometers (Bruker Biospin,
Billerica, United States) were used to collect the nuclear magnetic
resonance (NMR) spectra (‘H, C, and '°F). High-resolution
mass spectra were obtained using Thermo Scientific Q Exactive
Focus (Thermo Scientific Q Exactive Focus). Melting points were
determined using a WRX-4 micro melting point instrument
(Tansoole, Shanghai, China).

2.2 Methods of synthesis

2.2.1 Synthesis procedure for the preparation of
C14-nitro-tetrandrine (M1)

Concentrated nitric acid (68%, 7 ml, 56 mmol) was added
dropwise to acetic anhydride (10 ml, 105.6 mmol) at 0°C to
obtain a mixed acid. Then, the mixed acid (15 ml) was slowly
added to a solution of tetrandrine (5 g, 8.03 mmol) in DCM
(25 ml) at 0°C. The reaction was monitored via TLC every
10 min until completion. The reaction was quenched with
saturated aqueous sodium bicarbonate and extracted with
DCM (3 ml x 300 ml). Anhydrous sodium sulfate was used
to dry the combined organic fractions, which was followed by
filtration and vacuum concentration. Cl4-nitro-tetrandrine
was obtained via silica gel column chromatography using
DCM/MeOH (50/1 v/v, 0.5% DEA). Light yellow
amorphous solid (95% vyield, purity >95%, HPLC). Mp:
176.2°C. '"H-NMR (600 MHz, CDCl3) 68: 7.41 (s, 1H), 7.37
(dd,J=8.4,2.4Hz,1H),7.12(dd, J=8.4,2.4 Hz, 1H), 6.77 (dd,
] =8.4,2.4 Hz, 1H), 6.54 (s, 1H), 6.52 (s, 1H), 6.30-6.28 (2H,
m), 5.98 (s, 1H), 3.98 (s, 3H), 3.90 (dd, J = 10.8, 6.0 Hz, 1H),
3.75 (s, 3H), 3.66 (dd, J = 13.8, 10.8 Hz, 1H), 3.50 (d, J =
10.8 Hz, 1H), 3.45-3.40 (m, 1H), 3.37 (s, 3H), 3.30-3.23 (m,
2H), 3.18 (s, 3H), 2.98-2.92 (m, 1H), 2.90-2.82 (m, 3H),
2.76-2.68 (m, 2H),2.63 (s, 3H), 2.54 (dd, J = 13.2, 1.8 Hz,
1H), 2.33 (dd, ] = 16.8, 4.8 Hz, 1H), 2.21 (s, 3H) ppm. "*C-
NMR (CDCl;, 150 MHz) §: 152.4, 152.2, 151.5, 148.7, 148.3,
146.6, 144.3, 143.6, 137.6, 136.5, 133.1, 130.5, 130.5, 129.0,
128.2, 127.8, 121.6, 121.5, 121.4, 119.9, 117.3, 112.6, 108.3,
105.9, 63.7, 61.8, 60.4, 56.4, 55.8, 55.8, 45.4, 43.3, 42.7, 41.6,
38.0,36.9,25.4,21.6 ppm. HRESI-MS: m/z 668.2987 [M + H]*,
calculated for C33H4,N30g: 668.2966.

