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Cancer treatment is one of the major public health issues in the world. Tetrandrine (Tet) and fangchinoline (d-
Tet) are two bis-benzyl isoquinoline alkaloids extracted from Stephania tetrandra S. Moore, and their antitumor
activities have been confirmed. However, the effective dose of Tet and d-Tet were much higher than that of the
positive control and failed to meet clinical standards. Therefore, in this study, as a continuation of our previous
work to study and develop high-efficiency and low-toxic anti-tumor lead compounds, twenty new Tet and d-Tet
derivatives were designed, synthesized and evaluated as antitumor agents against six cancer cell lines (H460,
H520, HeLa, HepG-2, MCF-7, SW480 cell lines) and BEAS-2B normal cells by CCK-8 analysis. Ten derivatives
showed better cytotoxic effects than the parent fangchinoline, of which 4g showed the strongest cell growth
inhibitory activity with an ICso value of 0.59 pM against A549 cells. Subsequently, the antitumor mechanism of
4g was studied by flow cytometry, Hoechst 33258, JC-1 staining, cell scratch, transwell migration, and Western
blotting assays. These results showed that compound 4g could inhibit A549 cell proliferation by arresting the
G2/M cell cycle and inhibiting cell migration and invasion by reducing MMP-2 and MMP-9 expression. Mean-
while, 4g could induce apoptosis of A549 cells through the intrinsic pathway regulated by mitochondria. In
addition, compound 4g inhibited the phosphorylation of PI3K, Akt and mTOR, suggesting a correlation between
blocking the PI3K/Akt/mTOR pathway and the above antitumor activities. These results suggest that compound
4g may be a future drug for the development of new potential drug candidates against lung cancer.

1. Introduction cancer, there are fewer anticancer drugs currently available [5]. Scien-

tists have studied many new antitumor drug candidates, but research is

Cancer is the world’s major public health problem and is the first or
second leading cause of death among people under the age of 70 in 91 of
172 countries according to World Health Organization (WHO) reports
[1]. In 2018, there were approximately 18.1 million new cases of cancer
worldwide, and 9.7 million patients died of cancer [2]. It is predicted
that global cancer cases will increase to 19 million by 2025 and reach 24
million by 2035 [3]. The rapid growth of the cancer drug market is also
driven by the continued growth of cancer incidence globally [4].
However, due to acquired resistance and multiple molecular types of
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still underway [6,7]. Therefore, there is an urgent need to find novel,
safe and effective antitumor drugs.

Stephaniae tetrandrae radix, a traditional Chinese medicine [8], is the
dry root of Stephania tetrandra S. Moore (Fig. 1a), and its main medicinal
monomer components are tetrandrine (Tet) and fangchinoline (d-Tet). It
has been reported that Tet and d-Tet showed many pharmacological
effects, such as anti-inflammatory [9,10], antitumor [11-15], anti-
arrhythmia [16,17], antioxidation [18,19], anti-fibrosis [20], and
multidrug resistance properties [21-24]. In particular, antitumor effects

E-mail addresses: sunbin_1978@sdnu.edu.cn (B. Sun), moon_s731@hotmail.com (J.-y. Sun), liuyufa@sdnu.edu.cn (Y.-f. Liu), liuchao555@126.com (C. Liu).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.bioorg.2021.104694

Received 26 November 2020; Received in revised form 18 January 2021; Accepted 23 January 2021

Available online 4 February 2021
0045-2068/© 2021 Elsevier Inc. All rights reserved.


mailto:sunbin_1978@sdnu.edu.cn
mailto:moon_s731@hotmail.com
mailto:liuyufa@sdnu.edu.cn
mailto:liuchao555@126.com
www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2021.104694
https://doi.org/10.1016/j.bioorg.2021.104694
https://doi.org/10.1016/j.bioorg.2021.104694
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2021.104694&domain=pdf

X.-z. Gao et al.

are considered the most obvious, and many scientists have conducted
extensive studies on the antitumor effects of Tet, d-Tet and their de-
rivatives. Previous studies have shown that Tet and d-Tet can induce
tumor cell apoptosis through the death receptor pathway and the
mitochondrial pathway [25]. Tet and d-Tet can upregulate the ratio of
Fas/FasL, increase the expression of Bax and Bak proteins, reduce the
expression of Bcl-2 protein, promote the release of cytochrome c,
upregulate APAF-1, and activate Caspase-9 and Caspase-3 [26,27]. In
addition, Tet and d-Tet can cause tumor cell autophagy by increasing the
expression of the autophagy marker proteins LC3-II, GFP-LC3, P62 and
Beclinl in tumor cells [28-32]. Tet and d-Tet have also been reported to
block the G1/S and G2/M tumor cell cycle to inhibit tumor cell
proliferation.

Based on our previous research, Tet derivatives with benzyl bromide
showed good inhibitory activity on HepG-2 tumor cells [33]. The
introduction of fluorinated benzyl bromide into Tet could increase the
inhibitory activity against A549 lung cancer cells while reducing the
cytotoxicity for the human normal liver cell line HL-7702 [34].
Although these derivatives have great potential as anticancer agents,
they also have limitations in clinical applications because of their low
bioavailability and poor water solubility. Studies have shown that the
introduction of sulfonyl can reduce the value of pKa, thereby increasing
water solubility [35], enhancing biological activity [36], extending half-
life and improving bioavailability [37]. Therefore, based on previous
research, in this study, as a continuation of our previous work to study
and develop high-efficiency and low-toxic anti-tumor lead compounds,
10 new Tet derivatives and 10 new d-Tet derivatives were designed and
synthesized by introducing benzyl bromide containing halogen atoms
and sulfonyl groups, respectively. The anticancer activities of all com-
pounds were evaluated against A549, H460, H520, HepG», HeLa, and
MCEF-7 cells. The results showed that the anticancer activity of com-
pound 4g was significantly improved compared with that of the parent
compound. Interestingly, compound 4g has obvious selectivity for
cancer cells because of its slight cytotoxicity to human normal lung
epithelial cells BEAS-2B. Therefore, the anticancer molecular mecha-
nism of compound 4g was also studied in this paper.

2. Results and discussion
2.1. Chemistry

Tet and d-Tet are dibenzyl isoquinoline alkaloids and have been
proven to have antitumor effects. However, their low activity limits their
clinical application. Therefore, it is of great significance to modify the
structure of Tet and d-Tet. Our research team proved that derivatives
containing fluorine benzyl bromide groups could improve their anti-
tumor activity. As the former work continues, this study plans to design
and synthesize new derivatives and to identify those with better activity
and lower toxicity as candidates in clinical applications.

The general preparation methods for the 10 new Tet derivatives and
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10 new d-Tet derivatives are displayed in Scheme 1. The readily avail-
able starting material Tet was reacted with different benzyl bromides in
DMF at 25 °C to 90 °C to give 10 double quaternary ammonium salt Tet
derivatives 3a-3j. In route b, Tet was demethylated in hydrobromic acid
and glacial acetic acid at 90 °C to obtain d-Tet. d-Tet was then placed in
DMF and treated with NaH at 0 °C for 2 h and stirred under argon
protection to change into sodium phenolate (route c). The sodium
phenolate was replaced by a different benzyl bromide to give d-Tet de-
rivatives 4a-4c (route d). Derivatives 4d-4j were synthesized according
to route e, and d-Tet was reacted with a series of sulfonyl chloride in
dichloromethane at 0 °C using pyridine as an acid scavenger under
argon protection. The progress of the chemical reaction was followed by
TLC analyses, and all 20 new compounds were obtained with a yield of
51.5%-95.4%. All derivatives were characterized according to HR-MS,
'H NMR and '3C NMR spectra.

2.2. Biological evaluation

2.2.1. Invitro cytotoxicity assay

The antitumor effects of all derivatives were evaluated by the CCK-8
method against the H460, HeLa, A549, HepG-2, MCF-7 and H520 cell
lines. Hydroxycamptothecin (HCPT) and the parent compound (Tet and
d-Tet) were used as the reference standards. As shown in Table 1, the
antitumor activities of all quaternary ammonium derivatives were
decreased compared with that of tetrandrine, with ICsg values ranging
from 19.65 to 60.23 puM, and compounds 4a-4c showed similar anti-
tumor activity to that of the parent compound (d-Tet). The most active
derivatives were the sulfonyl analogs, and all 7 derivatives showed
stronger antitumor activity against all the tested cells compared to that
of the parent compound. Among them, compound 4g was found to be
the most potent against A549 cells with an ICsg value of 0.59 pM, which
was 14.34-fold more active than d-Tet, 12.15-fold more active than Tet,
and 2.12-fold more potent than HCPT. It is worth noting that the normal
lung epithelial cell line BEAS-2B was less affected by cytotoxicity from
compound 4g, with an ICsg value of 16.07 pM, in comparison with the
other tumor cell lines and with the purchased anticancer drug HCPT.
These results showed that 4g had a significant selectivity for the cancer
cell lines, particularly for A549, and therefore, the A549 cell line was
chosen for subsequent studies.

