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ABSTRACT

A series of novel 9-O-substituted-13-octylberberine derivatives were designed, synthesised and evaluated
for their anti-hepatocellular carcinoma (HCC) activities. Compound 6k showed the strongest activity
against three human hepatoma cells including HepG2, Sk-Hep-1 and Huh-7 cells with 1C5o values from
0.62 to 1.69 uM, which were much superior to berberine (ICso >50 uM). More importantly, 6k exhibited
lower cytotoxicity against normal hepatocytes L-02 with good lipid-water partition properties. The mech-
anism studies revealed that 6k caused G2/M phase arrest of the cell cycle, stabilised G-quadruplex DNA,
and induced apoptosis via a mitochondrial apoptotic pathway. Finally, the in vivo anti-HCC activity of 6k
was validated in the H22 liver cancer xenograft mouse model. Collectively, the current study would pro-
vide a new insight into the discovery of novel, safe and effective anti-HCC agents.

1. Introduction

Liver cancer is the seventh most common cancer and the third
leading cause of cancer-related death around the world, with an
estimation of 905677 new cases and 830180 new deaths in 2020.’
Liver cancer patients are increasingly diagnosed per year, with an
estimated incidence of >1 million cases by 2025.> Hepatocellular
carcinoma (HCC) constitutes over 80% of all liver cancers, possess-
ing both high metastatic spread and extremely poor prognosis.
Despite the substantial advances in drug discovery and develop-
ment, the current treatment options for HCC are still limited.
Surgical resection, local ablation and liver transplantation are
applied with curative intention at the early stage of HCC,** while
most patients do not present with symptoms until their tumours
develop rapidly into an advanced, often incurable, stage. The
molecular targeted drugs, such as sorafenib and regorafenib, are
used to treat patients with advanced HCC, however, they are asso-
ciated with deleterious clinical side effects and high drug resistan-
ces.®® Hence, the development of novel, safe and effective agents
in HCC therapy is urgently required.

Historically, natural products played a key role in drug discovery
and development. There are over 80% of the approved small mol-
ecule antitumor agents deriving from natural products in the past
39years from 1981 to 2019.° Berberine (1, Figure 1), a natural iso-
quinoline alkaloid isolated from Coptidis Rhizoma, has shown a var-
iety of pharmacological activities including anti-bacterial, anti-cancer,
anti-inflammatory, anti-Alzheimer, anti-diabetic, anti-obesity, anti-
viral, anti-hypertensive, anti-hyperlipidemic, etc.'®'" The antitumor
effects of berberine have been demonstrated in various types of
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cancers, such as colorectal carcinoma, melanoma, gastric and breast
cancers as well as HCC.'>'* Numerous studies revealed berberine
exerted the anti-HCC activity via multiple mechanisms of action,
including suppression of cell proliferation, migration and invasion,
regulation of cell cycle, induction of cell apoptosis and autophagy,
etc." Besides, several studies have shown that berberine could
selectively inhibit hepatoma cell invasion and induce hepatoma cell
apoptosis while eliciting less cytotoxicity in normal hepatocytes,'>'®
and on the contrary, berberine could be combined with radiother-
apy or chemotherapy drugs to neutralise their toxicity and enhance
their therapeutic activities.'”"'® Based on these attractive anticancer
properties, berberine seems to be a promising candidate for the
treatment of HCC, however, the poor absorption and moderate
anticancer efficacy seriously hamper its further development and
application.?®