2.2.2 Synthesis procedure for the preparation of
C14-amino-tetrandrine (M2)

To a solution of Cl14-nitro-tetrandrine (5g, 7.5 mmol) in
methanol was added palladium 5% on carbon (200 mg, wet
with ca. 55% water), and the mixture was heated to 80°C under
the protection of argon. Hydrazine hydrate (85%, 12.5 ml,
37.5 mmol) was added and the reaction mixture was stirred
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for 60 min. After complete conversion, the palladium on
carbon was filtered through cotton and methanol was
removed in vacuo. The residue was dissolved in DCM,
washed with saturated sodium chloride solution (3 ml x
200 ml), and dried over anhydrous sodium sulfate. The
organic fractions were then concentrated in vacuo, and
Cl4-amino-tetrandrine was obtained via silica gel column
chromatography using DCM/MeOH (30/1 v/v, 2% DEA).
White amorphous solid (93% yield, purity >95%, HPLC).
Mp: 164.7°C. 'H-NMR (600 MHz, CDCl;) &: 7.28-7.27
(m,1H), 7.18 (dd, J = 8.4, 2.4 Hz, 1H), 6.60 (dd, J = 8.4,
2.4 Hz, 1H), 6.50 (s, 1H), 6.46 (s, 1H), 6.31 (s, 1H), 6.29 (s,
1H), 6.12 (dd, ] = 8.4, 2.4 Hz, 1H), 5.87 (s, 1H), 3.95 (d, ] =
9.0 Hz, 1H), 3.88 (s, 3H), 3.77 (dd, ] = 11.4, 5.4 Hz, 1H), 3.74
(s, 3H), 3.68-3.62 (m, 1H), 3.46-3.41 (m, 1H), 3.34 (s, 3H),
3.21(dd, J = 12.6, 5.4 Hz, 1H), 3.11 (s, 3H), 3.05 (dd, J = 14.4,
9.0 Hz, 1H), 2.94-2.83 (m, 4H), 2.74 (t, J = 11.4 Hz, 1H),
2.67-2.65 (m, 1H), 2.59 (s, 3H), 2.42 (s, 3H), and 2.39-2.33 (m,
2H) ppm. *C-NMR (CDCls, 150 MHz) &: 156.7, 151.8, 149.5,
148.8, 148.6, 144.4, 142.1, 141.0, 138.2, 133.4, 132.7, 129.4,
128.3, 127.9, 127.5, 122.8, 122.2, 121.5, 121.0, 120.6, 120.4,
112.4,105.9, 100.7, 64.4, 61.7, 60.0, 56.3, 55.7, 55.6, 45.1, 43 .4,
42.5, 41.0, 40.1, 39.0, 24.8, 20.7 ppm. HRESI-MS: m/z
638.3225 [M + H]", calculated for C33H 4N3O4: 638.3245.

2.2.3 Synthesis procedure for the preparation of
C14-hydroxyl-tetrandrine (M3)

To a solution of Cl4-amino-tetrandrine (10 mmol,
1.0 equiv.) in H2SO4 (2M, 50 ml), NaNO2 (10.5 mmol,
1.05 eq) was slowly added to prepare diazo salt at 0°C. The
reaction was monitored using a potassium iodide starch test
paper until the reaction was complete. Fresh diazo salt was
slowly dropped into H2S04 (10 M, 50 ml) at 110°C, monitored
via TLC, and the reaction was completed in 30 min. Excess
H2S04 was neutralized with 20% NaOH in an ice-water bath,
and the pH was adjusted to 8 and 9. The aqueous phase was
extracted thrice with DCM, and the organic phase was
combined and washed thrice with water. The organic phase
was recovered via dehydration and drying with anhydrous
sodium sulfate, filtered, and concentrated under reduced
pressure. Cl4-hydroxyl-tetrandrine was obtained via silica
gel column chromatography using DCM/MeOH (50/1 v/v,
0.5% DEA). White amorphous solid (61% yield,
purity >95%, HPLC). Mp: 216.9°C. 'H-NMR (600 MHz,
CDCLy) &: 12.54 (s, 1H), 7.28 (dd, J = 8.4, 2.4 Hz, 1H), 7.20
(dd, J = 8.4, 2.4 Hz, 1H), 6.57 (dd, ] = 8.4, 2.4 Hz, 1H), 6.53 (s,
1H), 6.48 (s, 1H), 6.37 (s, 1H), 6.31 (s, 1H), 6.15 (dd, J = 8.4,
2.4 Hz, 1H), 5.90 (s, 1H), 3.92 (d, J = 9.6 Hz, 1H), 3.89 (s, 3H),
3.77-3.74 (m, 4H), 3.64-3.58 (m, 3H), 3.48-3.43 (m, 1H), 3.39
(s,3H),3.22(dd, J=12.6,5.4 Hz, 1H), 3.14 (s, 3H), 3.08 (dd, ] =
14.4, 9.6 Hz, 1H), 3.02-2.84 (m, 4H), 2.76 (t, ] = 12.0 Hz, 1H),
2.72-2.68 (m, 1H), 2.58 (s, 3H), 2.49 (s, 3H), 2.48-2.42 (m, 2H)
ppm. *C-NMR (CDCl;, 150 MHz) §: 157.3, 152.5, 152.2, 149.2,
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149.0, 148.6, 143.7, 141.9, 138.0, 133.5, 132.8, 129.3, 128.5,
127.8, 126.9, 121.6, 121.1, 120.9, 120.7, 120.1, 119.8, 112.2,
105.5, 101.6, 64.5, 61.4, 60.3, 56.2, 55.8, 55.5, 53.4, 45.1, 42.9,
42.5, 40.3, 39.7, 39.0, 24.7, 20.6 ppm. HRESI-MS: m/z
639.3062 [M + HJ*, calculated for C3gH,43N,0,: 639.3065.