According to the cytotoxicity of all of the derivatives, the preliminary
structure-activity relationship (SAR) can be evaluated. The introduction
of the quaternary amine structure to Tet could not enhance its antitumor
activity, possibly because the main antitumor active group of Tet was
dibenzyl isoquinoline, and the introduction of the quaternary amine
changed the polarity of the compound, which is consistent with previous
reports [38]. The sulfonyl analogs expressed obviously enhanced anti-
tumor activity relative to d-Tet in this study, and previous research has
reported that the introduction of sulfonyl groups into drugs can increase
their biological activity by increasing hydrogen bonding interactions
[39]. In addition, the introduction of sulfonyl groups can reduce drug

OMe

R= CHj; Tetrandrine
R=H Fangchinoline

Fig. 1. (a) the root of Stephania tetrandra S. Moore; (b) the formula of tetrandrine and fangchinoline.
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Scheme 1. Synthesis of tetrandrine and fangchinoline derivative. Reagents and conditions: (a) R; = CH,X, Nay;CO3, DMF, 25 °C — 90 °C; (b) 48% HBr solution,
glacial acetic acid, 90 °C (c) NaH, Ny, DMF, 0 °C, 2 h (d) Rz = CH.X (e) pyridine, R3 = SOCl, 0 °C .

toxicity (4g is much less toxic to the normal lung epithelial cell line
BEAS-2B). Moreover, the introduction of different lengths of alkyl
groups on the sulfonyl group has little effect for the parent compound
according to the anti-tumor activities of 4c-4e. Jamieson et al. [37]
summarized several common modification strategies to reduce the
toxicity of drugs, such as introducing acidic groups, reducing basicity,
and introducing polar groups to reduce lipophilicity and sulfonyl as a
common polar group. The introduction of sulfonyl can reduce the lip-
ophilicity of drug molecules and reduce toxicity. Among all sulfonyl
derivatives, the compound activities in which the end of the substitution
chain was connected with the benzene ring were obviously better than
those of the alkyl compounds because of the conjugated structure for-
mation between the sulfonyl group and the benzene ring structure,
which makes the structure more stable [40]. The activity of 4h is greater
than that of 4i shown that the introduction of different halogens on the
benzene ring could impact activity, the possible reason may be that the
electron absorption ability of fluorine is stronger, which makes the
introduced structure more stable[15].

2.2.1.1. Compound 4g can inhibit A549 cell proliferation and arrest the
cell cycle at G2/M phase. Immortal proliferation and metastasis are
among the main characteristics of cancer cells [41]. Cell cycle inhibitors
have become an important means for treating cancer [42]. To assess the
effect of compound 4g on the growth of lung cancer A549 cells, a cell
viability assay was designed using the CCK-8 assay. As shown in Fig. 2a,
4 g showed a remarkable anti-proliferative effect in a time- and
concentration-dependent manner. The ICsg value of A549 cells treated
with compound 4g for 24 h was 1.317 pM, as shown in Fig. 2b. As the
treatment time increased, the inhibition rate of the cells gradually
increased. When A549 cells were treated with 4g for 48 h, the ICs value
of compound 4g in A549 cells was 0.68 uM, and for 72 h, it was 0.511
pM, as shown in Fig. 2c-d.

To further evaluate the antiproliferative effect of compound 4g, a
colony formation assay was designed. As shown in Fig. 2e, compound 4g
significantly inhibited the colony formation of A549 cells in a
concentration-dependent manner. Moreover, compound 4g can shrink
the shape of A549 cells, as shown in Fig. 2f. Therefore, compound 4g
inhibited the proliferation of A549 cells.

To explore the mechanism of cell proliferation inhibition by com-
pound 4g, its effect on the distribution of A549 cells at various cell cycle
stages was assessed by flow cytometry. As shown in Fig. 3a-b, after
treatment of A549 cells with 1 pM, 2 uM, and 3 pM 4g, there was a
significant amount of dose-dependent accumulation at the G2/M phase.
The percentage of the G3/M phase increased from 7.43% to 10.81%,
15.51% and 19.48%, respectively. These results clearly indicate that
compound 4g can arrest the cell cycle at the G2/M phase in a dose-
dependent manner in A549 cells. In addition, the expression of cell

cycle factor-related proteins in A549 cells was analyzed. A549 cells were
treated with different concentrations of 4g for 48 h, and the protein
levels of cyclins such as cyclinB1, CDK1 and P21 were examined. As a
result, as shown in Fig. 3c-d, the protein levels of cyclin B1 and CDK1
were significantly decreased after 4g treatment, and the protein level
expression of P21 was significantly increased in a concentration-
dependent manner. These results suggest that 4g may arrest the Go/M
cell phase in A549 cells through downregulation of cyclin B1 and CDK1
and upregulation of P21.

2.2.2. Compound 4 g inhibits A549 cell migration and invasion

To investigate whether 4 g can influence A549 cell migration and
invasion, wound healing and transwell assays were carried out. The
results are shown in Figs. 4-5. Cell migration was significantly inhibited
with increasing 4g concentration, and the migration distance of A549
cells was decreased from 149 + 5.41 to 25.43 + 1.34 (Fig. 4a-c). The
transwell assay was also performed after compound 4g treatment, and
the results showed that 4g inhibited cell migration in a dose-dependent
manner (Fig. 5). The number of migrated and invasive A549 cells was
decreased from 100% to 10 + 4.33% and 100% to 13 + 3.18%,
respectively. All of the results showed that compound 4g can inhibit the
migration of A549 cells.

According to reports, MMPs play an important role in the invasion
and metastasis of cancer cells by degrading the ECM, and high levels of
MMP-2 and MMP-9 expression are associated with poor prognosis of
cancer [43]. To further verify the results, MMP-2 and MMP-9 proteins
were detected using Western blot analysis in this study. As shown in
Fig. 6, the expression levels of MMP-2 and MMP-9 showed a dose-
dependent decrease. These results indicated that compound 4g may
inhibit invasion and migration by inhibiting the expression of MMP-2
and MMP-9 in A549 cells.

2.2.3. Compound 4g induced apoptosis in A549 cells

Apoptosis is a basic biological phenomenon of cells and plays a key
role in the removal of unwanted or abnormal cells in multicellular or-
ganisms. To assess whether 4g can induce apoptosis in A549 cells,
Annexin V-FITC/PI double staining was carried out to measure the
population of apoptotic cells. As shown in Fig. 7a-b, the results of
annexin V-FITC/PI indicated that 4g triggered apoptosis of A549 cells,
and the percentage of apoptotic cells increased from 9.48% (0 pM) to
13.13% (1 pM), 21.33% (2 puM), and 41.00% (3 pM), respectively.
Hoechst 33,258 is a nuclear dye commonly used to detect apoptosis. In
this study, A549 cells were treated with 4g for 48 h, stained with
Hoechst 33258, and visualized by confocal laser scanning microscopy.
Based on the results (Fig. 7c), the number of bright blue cells increased
significantly and showed typical apoptotic characteristics, cell shrinkage
and chromatin condensation as the 4g concentration increased.
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Table 1
Cytotoxicity of 21 derivatives to 7 cell lines.
Compounds Substitutent IC50 (uM)
R1/R2/R3 X A549 H520 HepG-2 MCEF-7 Hela H460 BASE-2S
3a R /@\ Br 30.12 46.80 58.54 53.08 36.02 47.75 30.43
1=
% F
3b Cl Br 36.07 41.08 60.23 44.07 40.65 37.06 43.91
3c Br Br 25.96 30.54 25.04 38.56 39.41 42.65 42.12
"0
£
3d I Br 29.54 26.44 28.035 31.43 36.85 41.84 36.91
w0
K
3e CHg Br 30.59 46.58 37.02 43.73 30.90 47.53 33.02
%
3f NO, Br 37.45 50.65 32.04 46.84 48.94 50.02 41.42
Ri= /@
3g F Br 46.35 49.56 58.01 37.28 49.87 43.90 48.33
R=
/
3h F3C Br 19.65 21.034 25.51 37.85 24.52 26.10 33.91
+0
%
3i CF3 Br 30.56 34.83 36.87 39.04 38.04 36.87 41.04
e
A,
3j F Br 39.02 57.33 51.30 46.79 46.52 40.33 50.42
5 CF,
4a SCF3 6.009 3.47 3.26 4.60 7.23 5.28 11.72
e
b
4b Cl F 7.67 6.48 5.89 7.04 8.65 7.38 17.042
Ro= D/
5 e
4c Rs3 = CHs 6.63 6.54 6.892 7.26 6.124 6.31 11.03
4d RS:‘}lL/\ 5.05 6.86 3.564 4.55 6.51 4.56 16.26
4e _ 5.23 6.25 4.41 2.71 5.87 4.45 18.04
RS_}{\/
4f R 0.98 1.72 2.67 4.80 2.59 2.92 12.04
3=
4g Br- 0.59 1.34 2.09 2.73 2.39 1.03 16.07
4h R /©/F 1.156 2.68 4.49 4.47 6.58 1.75 14.56
3=
%
4i Cl 2.44 3.47 4.71 4.39 4.00 2.45 14.03
Rs—
%
4j 1.01 1.87 0.83 3.44 3.07 1.27 16.06
Ra=,
TET 6.97 7.32 7.27 8.76 15.43 8.32 10.03
DTET 7.46 8.34 9.03 11.2 11.54 8.23 9.98
HCPT 1.06 2.34 1.13 1.75 1.87 2.11 17.65

(Result of CCK-8 assay after 48 h drug treatment; the values are average for at least 3 independent experiments; variation + 10%).