Berberine possesses poor lipid solubility, which leads to
decreased effective concentration and minimal absorption in the
gastrointestinal tract, thus exhibiting low antitumor effects.®’ As a
result, many efforts including derivatization have been devoted to
enhancing berberine’s anticancer potential.>?> Accumulating evi-
dence has demonstrated that the introduction of an alkyl or ary-
lalkyl group at the C9 or C13 position of berberine could improve
the lipophilicity, making berberine easier to penetrate the cyto-
membrane, so as to enhance the antitumor efficacy.?? And our
previous studies also confirmed that the introduction of alkyl
chains of various lengths into the C9 position could effectively
strengthen the anti-HCC activity of NO-donating berberine deriva-
tives.> To our knowledge, however, few studies were carried out
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Scheme 1. Synthetic routes of compounds 3a-e and 6a-n. Reagents and conditions: (a) 2N NaOH, acetone, rt, 1.5h; (b) BnBr, Nal, CH5CN, 85°C, 8h; (c) NaBH,4, 5%
NaOH, K,COs, MeOH, rt, 2h; (d) RCHO, AcOH, 80% EtOH, 90°C, 5-8h, then TN HC, rt, 2h; (e) 190°C, 20-30 mmHg, 1h; (f) dibromoalkanes, CH;CN, 85°C, 5-10h;

(9) amines, Et;N, CH5CN, 85°C, 8-12h.

to improve the antitumor potency on structural modification at
both C9 and C13 positions of berberine.

In order to find potential anti-HCC agents, in our ongoing
efforts on structural modification of berberine, firstly, several 9,13-
dialkyl-substituted berberine derivatives were synthesised with
high lipid-water partition (LWP) coefficients. While administrated
against HepG2 cells, the derivatives were easy to precipitate in
MTT assays due to low water solubility, leading to the test errors
(data not provided). To overcome the above drawback, a series of
novel 9-O-13-disubstituted berberine derivatives were designed to
step by step (Figure 1). We first introduced various alkyl or ary-
lalkyl groups into the C13 position (3) of berberine to obtain the
most potent 13-alkyl or -arylalkyl berberine derivative by in vitro
activity screening, then treating that as a lead compound, again
introduced diverse aminoalkyl groups into its C9 position (6) to
remain the LWP coefficient and further enhance the anti-HCC
potency. Herein, we report the synthesis, in vitro and in vivo anti-
HCC activity and mechanism studies for these novel derivatives.

2. Results and discussion
2.1. Chemistry

The synthesis of compounds 3a-e and 6a-n is illustrated in
Scheme 1. The reaction of commercially available berberine (1)

with acetone under the base produced compound 2a, which was
treated with benzyl bromide in the presence of Nal to give com-
pound 3a. On the other hand, 1 was reduced using NaBH, under
the base to obtain compound 2b, followed by the reaction of
diverse aldehydes in a mixed solvent of EtOH and AcOH to give
compounds 3b-e. Next, selective demethylation of 3c through
pyrolysis produced compound 4c¢, which was directly reacted with
different dibromoalkanes to form compounds 5a-d, followed by
treatment with various amines to afford compounds 6a-n.

2.2. In vitro anti-HCC activity against HepG2 cells

Compounds 3a-e were first synthesised and screened for their
antiproliferative activity against HepG2 cells. As seen in Table 1,
compound 3c exhibited the strongest activity among the obtained
C13-substituted berberine derivatives. Then taking 3c as a precur-
sor, compounds 6a-h were prepared and evaluated. The results
indicated compounds bearing terminal six-membered heterocycles
such as morpholinyl (6f), piperidinyl (6g) and N-methylpiperazinyl
(6h) groups displayed more potent activities than those with
other substituted amino groups such as diethylamino (6d) and
pyrrolidinyl (6e) groups (Table 1). Moreover, it was found that the
activity increased by extending the alkyl chain length from C;
to Cs (e.g. 6d vs 6a, 6e vs 6b, 6f vs 6¢c, Table 1). Therefore,
9-O-substituted-13-octylberberine derivatives 6i-n with longer



Table 1. Antiproliferative activity of berberine derivatives against HepG2 cells
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Table 2. Antiproliferative activities of 6k against other hepatic cell lines.