2.2.4 General procedure for the preparation of
C14-0O-sulfonyl-tetrandrine derivatives 1-40
C14-hydroxyl-tetrandrine (0.079 mmol, 1.0 equiv.), 1-ethyl-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI,
0.1185 mmol, 1.5 equiv.),
(DMAP, 0.0158 mmol, 0.2
anhydrous DCM (2 ml) under an argon atmosphere, and the

and 4-dimethylaminopyridine
equiv.) were dissolved in
mixture was cooled to 0°C. Sulfonyl chloride (0.1185 mmol,
1.5 equiv.) was slowly added at this temperature, and the
reaction mixture was stirred for 30 min. Then, the reaction
mixture was warmed to 25°C and stirred for 16h. The
reaction was quenched by the addition of iced water (5 ml).
Subsequently, the organic phase was recovered via dehydration
and drying with anhydrous sodium sulfate, filtered, and
concentrated under reduced pressure. The desired product
was obtained via silica gel rapid column chromatography by
purification of the residues from DCM/MeOH (60/1 v/v, 1%
DEA). Detailed NMR ('H, ’C, and '°F) and high-resolution mass
spectrometry data for 40 tetrandrine derivatives can be found in
Supplementary Material.

2.3 Biology assays

2.3.1 Cell cultures

All HCC cell lines (HepG-2, SMMC-7721, SK-Hep-1, and
QGY-7701) were acquired from Procell Life Science &
Technology Co., Ltd. (Wuhan, China). All cell lines were
grown in 10% fetal bovine serum (FBS) Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, United States) supplemented
with streptomycin and penicillin (Solarbio, Beijing, China) in a
humidified 5% CO?2 incubator at 37°C.

2.3.2 Cell viability assay

A 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was conducted to determine the half-
maximal inhibitory concentration (ICsy) values of HepG-2,
SMMC-7721, SK-Hep-1, and QGY-7701
logarithmic-growing cell lines were seeded in a 96-well culture
plate at 5,000 cells/well and allowed to adhere for 12 h before the
test drug was added. The cells were treated without or with
different concentrations (0.625, 1.25, 2.5, 5, 10, and 20 pM) of
compounds for 48 h, after which 20 pL of MTT reagent was
added to each well and incubated for further 4 h at 37°C. The
medium in the 96-well plate was discarded, formazan crystals

cells.  Four

were dissolved in dimethyl sulfoxide (150 uL), and the resulting
solution was evaluated for absorbance at 490 nm.
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2.3.3 Colony formation assay

HepG-2 and SMCC-7721 (1.0 x 10°) cells were inoculated
into a six-well plate and treated with different concentrations
(0, 1, 2, and 4uM) of 33. It was incubated at 37°C for
2-3 weeks with 5% CO2 and saturated humidity and
removed when macroscopic clones were formed on the
the of the
supernatant, the cells were washed twice with phosphate-

plate. Immediately following removal
buffered saline (PBS), and paraformaldehyde (Servicebio,
Wuhan, China) fixation was performed for 15 min. After
staining with 0.1% crystal violet for 5min at room
colonies visualized under a light

temperature, were

microscope (x4 magnification).

2.3.4 Wound healing assay

HepG-2 and SMMC-7721 cells were inoculated in a six-well
plate and grown until a confluent monolayer was observed. The
cells were serum-starved overnight before treatment with a
200 uL spearhead to create a wound in a monolayer cell. The
debris was removed by washing with PBS, and fresh low-serum
(2% FBS) DMEM was replaced with 33 (0, 1, 2, and 4 uM).
Wound closure images were obtained using an optical
microscope from 0 to 48 h.