Mitochondria play an important role in regulating apoptosis. Mito-
chondrial membrane potential collapse is an early feature of apoptosis.
Fluorescent probe JC-1 staining was used to evaluate changes in mito-
chondrial membrane potential by confocal microscopy. The fluores-
cence of the mitochondrial membrane potential of normal cells stained
with JC-1 dye was red (JC-1 aggregate), while the mitochondrial
membrane potential of apoptotic cells was green (JC-1 monomer). As a
result, as shown in Fig. 8, as the concentration of 4g-treated cells
increased, the green fluorescence gradually increased, and the red
fluorescence gradually decreased, indicating that the mitochondrial
membrane potential gradually decreased. These results suggested that
4g could induce A549 cell apoptosis by decreasing the mitochondrial

membrane potential in a dose-dependent manner.

Apoptosis signaling is regulated by many apoptosis-related proteins,
including Bcl-2, Bax, cleaved caspase-3, cleaved caspase-9 and cyto-
chrome c. In this study, the expression levels of apoptosis-related pro-
teins were analyzed by Western blot assay. The results are shown in
Fig. 9. The expression level of the anti-apoptotic protein Bcl-2 was
decreased, while the expression level of the pro-apoptotic protein Bax
was increased, after treatment with 1, 2, and 3 pM 4g, compared to that
for control cells. In addition, after treatment of A549 cells with 4g,
cleaved caspase-3, cleaved caspase-9 and cytochrome c were signifi-
cantly increased. The above results revealed that 4g can induce A549
cell apoptosis through the intrinsic pathway regulated by mitochondria.
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Fig. 2. Effect of compound 4 g on cell viability and cell growth. (a-d) A549 cells were treated with different concentrations of compound 4 g (0, 0.165, 0.625, 1.25,
2.5, 5 pM) for 24 h, 48 h, 72 h, and ICsy was measured using Graphpad prism software. Cell viability was measured by the CCK-8 assay. Colony formation test A549
cells were exposed to compound 4 g at the indicated concentrations. The number of colony formation was shown by Giemsa staining. (e) Changes in cell morphology
of A549 cells treated with compound 4 g (0, 1, 2, 3 pM) at different concentrations for 48 h were photographed using a fluorescence microscope. (f) Using a
fluorescent inverted microscope 100x to capture the changes in cell morphology of A549 cells treated with compound 4 g (0, 1, 2, 3 pM) at different concentrations

for 48 h. * P < 0.05, **P < 0.01, ***P < 0.001.

2.2.4. Compound 4g inhibits the PI3K/Akt/mTOR signaling pathway in
A549 cells

The PI3K/Akt/mTOR signaling pathway plays an important role in
cell growth, proliferation, apoptosis, etc. PI3K activates the downstream
serine/threonine kinase Akt, which in turn, through a cascade of regu-
lators, triggers the phosphorylation and activation of the serine/threo-
nine kinase mTOR [44]. PI3K/Akt/mTOR, a major intracellular
signaling pathway, has received much attention in recent years given its
potential role in cancer [45]. Dangelo et al [46] found that after
introducing fluoro benzene sulfonyl into the mother nucleus, com-
pounds have strong inhibitory activity against both PI3K and mTOR.
This study also investigated the effect of compound 4 g on the PI3K/Akt/
mTOR signaling pathway in A549 cells. The results are shown in Fig. 10.

The levels of PI3K, Akt and mTOR did not change significantly in 4g-
treated A549 cells, while the expression of p-PI3K, p-AKT, and p-mTOR
in 4g-treated A549 cells was significantly decreased, and the expression
level of PTEN was increased in A549 cells in a dose-dependent manner.
Thus, these data suggested that compound 4g inhibited the activation of
the PI3K/Akt/mTOR signaling pathway.

3. Conclusion

In summary, 10 tetrandrine and 10 fangchinoline derivatives were
designed and synthesized, and the in vitro antitumor activities of these
compounds against six cancer cell lines and normal lung epithelial
BESA-2B cells were assessed by CCK-8 analysis. The results indicated
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Fig. 3. Compound 4 g triggers cell cycle arrest in
A549 cells. (a-b) Flow cytometry analysis showed
the distribution of cells treated with 4 g at 0, 1, 2,
3 pM at different stages of the cell cycle. (c)
Western blotting shows that compound 4 g is

WGl effective against CDK-1, Cyclin-B1 in A549 cells

B @M and P21 protein expression. The experiment was

os performed 3 times. (d) Measure the gray value of
Western blot using Graphpad prism software. The
result is the average of 3 replicates + SD. * P <
0.05, ** P < 0.01, *** P < 0.001.
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Fig. 4. Effect of Compound 4 g on cell migration. (a) A549 cells of the same wound were treated with different concentrations of compound 4 g (0, 1, 2, 3 pM) for 48
h the changes of the wound were photographed using a fluorescent inverted microscope. (b) A549 cells of the same width wound were treated with different
concentrations of compound 4 g (0, 1, 2, 3 uM) for 48 h and the changes of the wound were photographed using a fluorescent inverted microscope. (c) Migration
distance measured using Graphpad prism software. *P < 0.05, **P < 0.01, ***P < 0.001.

that the antitumor activities of the sulfonyl fangchinoline derivatives are
significantly higher than that of the fangchinoline base. Among them,
compound 4g was found to be the most potent against A549 cells, with
an ICsp value of 0.59 pM, which was 2.12-fold more active than the
clinically commonly used anticancer drug HCPT. Compound 4g inhibi-
ted A549 cell proliferation by arresting the cell cycle at the G2/M phase
and inhibiting cell migration and invasion by reducing MMP-2 and
MMP-9 expression. Moreover, compound 4g is capable of triggering
mitochondria-mediated intrinsic pathways to induce apoptosis and exert
antitumor effects by modulating the PI3K/Akt/mTOR signaling
pathway. Our current results indicate that 4g is a potential candidate for

the development of novel anti-human lung cancer cells.

4. Experimental section
4.1. Chemistry

4.1.1. General

Tet and d-Tet were extracted from Stephaniae tetrandrae radix ac-
cording to our previous research [47]. Stephaniae tetrandrae S. Moore
was purchased from a Chinese medicine store and was identified by Prof
Chenggang Shan, Institute of Agro-Food Science and Technology,
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Fig. 5. Cell migration and cell invasion transwell assay. (a) Effect of compound 4 g on cell migration. A549 cells in the upper chamber of transwell chamber with
different concentrations of compound 4 g (0, 1, 2, 3 pM) (lower chamber 10% serum-containing medium) were stained with Giemsa dye, and the migration of the
chamber was photographed with a microscope. (c) Effect of compound 4 g on cell invasion. Add diluted Matrigel to the bottom of the upper chamber of the transwell
chamber, incubate for 4-5 h to dry it into a gel, and use different concentrations of compound 4 g (0, 1, 2, 3 pM) A549 cells in the upper chamber of the transwell
chamber 24 h. After 1 h (in the lower chamber, 10% serum-containing medium), stain the cells with Giemsa dye and use a microscope to photograph the invasion of
the chamber. (b) (d) the number of migration and invasion cells. Measurements were performed using Graphpad prism software. *P < 0.05 , **P < 0.01, ***P

< 0.001.
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Fig. 6. Compound 4 g affects the expression of MMP-2 and MMP-9. (a) Western blot showed that compound 4 g had an effect on MMP2 and MMP9 protein
expression in A549 cells. The experiment was performed 3 times. (b) Western blot gray values were measured using Graphpad prism software. *P < 0.05, **P < 0.01,

***p < 0.001.

Shandong Academy of Agriculture Sciences (IAFST, SAAS), Jinan,
China. A voucher specimen (No. 18-08-79) (Fig. 1a) was deposited at
the laboratory of Bioactive Substances and Functional Foods, IAFST,
SAAS. The progress of the reaction was monitored by thin layer chro-
matography on silica gel GF-254. Separation and purification were
performed by column chromatography using silica gel (Qingdao
200-300 mesh). 'H NMR and '3C NMR spectra were obtained using a
Bruker AV400 spectrometer in CDCl3 or CD3OD with tetramethylsilane
as an internal standard. HRMS data were obtained using a UHR-TOF-MS
instrument (Bruke).

4.1.2. Synthesis of tetrandrine derivatives

A mixture of tetrandrine (100 mg, 0.16 mM) and NapCOs3 (34 mg,
0.32 mM) was dissolved in DMF, R;CH2X (0.32 mM) was slowly added
dropwise at 25 °C to 90 °C with stirring, and the reaction was completed
by TLC analysis. The solution was cooled to room temperature and
evaporated by rotary evaporation using an oil pump. The residue was
purified by column chromatography, and 3a-3j was obtained by using
CH,Cly/CH30H as the eluent.