Compd R n -NR'R? ICs0® (M)
Berberine / / / > 50
3a benzyl / / > 50
3b "hexyl / / 6.14+0.57
3c "octyl / / 412+0.26
3d "decyl / / 445+0.34
3e "dodecyl / / 4244044
6a "octyl 2 r 6.82+0.51
N~
6b "octyl 2 O 7.75+0.83
N
6¢c "octyl 2 @ 6.25+0.56
N
6d "octyl 5 d 475+0.24
N~
6e "octyl 5 O 3.91+0.36
N
6f "octyl 5 @ 1.27+0.25
N
69 "octyl 5 O 1.64+0.13
N
6h "octyl 5 O'Me 147 +£0.19
N
6i "octyl 7 @ 0.81+0.08
N
6j "octyl 7 O 1.00+0.10
N
6k "octyl 7 O'Me 0.76 £0.06
N
6l octyl 9 @ 1.28 +0.11
N
6m "octyl 9 O 1.44+0.13
N
6n octyl 9 QN'ME 1.08£0.10
N
Cisplatin / / / 6.87 +0.31

Concentration of the test compound that inhibits 50% of cell growth. Results
are expressed as the mean+£SD (n=3).

alkyl chains and various six-membered heterocycles were further
synthesised. The bioassay results indicated the anticancer activity
gradually strengthened with the extension of the alkyl chain, how-
ever, the chain length had a little detrimental effect on the activ-
ity from Cg to Cy (e.g. 6i vs 61, 6j vs 6m, 6k vs 6n, Table 1). While
compounds bearing morpholinyl (e.g. 6i), piperidinyl (e.g. 6j) and
N-methylpiperazinyl (e.g. 6k) groups displayed comparably potent
activity. Among all the derivatives, compound 6k showed the
strongest anti-HCC activity with an ICsy value of 0.76 uM, which
was much superior to that of positive control Ccisplatin
(ICs0 6.87 uM).

2.3. In vitro anti-HCC activity of 6k against a wide range of
hepatoma cell lines

Compound 6k was selected to examine the antiproliferative
activity against other hepatoma cell lines including Sk-Hep-1, Huh-

IC507 (UM)
Compd Sk-Hep-1 Huh-7 Hep3B L-02
Berberine >50 >50 >50 >50
6k 1.69 +£0.07 0.62 +£0.04 1.60+0.11 7.68+£0.67
Cisplatin 6.52+0.42 3.03+£0.63 11.19+0.51 6.79 £ 0.46

?Concentration of the test compound that inhibits 50% of cell growth. Results
are expressed as the mean+SD (n=3).

7 and Hep3B cells. As presented in Table 2, 6k showed potent
anti-HCC activities against the three cell lines with IC5y values of
1.69, 0.62 and 1.60 uM, respectively, much higher than berberine
with 1Cs5o values of >50 uM, even superior to positive control cis-
platin with 1Csy values of 6.52, 3.03 and 11.19 uM, respectively.
More importantly, 6k showed lower cytotoxicity towards normal
hepatocytes L-02 compared to other hepatoma cell lines (Table 2).
As a result, 6k would be a potential anti-HCC agent and deserve
further antitumor mechanism and in vivo studies.

2.4. Effect of 6k on cell cycle progression

To determine whether 6k inhibited hepatoma cell proliferation by
cell cycle regulation, the cell cycle distribution was analysed by
flow cytometry after staining cellular DNA with propidium iodide
(P). As shown in Figure 2(A,B), 6k caused cell cycle arrest at G2/M
phase in a dose-dependent manner. Treatment of HepG2 cells
with 6k at concentrations from 0 to 1.0uM increased the G2-
phase cell percentages from 18.00% to 32.16%, while the total cell
percentages of G1 and S phases decreased from 82.00% to
67.83% concomitantly. Then, the mechanism of 6k-induced cell
cycle arrest in HepG2 cells were further explored. The suppression
of cell cycle progression from G2 to M phase in eukaryotic cells
has been suggested to be associated with expressions of several
regulatory proteins including cdc25¢, cdc2 and cyclin B1%*. As
seen in Figure 2(C,D), 6k significantly promoted cdc25c phosphor-
ylation, inhibited cdc2 kinase activation and reduced cyclin B1
binding in concentration-dependent manners. These results indi-
cated that 6k blocked G2/M phase of the cell cycle possibly by
regulating the expressions of p-cdc25¢, cdc2 and cyclin B1.