2.3.5 Transwell assay

Cultured HepG-2 and SMMC-7721 cells were resuspended
in the upper transwell chamber with Matrigel membrane at a
density of 5 x 10*/well with 400 pL serum-free DMEM, and the
lower transwell chamber was filled with 600 uL of DMEM with
10% FBS. The two cell lines were then treated with different
concentrations (0, 1, 2, and 4 uM) of 33. After 48 h, the cells
migrating to the bottom of the insertion membrane were fixed
and stained with 0.5% crystal violet for 20 min. Finally, using an
inverted microscope, photographs of the invasive cells were
taken.

2.3.6 Flow cytometry analysis

Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis assay kit from Absin (Shanghai, China)
was used to measure the number of apoptotic cells. HepG-2 and
SMMC-7721 cells in the six-well plate were treated with different
concentrations (0, 1, 2, and 4 uM) of compound 33. After 24 h
incubation, the cells were washed thrice with PBS and stained
with PI and Annexin V-FITC after 24 h. The results were
determined using an Agilent Technologies flow cytometer
(Agilent, United States) and analyzed using NovoExpress
(version 1.6.0).

2.3.7 Western blotting

Total proteins in HepG-2 and SMMC-7721 cells were
extracted using a radioimmunoassay precipitation lysis
buffer containing 1% phenylmethylsulfonyl fluoride lysis
Wuhan, China).

buffer (Servicebio, Bicinchoninic acid
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Tetrandrine

OMe

M3

SCHEME 1

10.3389/fchem.2022.1107824

OMe

C14-0-Sulfonyl-Tetrandrine Derivatives
(1-40)

General synthetic route of tetrandrine derivatives. (i) Mixed acid HNOs: (CH3CO),0O = 3:5, v/v), CH,Cl,, 0°C, 45 min (i) Pd/C (10%), NoH4-H,0,
MeOH, 80°C, 1 h (iii) 1) 2 M H,SO4, NaNO,, 0°C, 10 min; 2) 10 M H,SOy, 110°C, 1 h (iv) Sulfonyl chloride (RSO2Cl), 1-ethyl-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDCI), 4-dimethylaminopyridine (DMAP), CH2CI2, 0°C, 8 h.

(Solarbio, Beijing, China) protein assay was used to determine
the protein concentrations of the samples. Proteins were
separated using 10% sodium dodecyl sulfate-polyacrylamide
gel Wuhan, China)
transferred onto polyvinylidene difluoride membranes
(Thermo Scientific, United States). The membrane was

electrophoresis  (Servicebio, and

blocked with 5% skimmed milk powder, primary antibodies
were added, and overnight incubation was carried out at 4°C.
The primary antibodies used were Bcl-2-associated X (Bax),
cell lymphoma-2 (Bcl-2), caspase-3, cytochrome C, and anti-
The
membrane was further incubated with the secondary

glyceraldehyde 3-phosphate dehydrogenase.
antibody at room temperature, followed by washing with
PBS. A Bio-Rad ECL chemiluminescence staining kit (Bio-
Rad) was used to visualize the protein bands and determine

their density.

2.4 Statistical analysis

All experimental data were reported as the mean value of
three independent experiments plus the standard error of
GraphPad
Differences

mean  and  analyzed Prism
8.0.2). the

experimental and control groups were analyzed using one-

using

software  (version between

way analysis of variance. p < 0.05 was considered to be
statistically significant.
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3 Results and discussion
3.1 Synthesis of tetrandrine derivatives

In this study, we focused on the design and synthesis of
tetrandrine derivatives with sulfonic acid esters substitution at
C-14 and explored their biological activities against four HCC cell
lines. As shown in Scheme 1, 40 derivatives of tetrandrine were
synthesized. The benzene ring of tetrandrine contains multiple
methoxy groups, making it electron rich and prone to electrophilic
reactions. First, selective Cl4-nitrification of tetrandrine was
performed by mixing the concentrated nitric acid and acetic
anhydride at 0°C to form a nitro derivative of tetrandrine (M1).
Then, rapid and highly efficient reduction of M1 to M2 was
achieved in methanol using hydrazine hydrate as the reducing
agent and palladium carbon as the catalyst. Subsequently, M3 was
derived from M2 via oxidative hydrolysis of diazo salts
intermediate. M3 was then reacted with sulfonyl chloride,
EDCI, and DMAP to give Cl4-sulfonyl-tetrandrine derivative
in good to moderate yields (29%-89%).