3a N,N’-di(m-F-Benzyl) Tet, ammonium dibromide as a white pow-
der, 'H NMR (400 MHz, CD30D) § 7.43 (dd, J = 17.0, 9.5 Hz, 3H), 7.33
(t, J =7.5Hz, 4H), 7.16 (s, 1H), 7.15 (s, 2H), 7.13 (s, 1H), 7.11 (s, 1H),

7.09 (s, 1H), 7.07 (s, 1H), 7.05 (s, 1H), 6.94 (dd, J = 18.5, 8.3 Hz, 2H),
6.79 (d, J = 14.1 Hz, 2H), 6.69 (d, J = 7.6 Hz, 1H), 6.56 (s, 1H), 6.20 (s,
1H), 5.13 (d, J =9.1 Hz, 1H), 4.94 (d, J = 5.9 Hz, 1H), 4.80 (s, 2H), 4.57
(d, J = 17.0 Hz, 6H), 3.78 (dd, J = 34.4, 4.5 Hz, 9H), 3.67-3.39 (m,
12H), 3.30 (s, 4H), 2.75 (s, 3H). 3¢ NMR (101 MHz, CD30D) 6 153.84,
149.95, 149.67, 148.59, 146.38, 143.99, 138.70, 134.87, 134.55,
133.73, 133.69, 132.61, 132.61, 132.03, 131.82, 131.27, 131.24,
131.10, 130.68, 130.60, 125.51, 125.37, 124.90, 124.50, 124.47,
123.68, 122.20, 121.49, 120.96, 115.84, 115.47, 115.26, 114.18,
112.78, 112.52, 106.79, 69.44, 67.61, 67.02, 59.94, 58.52, 57.45,
57.06, 55.57, 55.24, 53.72, 49.75, 39.33, 36.32, 25.47, 23.26, 19.50;
HRMS (ESI): calcd for C52H54F2N20§Jr m/z: 420.1969, found: 420.1959,
Yield: 89%.

3b N, N’-di(m-Cl-benzyl)-Tet ammonium dibromide as a white
powder. IH NMR (400 MHz, CD30D) 6 7.65 (d, J = 13.8 Hz, 2H),
7.61-7.47 (m, 5H), 7.42 (t, J = 7.9 Hz, 2H), 7.15 (s, 1H), 7.03 (d, J = 8.2
Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.88 (dd, J = 8.3, 2.4 Hz, 1H), 6.78
(dd, J = 9.4, 3.6 Hz, 2H), 6.60 (dd, J = 8.2, 1.8 Hz, 1H), 6.48 (s, 1H),
6.12 (s, 1H), 5.04 (d, J = 9.7 Hz, 2H), 4.77-4.54 (m, 8H), 4.49-4.35 (m,
2H), 3.91 (dd, J = 17.8, 4.1 Hz, 2H), 3.87-3.80 (m, 6H), 3.63 (s, 3H),
3.56 (d, J = 9.5 Hz, 2H), 3.43 (s, 3H), 3.29 (d, J = 7.0 Hz, 3H), 3.20 (dd,
J = 16.2, 8.2 Hz, 2H), 2.65 (s, 3H); 3¢ NMR (101 MHz, CD30D) 6§
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Fig. 7. Compound 4 g induce apoptosis of A549 cells. (a) Apoptosis analysis of A549 cells treated with different concentrations compound 4 g by flow cytometry. (b)
The percentage of apoptotic cells was quantified by Graphpad software. Statistical results were represented as mean + SD of three independent experiments. *P <

0.05, **P < 0.01,

P < 0.001. (c) Hoechst33258 staining was used to show the compound 4 g induced morphological cellular changes.
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Fig. 8. Compound 4 g reduce mitochondrial membrane potential of A549 cells. A549 cells were treated with 0, 1, 2, 3 pM compound 4 g for 48 h. Mitochondrial
membrane potential was assessed after staining with JC-1 dye .
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112.81, 112.46, 106.62, 68.72, 65.76, 63.60, 59.86, 55.30,
55.23, 54.88, 54.55, 53.64, 50.26, 39.17, 36.04, 23.19, 23.10; HRMS
(ESD): caled for CsoHs4CloN2OZ ™ m/z: 436.1674, found: 436.1629. Yield:

85.3%.

3¢ N, N’-di(m-Br-benzyl)-Tet ammonium dibromide as a white
powder. 'H NMR (400 MHz, CDs0D) 6 7.80 (d, J = 8.8 Hz, 2H), 7.73 (dd,
J=14.5,7.3 Hz, 2H), 7.59 (d, J = 7.6 Hz, 1H), 7.53-7.41 (m, 3H), 7.35
(t,J = 7.9 Hz, 1H), 7.15 (s, 1H), 7.05-6.78 (m, 6H), 6.69-6.61 (m, 1H),
6.51 (s, 1H), 6.13 (s, 1H), 5.02 (t, J = 9.6 Hz, 2H), 4.74-4.35 (m, 8H),
3.84 (d, J = 3.6 Hz, 6H), 3.65 (s, 3H), 3.61-3.47 (m, 4H), 3.43 (s, 3H),
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Fig. 9. Compound 4 g induces apoptosis in the mitochondrial pathway in A549 cells. (a) Western blot shows that compound 4 g is effective for mitochondrial
pathway protein expression in A549 cells. (b) Measure the gray value of Western blot using Graphpad prism software. The result is the mean + SD of 3 replicates. * P

< 0.05, ** P < 0.01, *** P < 0.001.
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Fig. 10. Compound 4 g induces apoptosis through the PI3K/Akt/mTOR signaling pathway. (a) P13K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR and PTEN expression levels
in A549 cells treated with 4 g (0, 1, 2, 3 uM, 48 h) were verified by western blotting. (b) Measure the gray value of Western blot using Graphpad prism software. The

result is the mean + SD of 3 replicates. * P < 0.05, ** P < 0.01, *** P < 0.001.

3.30 (s, 3H), 3.20 (dd, J = 19.6, 8.1 Hz, 2H), 3.06-2.88 (m, 2H), 2.65 (s,
3H); 13¢ NMR (101 MHz, CDsOD) 6 154.94, 153.83, 150.07, 149.90,
148.66, 146.35, 144.15, 138.55, 135.44, 134.73, 133.89, 133.73,
132.83, 132.14, 131.82, 131.49, 131.07, 130.96, 130.80, 129.85,
129.55, 128.51, 125.60, 124.18, 123.56, 122.91, 122.51, 122.45,
121.66,121.12,120.45,115.26,114.04,112.86, 112.44, 106.58, 68.62,
65.86, 63.55, 59.86, 55.30, 55.23, 54.88, 54.55 53.64, 50.26, 39.17,
36.04, 23.19, 23.10; HRMS (ESI): caled for CspHss4BraN,OZt m/z:
481.1159, found: 481.1180. Yield: 78.6%.

3d N, N’-di(o-I-benzyl)-Tet ammonium dibromide as a white pow-
der. '"H NMR (400 MHz, CDs0OD) 6 7.89 (dd, J = 16.8, 8.2 Hz, 4H), 7.55
(d, J = 7.6 Hz, 1H), 7.44 (d, J = 6.3 Hz, 2H), 7.25 (t, J = 7.8 Hz, 1H),
7.14 (dd, J = 17.4, 9.5 Hz, 2H), 6.88 (ddd, J = 17.1, 14.2, 8.9 Hz, 4H),
6.74 (s, 1H), 6.69 (d, J = 8.1 Hz, 1H), 6.49 (s, 1H), 6.08 (s, 1H), 4.97 (d,
J=9.6 Hz, 2H), 4.62 (d, J = 13.2 Hz, 2H), 4.51 (d, J = 5.9 Hz, 2H), 4.36
(s, 1H), 3.83 (s, 2H), 3.80 (s, 5H), 3.62 (d, J = 6.6 Hz, 3H), 3.59-3.41 (m,
7H), 3.36 (s, 3H), 3.26 (s, 2H), 3.25 (d, J = 3.2 Hz, 3H), 3.23-3.09 (m,
2H), 2.60 (s, 3H); '°C NMR (101 MHz, CD30D) & 154.93, 153.85,
150.02, 149.94, 148.70, 146.39, 144.22, 141.29, 140.46, 139.93,
138.52 , 133.17, 132.57, 131.87, 131.73, 131.35, 131,14, 131.00,
130.85, 130.67, 129.75, 129.41, 128.56, 125.57, 124.09, 123.54,
122.74, 121.58, 121.08, 120.50, 117.64, 115.34, 114.07, 113.08,
112.39,106.51, 68.46, 66.02, 63.51, 59.84, 59.61, 55.24, 55.19, 55.03,
54.57, 53.70, 50.21, 48.49, 39.23, 35.93, 23.16, 23.00; HRMS (ESI):
caled for C52H5412N20%+ m/z: 481.1159, found: 481.1180. Yield: 69.6%.