2.5, Effect of 6k on G-quadruplex DNA

It is well known that G2 phase is the late stage of DNA synthesis
and the preparation period for mitosis. During the progression of
DNA replication, there are a number of G-quadruplex (G4) con-
formation present in oncogene (e.g. ¢-MYC) region, which are
formed by diverse guanine-rich sequences, to maintain the stable
existence of the replication action.® G4 stabilisation by a small-
molecule ligand could repress transcription of certain oncogenes
and/or induce DNA damage at telomeres and oncogenes leading
to replication defects and cancer cell death.”® Berberine has been
reported to exert the anticancer activity related to its binding to
G4 DNA”

To investigate whether the anti-HCC activity of 6k is involved
with G4 DNA-binding effects, FRET-melting experiments were car-
ried out with berberine as a reference. The fluorescent labelled
oligomers FPu18T and F10T were employed as ¢-MYC G4 DNA
and duplex DNA model, respectively. As shown in Table 3, 6k
could effectively stabilise G4 structure with a ATm(A) value of
13.8°C, which was much higher than berberine (ATm: 1.2°C).
Whereas the melting temperature of F10T was not obviously ele-
vated by 6k with a ATm(B) value of 0.8°C (Table 3), suggesting
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Figure 2. Effect of 6k on cell cycle progression. HepG2 cells were treated with varying concentrations of 6k for 72 h. (A) Cells were stained with Pl and analysed by
flow cytometry. (B) Histograms display the cell cycle distribution percentages. (C) Western blot analysis of G2/M-related proteins using f-actin as an internal control.

(D) Histograms display the density ratios of p-cdc25c, cdc2 and cyclin B1 to fS-actin.

Table 3. G4 DNA-binding effect of 6k (°C).

Compd AT, (AP AT(B)° AT, (C)°
Berberine 1.2 2.0 /
6k 13.8 0.8 124

AT,y = Tr(FPU18T + 6k)-T,(FPU18T); PAT,, = T (F10T + 6k)-T,(F10T).

6k possessed lower binding affinity towards duplex DNA than G4
DNA. Besides, the G4 selectivity of 6k was further examined by
FRET-based competition assays using a nonfluorescent duplex
DNA (ds26) as a competitor. The presence of excess ds26 didn't
obviously influence FPu18T stabilisation by 6k with a ATm(C)
value of 12.4°C (Table 3), indicating the duplex DNA had negli-
gible effect on the binding of 6k to G4 DNA. Altogether, 6k pos-
sessed high G4 DNA stabilising efficacy with better selectivity over
duplex DNA.

2.6. Effect of 6k on cell apoptosis and mitochondrial
membrane potential

To verify whether cancer cell viability decreased by 6k is associ-
ated with apoptosis, an Annexin V-FITC/PI binding assay was per-
formed and the results were analysed by flow cytometry. As
shown in Figure 3(A,B), 6k markedly induced apoptosis in a dose-
dependent manner. HepG2 cells were treated with 6k at concen-
trations of 0.25, 0.50 and 1.0uM for 72h, which resulted in
16.42%, 34.29% and 59.17% total apoptotic cells (Q2+Q3), as
compared with 6.28% in the control group, indicating that 6k
exerted its anti-HCC effect possibly by inducing apoptosis.

Data are expressed as the mean +SD (n = 3). **p < 0.01 vs. control group.