3.2 Biological evaluation
3.2.1 In vitro anticancer activity

Antitumor activity was evaluated using MTT assay for the
synthetic tetrandrine derivatives (1-40) against four human
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TABLE 1 Cytotoxic activity of the ined compounds against HepG2, Sk-Hep-1, SMMC-7721, QGY-7701 cells.
ICso (uM)
SK-Hep-1 SMMC-7721 QGY-7701
1 L 76.4 520 + 0.08 3.66 + 0.17 4.14 £ 0.09 6.15 + 0.24
Qy}s
o
2 $+ 70.5 3.02 + 0.08 8.69 + 0.27 6.03 + 0.14 12.64 £ 0.65
i:f (e}
o
3 Qégf 88.9 5.05 + 0.08 3.19 + 0.06 464 +0.11 6.25 + 031
-
Q
4 Qﬁ— 84.4 470 £ 0.15 2.92 +0.13 4.95 + 0.08 5.86 + 0.15
p o
o
5 r Ly 65.2 11.39 + 0.36 10.08 + 0.41 8.26 + 0.09 15.97 £ 0.39
Qé;
Q
6 Q§'§* 79.1 536 + 0.13 3.08 + 0.12 5.03 +0.13 6.08 + 0.17
Cl °
o
7 Qgg— 85.8 3.67 + 0.09 2.866 + 0.06 3436 + 0.13 6.25 + 0.14
Cl °©
o
8 o Ly 65.7 533 + 0.12 3.05 + 0.13 464 £ 0.12 9.15 + 041
Ob
o
9 Q#E’ 88.2 378 + 0.03 412 +0.09 2.802 + 0.08 642 + 0.15
Br °©
o
10 B Ly 80.9 420 + 0.09 378 +0.07 403 +0.12 891 + 025
r@ég
o]
11 & 826 4.90 + 0.20 458 + 028 554 + 021 7.79 + 024
O,N ©
o
12 o Ly 84.0 6.12 + 0.07 411 +0.14 597 +0.19 8.01 + 0.28
2 @(‘)‘E
o
13 Q#g— 86.9 8.62 + 033 3.86 + 0.09 311 + 0.06 561 +0.17
NC °
o
14 Ne iy 6.8 548 + 0.19 3.92 +0.11 510 + 0.13 7.50 + 0.18
@65
e}
15 Q%;, 725 3.17 + 0.09 477 + 023 843 + 0.17 5.68 + 0.11
ery
o]
16 Q%;, 79.5 351 + 007 333 +0.17 417 + 0.10 527 + 022
CFs °
[e]
17 oF hes 74.4 327 + 0.09 3.09 + 0.08 313 £ 0.10 13.93 £ 0.33
3665

(Continued on following page)
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TABLE 1 (Continued) Cytotoxic activity of the examined compounds against HepG2, Sk-Hep-1, SMMC-7721, QGY-7701 cells.

Yield (%) ICso (UM)
SK-Hep-1 SMMC-7721 QGY-7701
18 83.6 3.58 + 0.06 10.63 + 025 483 £ 0.17 9.65 £ 0.31
£
o
19 mo—{ -8+ 812 571+ 0.11 6.58 + 027 620 +0.18 8.89 + 0.17
o
o
20 < M4 79.8 499 + 0.08 3.70 + 0.10 432 +022 6.54 + 0.13
e’ i
[o}
21 > Y3+ 73.0 3.92 % 0.11 295 +0.13 451 +0.08 5.25 £ 0.19
o
o
2 o~ s 815 8.83 + 033 321 +0.14 5.54 +0.10 8.08 + 033
O:Q Oég