3e N, N’-di(m-CHs-benzyl)-Tet ammonium dibromide as a white
powder. TH NMR (400 MHz, CD30D) 6 8.13-7.58 (m, 9H), 7.22 (s, 2H),
7.10-6.98 (m, 2H), 6.97-6.84 (m,2H), 6.71 (dd, J = 28.6, 14.0 Hz, 2H),

6.46 (s, 1H), 5.18 (dd, J = 28.9, 19.9 Hz, 2H), 4.03 (s, 2H), 4.59 (t, J =
27.9 Hz, 4H), 3.95-3.81 (m, 6H), 3.79-3.61 (m, 1H),3.52 (d, J = 22.8
Hz,3H), 3.30 (t, J = 21.7 Hz, 6H), 2.59 (d, J = 22.8 Hz, 3H); 13C NMR
(101 MHz, CD30D) § 154.62, 154.11, 150.22, 149.84, 148.70, 146.63,
144.26, 138.67, 135.36, 134.48, 133.25, 133.02, 132.64, 132.18,
131.69, 131.23, 130.68, 130.39, 130.09, 126.10, 125.74, 125.57,
125.40, 125.31, 124.64, 123.82, 122.85, 122.68, 121.76, 121.62,
121.13, 115.91, 113.66, 113.12, 112.82, 107.13, 71.39, 70.48, 61.54,
59.83, 59.73, 55.60, 55.51, 55.30, 55.21, 54.60, 53.74, 49.51, 46.53,
41.80, 40.50, 39.49, 36.24, 23.33; HRMS (ESD): caled for Cs4HgoN20Z "
m/z: 416.2220, found: 416.2243. Yield: 82.3%.

3f N, N’-di(o-NOy-benzyl)-Tet ammonium dibromide as a white
powder. 'H NMR (400 MHz, CDs0D) § 8.55-8.35 (m, 4H), 8.06 (d, J =
7.1 Hz, 1H), 7.90 (d, J = 7.4 Hz, 1H), 7.78 (t, J = 7.9 Hz, 1H), 7.69 (t, J
=7.7Hz,1H), 7.51 (d, J = 8.0 Hz, 1H), 7.17 (s, 1H), 7.02 (d, J = 6.9 Hz,
1H), 6.97-6.79 (m, 3H), 6.62 (d, J = 9.4 Hz, 2H), 6.52 (s, 1H), 6.24 (s,
1H), 5.06 (d, J = 9.1 Hz, 2H), 4.81-4.67 (m, 2H), 4.46 (s, 2H), 3.94 (dd,
J = 30.8, 12.2 Hz, 2H), 3.86-3.76 (m, 6H), 3.63 (s, 2H), 3.59 (s, 3H),
3.53(d, J =12.8 Hz, 2H), 3.47 (s, 3H), 3.37 (d, J = 24.3 Hz, 2H), 3.30 (s,
3H), 3.21 (dd, J = 23.3, 12.4 Hz, 2H), 3.14-2.91 (m, 2H), 2.68 (s, 3H);
13¢ NMR (101 MHz, CD30D) 6 154.76, 153.94, 150.33, 149.80, 148.70,
148.61, 146.72, 144.38, 139.44, 138.74, 138.68, 132.60, 131.69,
130.97, 130.53, 129.67, 129.15, 127.42, 126.59, 125.59, 125.49,
125.42, 124.13, 123.56, 121.81, 121.56, 121.05, 120.60, 115.54,
113.84, 113.06, 112.38, 106.65, 68.59, 66.98, 63.20, 63.14, 59.81,
55.28, 55.15, 54.74, 50.14, 39.22, 36.13, 29.38, 28.83, 23.21, 23.05;
HRMS (ESI): calcd for C52H54N4O%3 m/z: 447.1914, found: 447.1978.
Yield: 70.4%.
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3 g N, N’-di(m-F-p-F-benzyl)-Tet ammonium dibromide as a white
powder. TH NMR (400 MHz, CD30D) 6 7.66-7.53 (m, 3H), 7.44 (dd, J =
18.0, 8.5 Hz, 2H), 7.34 (q, J = 8.7 Hz, 2H), 7.17 (s, 1H), 7.07 (d, J = 7.5
Hz, 1H), 7.00-6.88 (m, 2H), 6.81 (s, 1H), 6.77-6.69 (m, 1H), 6.59 (d, J
= 8.2 Hz, 1H), 6.52 (s, 1H), 6.19 (s, 1H), 5.01 (d, J = 9.6 Hz, 2H),
4.73-4.55 (m, 4H), 4.42 (d, J = 8.4 Hz, 2H), 3.94 (d, J = 13.1 Hz, 2H),
3.84 (d, J = 2.8 Hz, 6H), 3.69 (dd, J = 11.5, 4.6 Hz, 2H), 3.60 (s, 3H),
3.58-3.50 (m, 2H), 3.46 (s, 3H), 3.37 (dd, J = 18.4, 5.6 Hz, 2H), 3.30 (s,
3H), 3.24-2.90 (m, 2H), 2.70 (s, 3H); °C NMR (101 MHz, CDs0D) &
154.87, 153.83, 149.88, 149.77, 148.63, 146.27, 144.10, 138.62,
132.29, 131.95, 131.78, 131.14, 130.41, 129.92, 125.72, 124.51,
124.17, 123.61, 121.73, 121.38, 120.56, 118.30, 118.12, 118.06,
117.88, 115.49, 114.04, 113.01, 112.51, 106.76, 68.58, 66.44, 63.15,
59.82, 55.35, 55.27, 54.88, 53.83 53.38, 50.03, 39.19, 36.11, 23.07,
22.97; HRMS (ESD): caled for CspHsoF4NoO2" m/z: 438.1875. found:
438.1894, Yield: 89.4%.

3 h N, N’-di(o-CF3-benzyl)-Tet ammonium dibromide as a white
powder. 'H NMR (400 MHz, CD30D) 6 8.06-8.02 (m, 1H), 7.98-7.81
(m, 6H), 7.78-7.68 (m, 2H), 7.20 (s, 1H), 7.15 (d, J = 8.3 Hz, 1H),
7.10-7.00 (m, 2H), 6.90 (dt, J = 18.9, 6.3 Hz, 2H), 6.79-6.67 (m, 2H),
6.46 (s, 1H), 5.24-5.13 (m, 2H), 4.69-4.46 (m, 4H), 4.19-3.91 (m, 3H),
3.88 (t, J = 7.8 Hz, 6H), 3.83-3.58 (m, 6H), 3.54 (d, J = 11.4 Hz, 3H),
3.51-3.34 (m, 4H), 3.34-3.22 (m, 6H), 3.14-2.97 (m, 2H), 2.55 (s, 3H);
13C NMR (101 MHz, CD30D) 5 154.71, 154.14, 150.24, 149.88, 148.71,
146.55, 144.23, 138.64, 135.08, 134.36, 133.13, 132.83, 132.47,
131.90, 131.59, 131.10, 128.07, 125.97, 125.72, 125.35, 125.30,
124.55, 123.55, 122.81, 121.78, 121.74, 121.48, 121.05, 115.78,
113.61, 112.97, 112.67, 106.91, 71.13, 70.25, 61.44 ,61.33, 59.68,
55.36, 55.32, 55.10, 54.42, 53.73, 49.42, 39.42, 36.19, 29.35, 23.22,
22.84; HRMS (ESD): caled for CssHsaFgN2OZ™ m/z: 470.1938, found:
470.1944. Yield: 87.5%.

3i N, N’-di(3°-CF3-5""-CF3-benzyl)-Tet ammonium dibromide as a
white powder. TH NMR (400 MHz, CD30D) 6§ 8.29 (dd, J = 25.0, 11.8 Hz,
6H), 7.58 (d, J = 8.3 Hz, 1H), 7.26 (s, 1H), 7.13 (d, J = 8.1 Hz, 1H),
7.05-6.95 (m, 2H), 6.90-6.84 (m, 2H), 6.71-6.60 (m, 2H), 6.22 (s, 1H),
5.08 (d, J = 9.3 Hz, 1H), 4.88 (s, 1H), 4.56 (s, 2H), 4.02 (d, J = 5.2 Hz,
2H), 3.90 (d, J = 4.2 Hz, 6H), 3.79-3.71 (m, 2H), 3.68 (s, 3H), 3.60 (d, J
= 9.3 Hz, 2H), 3.55 (s, 3H), 3.41-3.35 (m, 2H), 3.31 (d, J = 5.7 Hz, 4H),
3.09 (d, J = 14.7 Hz, 2H), 2.79 (s, 3H); 3¢ NMR (101 MHz, CD30D) &
155.10, 154.08, 150.39, 149.87, 148.87, 146.44, 144.54, 138.50,
138.28, 133.06, 132.85, 132.63, 132.52, 132.37, 132.29, 132.18,
131.95, 131.84, 131.61, 131.30, 130.95, 130.87, 130.31, 125.74,
124.57, 124.35, 124.27 , 123.94, 123.86, 122.04, 121.64, 121.56,
121.35,121.03,120.87,115.11,114.22,112.89,112.43,106.72, 68.81,
67.49, 62.88, 62.74, 59.60, 55.27, 55.16, 53.75, 50.06, 39.21, 35.98,
23.19, 22.99; HRMS (ESD): caled for CsgHsoF1oN202T m/z: 538.1811,
found: 538.1822, Yield: 91.5%.