It is well known that mitochondria play an important role in
the process of apoptosis. Mitochondrial dysfunction triggers an
alteration in mitochondrial structure, which can result in disrup-
tion of mitochondrial membrane potential (MMP) to initiate the
apoptosis pathway?®. In order to explore whether 6k could induce
mitochondrial dysfunction, the lipophilic mitochondrial probe JC-1
was employed to measure MMP. As shown in Figure 3(C,D), treat-
ment with 6k at concentrations from 0.25 to 1.0 uM for 72 h, the
percentages of HepG2 cells with green fluorescence intensity cor-
respondingly increased from 10.33% to 37.52%, as compared with
1.90% in the control group, suggesting that 6k caused MMP col-
lapse and mitochondrial dysfunction in the process of
HepG2 apoptosis.

2.7. Effect of 6k on mitochondrial apoptotic pathway

The above results demonstrated that apoptosis induced by 6k
was likely involved in a mitochondrial pathway. It has been found
that when mitochondrial dysfunction occurs, cytochrome C
releases from mitochondria into the cytoplasm across the mem-
brane, which promotes the formation of a caspase activating com-
plex that triggers the activation of downstream caspases®.
Caspase-3 acts as a final executor in apoptosis and can be irre-
versibly activated through cleavage of procaspase-3°°. Bcl-2, an
anti-apoptotic protein, preserves mitochondrial structure and func-
tion.3! Bax, a dominant-negative inhibitor of Bcl-2, increases mito-
chondrial membrane permeability and promotes apoptosis.®’
Thus, the expressions of Bax, Bcl-2, cytochrome C and caspase-3
were tested by western blot analysis. As shown in Figure 4(A,B),
treatment with 6k in HepG2 cells promoted cytochrome C release,
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Figure 3. Effect of 6k on cell apoptosis and MMP. HepG2 cells were treated with different concentrations of 6k for 72 h. (A) Cells were stained with Annexin V-FITC/PI
and analysed by flow cytometry. (B) Histograms display the percentages of cell distribution. (C) Cells were stained with JC-1 dye, followed by flow cytometry analysis.
(D) Histograms display the percentages of cells with green fluorescence. Data are expressed as the mean =SD (n=3). *p < 0.05, **p < 0.01 vs. control group.
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Figure 4. Effect of 6k on the mitochondrial apoptotic pathway. HepG2 cells were treated with different concentrations of 6k for 72h. (A) The expression levels of
apoptosis-related proteins were determined by Western Blotting using specific antibodies. ff-Actin or VDAC1 was used as an internal control. (B) Histograms display
the density ratios of Bax, Bcl-2, Cyto-C (C) and cleaved caspase-3 to f-actin and Cyto-C (M) to VDAC1. Cyto-C (M): mitochondrial cytochrome C; Cyto-C (C): cytosolic

cytochrome C. Data are expressed as the mean =SD (n=3). ¥p < 0.05, **p < 0.01 vs. control group.
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activated caspase-3, downregulated Bcl-2 expression and upregu-
lated Bax expression in concentration-dependent manners.
The results indicated that 6k-induced apoptosis could be medi-
ated via a mitochondrial-dependent apoptotic pathway.

2.8. LWP property and aqueous solubility of 6k

In order to verify whether the physicochemical properties of ber-
berine were improved, compounds 3c and 6k were selected to
determine the LWP coefficient and aqueous solubility by the
shake flask®?> and HPLC** methods, respectively. As expected in
Table 4, compound 6k could not only enhance the anti-HCC activ-
ity but also improve LWP property (Log D 3.87) compared to ber-
berine (Log D —0.98). The water solubility of 6k was 1.08 mg/mL,
which was comparable to that of berberine (1.36 mg/mL).

2.9. In vivo anti-HCC activity of 6k

Encouraged by the above results, 6k was selected to further test
it is in vivo anti-HCC efficacy in mice liver cancer xenograft model
established by subcutaneous inoculation of H22 cells into the
right flank of mice. The tumour sizes and body weights of the
mice were monitored and recorded every 2days. All the mice

Table 4. LWP coefficient and aqueous solubility of 6k in PBS (pH 7.4).