o
23 c‘s‘{; 82.2 3.50 + 0.07 406 + 0.15 7.69 + 0.22 >20

o
24 %g 71.1 5.55 + 0.13 8.07 = 0.18 623 % 0.15 5.06 + 0.19
o

25 & 774 9.80 + 0.21 8.06 + 0.21 6.09 + 0.16 7.114 + 027
o]
W
Cl
26 qu 775 4.19 + 0.06 475 + 021 432 +0.25 10.49 + 0.35
L
g
Cl
Cl
27 . ;( ‘g’,;, 88.7 5.09 + 0.09 3.27 + 0.07 3.17 +0.13 6.21 +0.18
b
28 ?S%E’ 68.6 2.26 + 0.07 3.08 + 0.10 341 +0.09 449 +0.11
0
29 o 55.9 13.14 + 0.19 12.47 + 0.36 536 + 0.17 >20
St
[e]
o
30 @%g— 59.6 9.36 + 0.44 6.81 + 0.12 7.60 + 0.27 7.46 + 025
N=" 0o
o
31 o— ML 75.9 3.06 + 0.15 573 +0.10 323 +0.15 6.54 + 0.27
Qag
Q
32 Qfﬁrg— 61.8 440 + 0.22 3.08 +0.17 5.04 + 0.06 592 +0.24
o
[e]
33 /@Fg,g, 87.3 1.65 + 0.05 2.89 +0.12 1.77 + 0.05 241 + 0.08
Cl s 8
FE O
34 (AN 86.7 12.37 + 0.38 7.58 + 0.34 8.12 + 0.24 13.95 + 0.42
F o

(Continued on following page)
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TABLE 1 (Continued) Cytotoxic activity of the examined compounds against HepG2, Sk-Hep-1, SMMC-7721, QGY-7701 cells.

Yield (%) ICso (UM)
SK-Hep-1 SMMC-7721 QGY-7701
)
35 >N7%'§' 28.5 13.83 £ 0.40 345+ 0.17 11.46 + 0.54 >20
6
o
36 /7#5 88.1 10.22 + 0.34 5.78 + 0.27 9.59 + 0.24 14.62 + 0.42
6
0
37 \/\%E— 91.4 7.83 £ 0.19 5.96 = 0.25 8.75 + 0.34 1223 £ 0.27
(e}
0
38 /\/\%E— 85.6 7.54 £ 0.15 595+ 0.12 7.29 £ 0.08 12.58 + 0.56
6
o
39 %%g 80.4 11.86 + 0.55 9.00 = 0.19 8.79 £ 0.18 12.55 + 0.44
6
o) o
40 §—§ 87.3 11.56 + 0.48 12.16 £ 0.58 15.16 £ 0.57 >20
Nfb‘
o
Tet - - 9.68 + 0.24 16.01 £ 0.26 11.24 £ 0.34 1498 £ 0.11
M3 - 62.5 9.35 + 0.26 10.84 + 0.60 11.86 + 0.44 16.96 + 0.48
5-Fluorouracil - - 57.86 + 2.94 74.707 £ 2.42 82.12 + 4.61 50.84 + 1.55

Cells were treated with compounds by MTT, assay for 48 h. ICs, values are indicated as mean ICsy = SEM (uM).

HCC cell lines, namely HepG-2, Sk-Hep-1 SMMC-7721, and
QGY-7701 cell lines. 5-Fluorouracil and tetrandrine were used as
standard for positive control. As shown in Table 1, compared
with tetrandrine, 70% of the derivatives showed significant
inhibitory activity against the four HCC lines. Compound
33 was the most effective, with ICs, values of 1.65 * 0.05,
2.89 + 0.12, 1.77 £ 0.05, and 2.41 £ 0.08 uM against the four
HCC cell lines, respectively. Notably, 33 had more than 20 times
greater anti-HCC proliferation effect compared to that of 5-
fluorouracil, a commonly used anticancer drug in the clinical
setting. Therefore, 33 was chosen for further testing of its
biological activity. To verify the proliferative inhibition of
33 on hepatocellular tumors, we selected HepG-2 and SMCC-
7721 cells for the colony formation assay. From Figure 1, it can be
seen that the ability of both hepatocellular tumors to form
significantly as the concentration of
administration indicating  that 33  has
antiproliferative effects on HepG-2 and SMCC-7721 cells.
Based on the ICs, results of the above 40 derivatives, the

colonies decreases
increases,

preliminary structure-activity relationship (SAR) analysis of
Cl14-sulfonate-tetrandrine was analyzed. In this study, we
replaced sulfonyl amide with a sulfonate group for the first
time at the C-14 position of tetrandrine according to the
bioisostere principle and found that the antitumor activities of
these novel derivatives were significantly enhanced compared
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to their prototype compounds. We hypothesized that different
substituents on sulfonate groups may affect the anti-HCC
activity of compounds. However, the replacement of the
electron-withdrawing or electron-donating substituents on
the benzene ring of the sulfonate substituents had little
of the