3j N, N’-di(2""-F-5"-CF3 -benzyl)-Tet ammonium dibromide as a
white powder. 'H NMR (400 MHz, CD30D) 6 8.15 (d, J = 5.3 Hz, 1H),
8.04 (d, J = 5.3 Hz, 3H), 7.65 (ddd, J = 21.7, 17.3, 8.8 Hz, 3H), 7.21 (d,
J=8.9 Hz, 2H), 7.06-6.97 (m, 2H), 6.90-6.83 (m, 2H), 6.67 (d,J=11.8
Hz, 2H), 6.26 (s, 1H), 5.10 (dd, J = 28.3, 7.3 Hz, 2H), 4.73-4.48 (m, 4H),
4.14-3.97 (m, 2H), 3.89 (d, J = 5.0 Hz, 6H), 3.86-3.75 (m, 2H), 3.64 (s,
6H), 3.57 (d, J = 13.8 Hz, 4H), 3.49-3.33 (m, 2H), 3.29 (d, J = 8.8 Hz,
3H), 3.13 (dd, J = 77.3, 13.2 Hz, 2H), 2.85 (s, 3H); !3C NMR (101 MHz,
CD30D) 6 165.68, 165.48, 163.14, 162.92, 154.82, 154.07, 150.31,
149.80, 148.75, 146.76, 144.36, 138.57, 132.61, 131.90, 131.65,
131.65, 130.98, 127.51, 125.47, 124.83, 124.71, 124.07, 123.94,
122.13,122.08,122.01,121.21,117.98,117.74,116.6,116.52,116.42,
116.26, 115.46, 114.23, 112.54, 112.47, 106.69, 69.67, 67.75, 59.79,
57.82, 55.41, 55.32, 54.87, 54.05, 49.44, 39.36, 36.33, 23.22, 23.16;
HRMS (ESI): calcd for C54H52F8N20%+ m/z: 488.1843, found: 488.1832.
Yield: 80.4%.

4.1.3. Demethylation from tetrandrine to obtain fangchinoline
Tetrandrine (100 mg, 0.16 mM) was dissolved in a mixed solution of
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1.5 mL of hydrobromic acid and 2.5 glacial acetic acid and stirred at
90 °C for 8 h. After the solution was cooled to room temperature, it was
neutralized with a saturated Nap,CO3 solution. The extract was extracted
with CH2Cly, and the obtained CH,Cl; layer was concentrated by rotary
evaporation. The residue was purified by column chromatography, and
fangchinoline was obtained by using CH,Cl,/CH3OH as the eluent.

d-Tet as a white powder. 'H NMR (400 MHz, CDCl3) 6§ 7.21 (d, J =
8.0 Hz, 1H), 7.03 (dd, J = 8.1, 1.5 Hz, 1H), 6.70 (dd, J = 12.8, 4.7 Hz,
3H), 6.49 (s, 1H), 6.39 (s, 1H), 6.18 (d, J = 5.0 Hz, 2H), 5.96 (s, 1H),
3.80 (s, 3H), 3.77-3.72 (m, 1H), 3.68 (d, J = 9.7 Hz, 1H), 3.62 (s, 3H),
3.44-3.27 (m, 2H), 3.22 (s, 3H), 3.17-3.02 (m, 2H), 2.79 (td, J = 17.3,
6.5 Hz, 4H), 2.69-2.56 (m, 4H), 2.46 (s, 3H), 2.22 (s, 3H); 1°C NMR
(101 MHz, CDCl3) 6§ 173.38, 153.70, 149.24, 148.86, 146.92, 146.49,
143.99, 142.62, 135.10, 135.05, 132.59, 130.18, 129.89, 128.11,
127.59, 123.37, 122.87, 122.77, 121.80, 120.84, 116.16, 112.76,
111.51, 104.97, 63.54, 61.48, 56.07, 56.03, 55.94, 53.59, 44.99, 44.14,
42.24, 38.03, 25.04, 22.39, 21.81; HRMS (ESID): caled for
C54H52F8NZO%Jr m/z: 608.2886, found: 609.2910 [M + H]™. Yield:
51.5%.

4.1.4. Synthesis of substituted phenyl fangchinoline derivatives

A mixture of fangchinoline (100 mg, 0.16 mM) and NaH (20 mg,
0.83 mM) was dissolved in 2 mL of DMF at 0 °C under argon protection.
R;CHyBr (0.18 mM) was added dropwise slowly. TLC analysis was
performed until completion of the reaction, and the solution was
concentrated by rotary evaporation. The residue was purified by column
chromatography on silica, eluting to afford 4a-4b using CH,Cl,/CH30H
as the eluent.

4a 7-0O-(m-SCF3)-d-Tet as a white powder. 'H NMR (400 MHz,
CDClg) 6 7.54 (d, J = 6.6 Hz, 2H), 7.34 (d, J = 6.8 Hz, 1H), 7.16 (d, J =
6.3 Hz, 1H), 7.03 (d, J = 6.6 Hz, 2H), 6.94-6.75 (m, 3H), 6.55 (s, 2H),
6.36 (s, 2H), 5.93 (s, 1H), 4.67 (d, J = 10.9 Hz, 1H), 4.30 (d, J = 11.0 Hz,
1H), 3.95 (s, 3H), 3.74 (s, 3H), 3.55 (d, J = 12.1 Hz, 2H), 3.41 (s, 3H),
3.24 (d, J = 7.8 Hz, 2H), 3.11-2.59 (m, 8H), 2.52 (s, 3H), 2.36 (s, 3H);
13¢ NMR (101 MHz, CDCl3) 6 153.65, 151.25, 149.38, 148.73, 148.44,
147.02, 143.84, 140.68, 136.42, 136.07, 135.33, 134.79, 132.66,
131.17, 130.14, 128.67, 128.11, 127.60, 123.24, 122.94, 122.73 ,
121.94,120.13, 116.09, 112.91, 111.47, 105.93, 73.18, 63.99, 61.44,
56.12, 55.95, 55.77, 45.68, 44.05, 42.63, 42.34, 41.99, 38.82, 25.61,
22.03; HRMS (ESI): calcd for C45H45F3N2OgS m/z: 798.2950, found:
799.2923 [M + H]". Yield: 87.1%.

4b 7-0-(o-Cl-p-F)-d-Tet as a white powder. 'H NMR (400 MHz,
CDCl3) §7.32 (d, J = 8.1 Hz, 1H), 7.15 (dd, J = 8.1, 2.2 Hz, 1H), 7.01 (d,
J=8.4Hz, 1H), 6.91 (dd, J = 12.8, 4.5 Hz, 4H), 6.85-6.79 (m, 1H), 6.54
(d, J = 11.1 Hz, 2H), 6.39-6.28 (m, 2H), 5.84 (s, 1H), 4.64 (d, J = 12.6
Hz, 1H), 4.50 (d, J = 12.6 Hz, 1H), 3.94 (s, 3H), 3.73 (s, 3H), 3.69-3.45
(m, 4H), 3.40 (d, J = 6.0 Hz, 3H), 3.30-3.13 (m, 2H), 2.94 (dd, J = 10.2,
4.9 Hz, 2H), 2.84-2.65 (m, 6H), 2.44 (d, J = 7.5 Hz, 3H), 2.36 (s, 3H);
13C NMR (101 MHz, CDCl3) 6 162.75, 153.67, 151.35, 149.38, 148.74,
148.27, 147.04, 143.80, 136.37, 135.28, 134.82, 132.65, 132.05,
130.12, 129.82, 129.74, 128.75, 128.50, 123.28, 122.78, 121.91,
120.26, 116.17,115.92, 115.67, 113.89, 113.68, 112.83, 111.50,
105.95, 70.13, 63.79, 61.47, 56.11, 55.92, 55.75, 45.56, 44.08, 42.41,
42.34, 41.99, 38.66, 25.59, 22.02; HRMS (ESI): calcd for C44H44CIFN2Og
m/z: 750.2872, found: 751.2957 [M + H] ™. Yield: 91.5%.

4.1.5. Synthesis of sulfonyl fangchinoline derivatives

A mixture of fangchinoline (100 mg, 0.16 mM) and pyridine (55 mg,
0.64 mM) was dissolved in 2 mL of CHyCl, at 0 °C under argon pro-
tection, followed by the slow addition of R3SO,Cl (0.18 mM). TLC
analysis was performed until completion of the reaction, and the solu-
tion was concentrated by rotary evaporation. The residue was purified
by column chromatography, and 4c-4j was obtained by using CH2Cly/
CH30H as the eluent.