Compd cLog P? Log D Solubility (mg/mL)
Berberine —1.54 —0.98 1.36
3c 2.66 2.4 1.12
6k 438 3.87 1.08

?Calculated LWP coefficient by ChemDraw 17.0.
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were sacrificed after 3weeks, the tumours were excised and
weighed (Figure 5A). As illustrated in Figure 5(B,C), 6k markedly
inhibited the tumour growth (both volume and weight) in a dose-
dependent manner. At a dose of 30 mg/kg, 6k possessed a much
higher tumour inhibitory rate (TIR 61.1%) than berberine (TIR
47.3%). Besides, 6k didn't cause significant loss in mice body
weights during treatment (Figure 5D).

3. Conclusion

In summary, a series of novel 9-O-substituted-13-octylberberine
derivatives were designed to step by step, prepared and their
in vitro anti-HCC activities were initially evaluated. The results indi-
cated that all the derivatives exhibited markedly improved anti-
proliferative activity compared to the parent compound berberine.
Among them, compound 6k showed the most potent activity
(ICso 0.62~1.69uM) against a wide range of human hepatoma
cells while displaying lower cytotoxicity towards normal hepato-
cytes. The mechanism studies indicated that 6k blocked G2/M
phase of the cell cycle possibly by influencing the expressions of
p-cdc25¢c, cdc2 and cyclin B1, stabilised G4 DNA with higher
selectivity over duplex DNA, caused MMP loss and induced apop-
tosis through a mitochondrial apoptotic pathway. Besides, 6k pos-
sessed good lipid-water partition property (log D 3.87) and
aqueous solubility (1.08 mg/mL). Furthermore, 6k effectively sup-
pressed the tumour growth by 61.1% (w/w) in the H22 liver can-
cer xenograft mouse model, which was significantly superior to
berberine (47.3%, w/w) at the same dose. Altogether, compound
6k deserves to be further investigated as a potential anti-HCC
agent for cancer therapy.
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Figure 5. In vivo antitumor effect of 6k in H22 liver cancer xenograft mouse model. After intravenously administering vehicle (10%DMF/2%Tween/88%saline, control),
berberine (30 mg/kg), 6k (15 or 30 mg/kg) and cyclophosphamide (CP, 20 mg/kg) once a day for 21 days, the mice were sacrificed and the tumours were weighed. (A)
Images of tumours from mice after treatment of 21days. (B) Tumour volume changes during treatment. (C) Weight of the excised tumours of each group. (D) Body
weight changes of mice during treatment. Data are expressed as the mean +SD (n =8). **P < 0.01 vs. control group.



4. Experimental section
4.1. Chemistry

4.1.1. General

Most chemicals and solvents were purchased from commercial
sources. Further purification and drying by standard methods
were employed when necessary. Melting points (m.p.) were taken
on an XT-4 micro melting point apparatus and uncorrected. 'H
NMR and '*C NMR spectra were recorded on Bruker-300 spec-
trometers in the indicated solvents (CDCl; or DMSO-ds, TMS as
internal standard): the values of the chemical shifts are expressed
in & values (ppm) and the coupling constants (J) in Hz. High-
Resolution Mass measurement was performed on Agilent QTOF
6520 mass spectrometer with electron spray ionisation (ESI) as the
ion source. The purity of all tested compounds was >95%, as esti-
mated by HPLC analysis. Reactions were monitored by thin-layer
chromatography (TLC) on 0.25mm silica gel plates (GF254) and
visualised under UV light. Flash column chromatography was car-
ried out using commercially available silica gel (200-300 mesh)
under pressure.

4.1.2. General procedure for synthesis of compound 3

4.1.2.1. Synthesis of compound 2. To a stirred 2N NaOH (8 ml)
solution of berberine 1 (1.86 g, 5 mmol) was dropwise added acet-
one (4 ml), the mixture was stirred at room temperature for 1.5h.
The mixture was then filtered and washed with 80% ethanol
(15ml) to provide the crude compound 2a without further purifi-
cation for next step directly.