three

effect on the antitumor activities derivatives.
Interestingly, compound 29, with isopropyl
substituents on the benzene ring on the sulfonate group,
showed selectivity for SMCC-7721 cells among the four
HCC cell lines, while compound 28 with a similar
substitution structure, showed significant inhibitory activity
against the four HCC cell lines. For compounds 30-33,
sulfonate derivatives with heterocyclic ring substitutions
significantly enhanced the antitumor activity, and the 5-
chlorothiazole sulfonate derivative, compound 33, showed
the best inhibitory activity among the 40 derivatives against
the four HCC cell lines. Unfortunately, aliphatic substituents
in sulfonate groups have a limited effect on the enhancement
Indeed, the details  of
structure-activity relationship of these compounds require

of antitumor activity. more

further elucidation in future studies.
3.2.2 Migration and invasion assays

Tumor metastasis is a multistep, multifactorial, and extremely
complex process. Although the metastatic characteristics of
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FIGURE 1
Compound 33 inhibits hepatocellular carcinoma (HCC) cell proliferation in vitro. (A) HepG-2 and SMMC-7721 cells were treated with different
concentrations (0, 1, 2, and 4 uM) of compound 33 to analyze colony formation. (B) Data are represented as the mean + standard error of the mean
(SEM) of three independent experiments. *p < 0.05, **p < 0.01.
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FIGURE 2
Compound 33 suppresses the motility of HCC cells in vitro. (A,B) HepG-2 and SMMC-7721 cells were treated with different concentrations (0, 1,
2, and 4 uM) of 33 to analyze wound healing. (C) Invasion cell numbers were analyzed using a transwell assay in HepG-2 and SMMC-7721 cells
treated with different concentrations (0, 1, 2, and 4 pM) of compound 33. *p < 0.05, **p < 0.01, ***p < 0.001.
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Compound 33 induces the apoptosis of HCC cells in vitro. (A) Apoptosis of HepG-2 and SMMC-7721 cells with different concentrations (0, 1, 2,
and 4 pM) of 33 was analyzed via flow cytometry. (B). Based on three independent experiments, GraphPad Prism software (version 8.0.2) was used to
quantify the percentage of apoptotic cells. Results of three independent experiments are presented as the mean + SEM. *p < 0.05, **p < 0.01.

different tumors vary, some of the key steps in the metastatic
process are essentially the same, with migration and invasion being
the most common features (Zeeshan and Mutahir, 2017). There is
evidence that tetrandrine can not only inhibit the metastasis of
human HCC cells but also inhibit the migration and invasion of
different human tumor cells, such as prostate cancer, kidney
cancer, and colorectal adenocarcinoma (Liu W. et al, 2015;
Chen et al, 2017). To further investigate the effects of
tetrandrine derivatives on HCC metastasis, the effects of
compound 33 on the migration and invasion of HepG-2 and
7721 cells were investigated. A wound-healing assay was
conducted to examine the inhibition of SMMC-7721 and
HepG-2 cell migration by tetrandrine derivatives. As shown in
Figure 2, the scratch area was virtually covered after 48 h in the
control group, with wound healing rates of 69 + 1.4 and 63 + 3.1%,
respectively. In contrast, cells treated with 33 showed slow recovery
of scratched areas at increasing concentrations (1, 2, and 4 uM).
Furthermore, cell invasion was assessed using a standard transwell
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assay of HepG-2 and SMMC-7721 cells. Among all concentrations
tested, 33 significantly suppressed the invasion of HepG-2 and
SMMC-7721 cells. Compared to the control group, the addition of
4 uM 33 significantly reduced the number of invasive HepG-2 and
SMMC-7721 cells from 644 + 35 and 475 + 21 to 161 + 22and 49 +
14, respectively. These results suggest that 33 inhibits the
migration and invasion of HepG-2 and SMMC-7721 HCC cells
in vitro.