4c¢ 7-0-(CHs-sulfonyl)-d-Tet as a light-yellow powder. 'H NMR (400
MHz, CDCl3) § 7.40 (dd, J = 8.2, 1.9 Hz, 1H), 7.15 (dd, J = 8.2, 2.5 Hz,
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1H), 6.85 (d, J = 7.7 Hz, 2H), 6.81 (dd, J = 8.3, 2.5 Hz, 1H), 6.56 (s, 1H),
6.46 (s, 1H), 6.40 (s,1H), 6.33 (dd, J = 8.3, 2.0 Hz, 1H), 6.04 (s, 1H),
3.92 (s, 3H), 3.78 (s, 3H), 3.70 (dd, J = 22.5, 12.4 Hz, 2H), 3.52 (dd, J =
16.1, 12.9 Hz,2H), 3.43-3.36 (m, 3H), 2.99 (tdd, J = 18.0, 13.2, 6.7 Hz,
6H), 2.87 (d, J = 8.4 Hz, 3H), 2.81 (dd, J = 13.8, 6.1 Hz, 2H), 2.69 (d, J
= 9.0 Hz, 3H), 2.60-2.45 (m, 2H), 2.30 (s, 3H); 13¢ NMR (101 MHz,
CDCl3) 6 154.05, 150.13, 149.26, 148.93, 148.67, 147.04, 142.47,
134.36, 133.63, 132.65, 130.52, 127.64, 127.09, 125.34 , 123.40,
122.98,122.30,122.05,121.91,115.88,112.33,111.54, 106.14, 64.38,
61.37, 56.10, 56.01, 55.80, 45.84, 44.89, 43.77, 42.29, 41.83, 41.37,
39.53, 39.12, 23.39, 22.12; HRMS (ESI): calcd for C3gH4oN20gS m/z:
686.2662, found: 687.2711 [M + H]™. Yield: 95.4%.

4d 7-0-(CH,CHs-sulfonyl)-d-Tet as a light-yellow powder. 'H NMR
(400 MHz, CDCl3) 6 7.36 (dd, J = 8.2, 1.9 Hz, 1H), 7.14 (dd, J = 8.2, 2.4
Hz, 1H), 6.82 (dt, J = 8.3, 5.3 Hz, 3H), 6.51 (d, J = 16.7 Hz, 2H),
6.42-6.30 (m, 2H), 6.04 (s, 1H), 3.92 (s, 3H), 3.88-3.81 (m, 1H),
3.81-3.73 (m, 3H), 3.69 (s, 1H), 3.62-3.41 (m, 3H), 3.37 (d,J = 11.3 Hz,
3H), 3.31-3.11 (m, 2H), 3.08-2.64 (m, 10H), 2.59 (s, 3H), 2.47 (ddd, J
= 36.1, 25.3, 16.1 Hz, 2H), 2.35-2.23 (m, 3H), 1.26 (t, J = 7.4 Hz, 3H);
13C NMR (101 MHz, CDCl3) § 153.58, 150.32, 149.36, 148.89, 148.10,
146.92, 142.25, 135.08, 134.46, 132.51, 132.40, 130.42,
128.47,128.30, 127.70, 123.67, 122.78, 122.12, 121.94, 121.41,
115.79, 112.60, 111.39, 106.14, 63.94, 61.37, 56.08, 56.06, 55.86,
46.42, 46.02, 45.14, 43.71, 42.46, 42.30, 41.47, 38.94, 24.77, 22.14;
HRMS (ESI): caled for C3gH44N20gS m/z: 700.2818, found: 701.2892
[M + H1". Yield: 90.6%.

4e 7-0-(CH3CH,CHy-sulfonyl)-d-Tet as a light-yellow powder. 'H
NMR (400 MHz, CDCl3) 6§ 7.29 (dd, J = 8.2, 1.9 Hz, 1H), 7.06 (dd, J =
8.1, 2.4 Hz, 1H), 6.74 (dt, J = 8.3, 5.4 Hz, 3H), 6.43 (d, J = 14.0 Hz, 2H),
6.36-6.19 (m, 2H), 5.96 (s, 1H), 3.84 (s, 3H), 3.76 (dd, J=11.1, 5.3 Hz,
OH), 3.73-3.65 (m, 3H), 3.62 (d, J = 9.7 Hz, OH), 3.40 (ddd, J = 11.9,
9.6, 5.7 Hz, 1H), 3.26 (d, J = 14.9 Hz, 3H), 2.93-2.74 (m, 2H),
2.70-2.59 (m, 1H), 2.57-2.45 (m, 1H), 2.23 (d, J = 16.7 Hz, 1H),
1.76-1.57 (m, 1H), 0.89 (t, J = 7.5 Hz, 1H); 13C NMR (101 MHz, CDCl3)
6 153.60, 150.38, 149.37, 148.97, 148.10, 146.92, 142.25, 135.16,
134.52, 132.46, 130.42, 128.42, 127.63, 123.67, 122.78, 122.15,
121.95, 121.55, 115.84, 112.60, 111.38, 106.14, 64.04, 61.39, 56.09,
56.08, 55.87, 53.46, 45.19, 43.74, 42.41, 41.52, 39.23, 29.72, 24.73,
22.11,17.16,12.91; HRMS (ESI): calcd for C49oH46N2OgS m/z: 714.2975,
found: 715.3008 [M + H]™. Yield: 91.5%.

4f 7-0-(benzene-sulfonyl)-d-Tet as a light-yellow powder. 'H NMR
(400 MHz, CDCl3) 6 7.66 (dd, J = 15.5, 7.8 Hz, 4H), 7.47 (t, J = 7.4
Hz,2H), 7.33 (d, J = 8.1 Hz, 1H), 7.16 (dd, J = 8.1, 1.4 Hz, 1H), 6.88 (s,
2H), 6.78-6.72 (m, 1H), 6.51-6.44 (m, 2H), 6.32-6.20 (m, 2H), 3.93 (s,
3H), 3.69 (dd, J = 15.9, 7.6 Hz, 2H), 3.52 (dd, J = 19.7, 9.0 Hz, 2H),
3.44 (s, 3H), 3.27 (d, J = 12.0 Hz, 3H), 3.26-3.12 (m, 2H), 2.97-2.87 (m,
4H), 2.74 (dd, J = 16.4, 7.2 Hz, 2H), 2.63 (d, J = 6.5 Hz, 4H), 2.47 (dd, J
=17.6,12.5 Hz, 2H), 2.29 (s, 3H); 13C NMR (101 MHz, CDCl3) 5 153.75,
150.99, 149.31, 148.87, 147.75, 147.12, 142.39 ,137.39, 135.25,
135.03, 134.60, 133.56, 132.52, 130.25, 128.58, 128.36, 128.19,
128.11, 123.77, 122.85, 121.69, 121.03, 116.08, 112.70, 111.52,
106.00, 77.45, 77.19, 76.87, 63.87, 61.37, 56.13, 55.78, 55.69, 45.08,
43.85, 42.39, 42.03, 39.77, 24.30, 22.04; HRMS (ESI): caled for
C43H44N20gS m/z: 748.2852 found: 749.2864 [M + H1™. Yield: 87.8%.

4 g 7-0-(2-Br-benzene-sulfonyl)-d-Tet as a light-yellow powder. 'H
NMR (400 MHz, CDCl3) § 7.79 (t, J = 1.6 Hz, 1H), 7.70 (d, J = 8.0 Hz,
1H), 7.51 (d, J = 8.0 Hz, 1H), 7.38-7.16 (m, 3H), 7.10 (dd, J = 8.1, 2.5
Hz, 1H), 6.83-6.77 (m, 2H), 6.66 (dd, J = 8.3, 2.5 Hz, 1H), 6.38 (d, J =
7.2 Hz, 2H), 6.25 (s, 1H), 6.17 (dd, J = 8.3, 2.0 Hz, 1H), 3.83 (d, J = 9.4
Hz, 3H), 3.65 (dd, J = 11.1, 5.4 Hz, 1H), 3.57 (d, J = 9.9 Hz, 1H), 3.45 (s,
3H), 3.43-3.31 (m, 2H), 3.20 (s, 3H), 2.96-2.59 (m, 8H), 2.55 (s, 3H),
2.43 (dd, J = 30.0, 9.4 Hz, 2H), 2.20 (s, 3H); '3C NMR (101 MHz, CDCl3)
6 153.77, 150.96, 149.26, 148.70, 147.61, 147.12, 142.29, 139.25,
136.62, 135.06, 134.51, 132.69, 131.39, 130.17, 128.53, 128.32,
127.98, 127.22, 123.98, 122.85, 122.46, 121.77, 120.61, 116.26,
112.81, 111.47, 106.22, 63.74, 61.38, 56.11, 55.80, 46.14, 45.02,
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43.80, 42.37, 39.64, 24.33, 22.00; HRMS (ESI): caled for
C43H43BrN,OgS m/z: 826.1923, found: 827.1965 [M + H]'. Yield:
83.5%.

4 h 7-0-(2-F-benzene-sulfonyl)-d-Tet as a light-yellow powder. 'H
NMR (400 MHz, CDCl3) 6 7.63 (d, J = 6.8 Hz, 2H), 7.40-7.07 (m, 5H),
6.86 (s, 2H), 6.75 (d, J = 7.8 Hz, 1H), 6.49 (s, 2H), 6.26 (d, J = 13.2 Hz,
2H), 3.91 (s, 3H), 3.67 (t, J = 10.0 Hz, 2H), 3.48 (d, J = 10.5 Hz, 2H),
3.38 (s, 3H), 3.30 (s, 3H), 2.79 (ddd, J = 33.4, 22.7, 13.2 Hz, 8H), 2.60
(s, 3H), 2.57-2.34 (m, 2H), 2.28 (s, 3H); 13C NMR (101 MHz, CDCls) 6
166.95, 153.77, 150.89, 149.39, 148.74, 147.81, 147.14, 142.32,
134.98, 134.45, 133.49, 132.61, 131.43, 130.22, 128.31, 128.11,
127.74, 123.84, 122.82, 121.85, 120.72, 116.02, 115.96, 115.79,
112.73, 111.52, 106.04, 63.98, 61.35, 56.13, 55.77, 45.05, 43.85,
42.39, 42.09, 39.20, 24.49, 22.08; HRMS (ESI): calcd for C43H43FN20gS
m/z: 766.2724, found: 767.2717 [M + H]*. Yield: 89.3%.

4i 7-0-(4-Cl-benzene-sulfonyl)-d-Tet as a white powder. 'H NMR
(400 MHz, CDCl3) 6 7.52 (d, J = 8.6 Hz, 2H), 7.47-7.27 (m, 4H), 7.11
(dd, J = 8.1, 2.4 Hz, 1H), 6.79 (s, 2H), 6.68 (dd, J = 8.2, 2.4 Hz, 1H),
6.37 (d, J = 12.4 Hz, 2H), 6.26-6.18 (m, 2H), 3.86 (s, 3H), 3.62-3.54 (m,
2H), 3.45 (s, 3H), 3.33 (ddd, J = 23.1, 12.3, 8.9 Hz, 2H), 3.21 (s, 3H),
2.92-2.62 (m, 8H), 2.57 (s, 3H), 2.49-2.37 (m, 2H), 2.20 (s, 3H); 1°C
NMR (101 MHz, CDCl3) § 153.64, 150.93, 149.42, 148.61, 147.68,
147.10, 142.23, 140.15, 135.93, 135.10, 134.40, 132.60, 130.30,
130.05, 129.34, 128.92, 128.50, 128.37, 128.21, 128.02, 123.80,
122.77,121.87, 120.41, 115.80, 112.79, 111.49, 106.13, 63.96, 61.37,
56.07, 55.79, 53.54, 45.08, 43.84, 42.54, 42.34, 42.04, 39.15, 24.58,
22.12; HRMS (ESID): calcd for C43H43CIN;OgS m/z: 782.2829, found:
783.2862 [M + H]'. Yield: 81.2%.

4j 7-0-(2-Naphthalene-sulfonyl)-d-Tet as a light-yellow powder. 'H
NMR (400 MHz, CDCl3) & 8.20 (s, 1H), 8.02-7.75 (m, 4H), 7.69 (t, J =
7.5 Hz, 1H), 7.56 (dd, J = 15.4, 8.1 Hz, 2H), 6.85-6.73 (m, 3H), 6.61 (d,
J=7.4Hz, 1H), 6.54 (dd, J = 8.2, 2.1 Hz, 1H), 6.30 (d, J = 23.5 Hz, 2H),
6.21 (s, 1H), 6.03 (d, J = 8.2 Hz, 1H), 4.40 (s, 1H), 3.84 (s, 3H), 3.53 (d,
J =10.0 Hz, 1H), 3.45 (d, J = 10.1 Hz, 3H), 3.33 (ddd, J = 21.6, 20.7,
10.6 Hz, 2H), 3.19 (d, J = 14.4 Hz, 3H), 2.94-2.68 (m, 6H), 2.53 (s, 3H),
2.51-2.31 (m, 4H), 2.20 (d, J = 12.1 Hz, 3H); '*C NMR (101 MHz,
CDCl3) 6 153.47, 151.48, 149.29, 148.57, 147.57, 147.12, 142.42,
135.28, 134.63, 134.59, 134.47, 132.42, 131.87, 129.97, 129.52,
128.73, 128.08, 127.79, 127.59, 123.85, 122.83, 121.50, 120.04,
115.89, 112.84, 111.47, 106.42, 63.42, 61.42, 56.12, 56.59, 55.77,
44.96, 43.91, 42.41, 42.32, 42.23, 39.05, 24.34, 22.05; HRMS (ESID):
caled for C47H46N20gS m/z: 798.2975, found: 799.3029 [M + H]™.
Yield: 82.4%.

4.2. Cell culture

A549, HeLa, MCF-7, HepG-2, and H460 cells were purchased from
the Cell Bank of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). H520 cells and BEAS-2B cells were pur-
chased from the American Type Culture Collection (ATCC; Manassas,
VA, USA). The cells were maintained in medium (HyClone) containing
10% fetal bovine serum (Gibco) and 100 U/mL penicillin—streptomycin
(HyClone). All cells were cultured under humid conditions at 37 °C, 95%
air and 5% CO»,

4.3. CCK-8 assays

A549 cells in the logarithmic growth phase were seeded on a 96-well
plate for 12 h at a density of 5000 cells/well. The cells were treated with
different concentrations of 20, 10, 5, 2.5, 1.25, 0.625 and 0.165 pM for
24, 48, and 72 h. At the end of the incubation, 10 pL of CCK-8 (10 mg/
mL) and 90 pL of the medium were added to each pore, and the plate was
placed at 37 °C for 2 h. The absorbance was measured at 450 nm using a
microplate reader (BIO-RAD, USA).
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4.4. Colony formation assays

A total of 1000 cells in the logarithmic growth phase were inoculated
in 6-cm Petri dishes. One week later, the cells were treated with different
concentrations of compound 4 g medium. The cells were cultured for
two weeks. The plates were washed with PBS, fixed with 4% para-
formaldehyde and stained with Giemsa (0.04%).

4.5. Flow cytometry

Flow cytometry was used to analyze the cell cycle and induce
apoptosis in A549 cells. For cycle detection, A549 cells were treated
with 4g at 0, 1, 2, and 3 uM for 48 h, and the cells were harvested and
plated in 70% ethanol. The cells were fixed overnight at 4 °C and then
treated with 500 pL of RNase/propidium iodide (PI) solution for 40 min
in the dark, and the cell cycle was measured by flow cytometry. For
apoptosis detection, A549 cells were treated with 4g at concentrations of
0,1, 2, and 3 pM for 48 h, and cells were collected for staining with FITC
Annexin V and PI. The stained cells were detected by FACSCalibur (BD
Biosciences).

4.6. Cell migration and invasion assay

Cancer cell migration was assessed using a cell wound healing assay.
For wound healing assays, A549 cells were incubated in a 6-well plate at
37 °C for 24 h to form a confluent cell monolayer, and the wound was
scratched with a sterile pipette tip and photographed with an inverted
microscope (Olympus Corp, Tokyo, Japan). A549 cells were treated with
0, 1, 2, or 3 uM 4g for 48 h, and photographs were taken again. Cell
invasion was assessed by Transwell analysis. Briefly, a 24-well Transwell
chamber was precoated with 70 pL of diluted Matrigel (diluted 1:2 with
serum-free medium) in the upper chamber. A549 cells (1 x 10° well)
were seeded in the upper chamber and treated with 0, 1, 2, or 3 pM 4g.
The lower chamber was filled with RPMI-1640 supplemented with 10%
FBS and 1% penicillin/streptomycin at 37 °C and 5% CO,. After 24 h of
incubation, cells that passed through the chamber were fixed with 4%
paraformaldehyde for 30 min at room temperature and stained with
crystal violet for 20 min. Finally, photographs were taken under an
inverted microscope (Olympus Corporation, Tokyo, Japan).

4.7. Hoechst 33,258 staining

Cells (5 x 10* cells/well) were inoculated on a 12-well culture plate
and incubated with 4g of various concentrations for 48 h. Then, the cells
were washed with PBS, fixed for 15 min (4% paraformaldehyde), stained
with Hoechst 33,258 for 5 min (1 pg/mL), and then washed twice with
PBS. Finally, the apoptotic characteristics of the cancer cells were
studied using confocal microscopy (SP8, Leica, GER).

4.8. Mitochondrial membrane potential (A'¥'m) measurements

The changes in MMP were quantified by JC-1 assay. Healthy polar-
ized cell mitochondria form JC-1 aggregates (green fluorescence), while
dead cells form JC-1 monomers (red fluorescence). Cells (5 x 10* cells/
pore) were inoculated on a 12-well plate and incubated with various
concentrations of 4g for 48 h. Then, the cells were washed with PBS and
terminated according to the manufacturer’s instructions. The results
were detected using fluorescence microscopy (SP8, Leica, GER).

4.9. Western blot analysis

A549 cells were treated with or without 4g (1 x 10° cells/well on 6-
well plates). The total protein concentration of each sample was esti-
mated using the BCA protein kit. A total of 80 ug of protein was elec-
trophoretically separated by 12% or 10% SDS-PAGE and transferred to a
nitrocellulose membrane. The membrane was then blocked with 5%
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skimmed milk for 1 h and incubated overnight with the appropriate
primary antibodies overnight at 4 °C with appropriate dilutions. After
incubation, the membrane was washed with TBST and incubated with
two antibodies. Finally, the imprinting was developed using an
enhanced chemiluminescence detection kit, and the relative protein
expression level was quantified using ImageJ software.

4.10. Statistical analysis

All experimental data are reported as the mean value of the specified
number of independent experiments plus the standard deviation (SD).
The data are expressed as an average value of + SD. P < 0.05 (*) was
considered to be statistically significant. Additionally, P < 0.01 (**) and
P < 0.001 (***) are statistically significant.
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