3.2.3 Apoptosis analysis

Cells actively participate in the process of apoptosis, which
plays a crucial role in the destruction of tumor cells, under gene
control. Most natural medicines and their derivatives induce
cancer cell apoptosis (Sadeghi et al., 2019; Ashrafizadeh et al.,
2020). To examine the apoptotic activity of compound 33 in
HepG-2 and SMMC-7721 cells. Annexin V-FITC/PI double
staining was performed. As shown in Figure 3, a dose-
dependent increase in apoptosis was observed in the two cell
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Compound 33 induces the apoptosis of HepG-2 and SMMC-7721 cells via the mitochondrial pathway. (A) Western blotting revealed that
33 increases the mitochondrial pathway protein expression in HepG-2 and SMMC-7721 cells. (B) Western blot results statistics were performed using
GraphPad Prim software (version 8.0.2). Results of three independent experiments are presented as the mean + SEM. *p < 0.05, **p < 0.01.

lines after treatment with 33, with the apoptotic proportion of
HepG-2 cells changing from 3.05 to 6.39, 12.49, and 16.76%, and
the apoptotic proportion of SMCC-7721 changing from 2.25 to
8.78, 22.17, and 28.73%, respectively. These results indicate that
inducing apoptosis may be a potential mechanism of action of
33 for its antiproliferative activity.

3.2.4 Western blotting

Based on the flow cytometry results, compound 33 could induce
the apoptosis of HCC cells. Interestingly, multiple proteins can
participate in the apoptotic signaling pathways. According to the
initiation of caspase, apoptosis can be divided into three basic
pathways, death receptor-, mitochondria-, and endoplasmic
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reticulum-mediated apoptosis (Elmore, 2007). Pro-apoptotic
factor, cytochrome C, plays a major role (Pistritto et al., 2016).
In addition, mitochondrial apoptosis is regulated by the pro-
apoptotic protein Bax and anti-apoptotic protein Bcl-2. To
elucidate the mechanism of apoptosis by 33 in HepG-2 and
SMMC-7721 cells, levels of apoptosis-inducing proteins were
measured via western blotting. Total cell lysates were prepared
for western blotting analysis after treatment with 33 (0, 1, 2, and
4 uM) for 48 h. As shown in Figure 4A, a reduction in Bcl-2 protein
expression levels and an increase in Bax and cytochrome C protein
expression levels was observed after 33 treatments, indicating that
mitochondrial and endoplasmic reticulum functions may be
resulting in  cytochrome C Through

disrupted, release.
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mitochondrial-mediated mechanisms, 33 regulated apoptosis in
HepG-2 and SMMC-7721 cells. By releasing cytochrome C,
caspase-9 is activated, which then activates other downstream
molecules, such as caspase-3, leading to the final execution phase
of cell death. To investigate whether cleaved caspase-3 was also
involved in the apoptosis of HepG-2 and SMMC-7721 cells induced
by 33, western blotting analysis was conducted to determine the
levels of cleaved caspase-3. As illustrated in Figure 4B, the cleaved
caspase-3 levels increased in a dose-dependent manner. Moreover,
33 induced the apoptosis of HepG-2 and SMCC-7721 cells is a
caspase-mediated apoptotic pathway.

4 Conclusion

In  conclusion,  Cl4-hydroxyl-tetrandrine  intermediate
compound was obtained for the first time, 40 tetrandrine
derivatives were designed and synthesized and their antitumor
activities were evaluated against four HCC cell lines in vitro.
Introduction of sulfonate groups improved the cytotoxicity of
tetrandrine against the four HCC cell lines. Among them,
compound 33 exerted the best activity on HCC cells, with
ICs values of 1.65 + 0.05, 2.89 + 0.12, 1.77 + 0.05, and 2.41 +
0.08 M for the four HCC cell lines, respectively, which is more than
20 times higher than that of 5-fluorouracil, a commonly used anti-
HCC drug in clinical practice. 33 induced the apoptosis of HepG-2
and SMMC-7721 cells, which may be related to the caspase-
dependent apoptosis pathway caused by the mitochondria. In
addition, 33 inhibited the proliferation, migration, and invasion
of HepG-2 and SMMC-7721 cells via clone formation, scratch, and
invasion assays. More details of the mechanism of action of
33 against HepG-2 and SMMC-7721 cells were obtained via
proliferation, migration, and invasion assays. Thus, Cl4-
sulfonate-tetrandrine derivatives 33 may be a potential candidate
for the development of novel anti-human HCC cell therapies.
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