To a stirred solution of berberine 1 (3.72g, 10mmol) and
K,COs (4.14g, 30 mmol) in MeOH (100 ml) was dropwise added a
5% NaOH (10 ml) solution containing NaBH, (570 mg, 15 mmol),
the mixture was stirred at room temperature for 2 h. The mixture
was then filtered, and washed with water (30 ml) and 80% ethanol
(30ml) to provide the crude compound 2b without further purifi-
cation for next step directly.

4.1.2.2. Synthesis of compound 3. To a solution of compound 2a
(1.18g, 3mmol) in acetonitrile (10ml), sodium iodide (450 mg,
3mmol) and benzyl bromide (1.1 ml, 9mmol) were added. The
reaction mixture was stirred at 85°C for 8h. The solvent was
removed under reduced pressure, the residue was purified by sil-
ica gel column chromatography using dichloromethane/methanol
as an eluent to give compound 3a.

13-Benzyl-9,10-dimethoxy-5,6-dihydro-[1,3]1dioxolo[4,5-glisoqui-
nolino[3,2-alisoquinolin-7-ium bromide (3a) Yellow solid in 64%
yield (972 mg). m.p. 243 —245°C. 'H NMR (300 MHz, DMSO-d) ¢
10.05 (s, 1H), 8.10 (d, J=9.5Hz, 1H), 7.78 (d, J=9.5Hz, 1H),
7.39—7.35(m, 2H), 7.28 (t, J=7.1Hz, 1H), 7.18 — 7.16 (m, 3H), 6.96
(s, TH), 6.08 (s, 2H), 4.88 (s, 2H), 4.75 (s, 2H), 4.12 (s, 3H), 4.02
(s, 3H), 3.18 —3.14 (m, 2H). >C NMR (75 MHz, DMSO-dg) & 150.2,
149.2, 146.4, 1455, 144.2, 139.2 137.1, 134.1, 132.7, 130.0, 129.1,
128.0, 126.8, 126.1, 121.7, 121.2, 120.0, 108.5, 108.1, 102.1, 62.1,
56.9 (2), 35.5, 27.3. HRMS (ESI) calculated for C,,H,4BrNO, [M-Br]™
426.1700, found 426.1702.

To a mixed solution of compound 2b (2.02g, 6 mmol) in 80%
ethanol (16 ml) and AcOH (4 ml), different aldehydes (18 mmol)
were added. The reaction mixture was stirred at 90°C for 5-8h.
The solvent was removed under reduced pressure, the residue
was then acidified with 1N HCl (20ml), and stirred at room tem-
perature for 2h. The solid was collected by filtration and then
purified by silica gel column chromatography using dichlorome-
thane/methanol as an eluent to give compounds 3b-e.
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13-Hexyl-9,10-dimethoxy-5,6-dihydro-[1,3]dioxolo[4,5-glisoqui-
nolino[3,2-alisoquinolin-7-ium chloride (3b) Yellow solid in 58%
yield (1.86g). m.p. 183 —185°C. "H NMR (300 MHz, CDCl;) & 10.69
(s, TH), 7.89 (d, J=9.5Hz, 1H), 7.84 (d, J=9.5Hz, 1H), 7.09 (s, 1H),
6.89 (s, 1H), 6.10 (s, 2H), 5.28 (s, 2H), 436 (s, 3H), 4.07 (s, 3H),
3.29—-3.23 (m, 2H), 3.16 (s, 2H), 1.85 (s, 2H), 1.57 — 1.47 (m, 2H),
141 —-1.29 (m, 4H), 091 (t, J=6.8Hz, 3H). *C NMR (75MHz,
CDCl5) 6 150.3, 149.6, 147.1, 145.8, 145.3, 135.9, 134.4, 133.7,
132.8, 125.6, 121.9, 120.3, 120.2, 108.9, 108.4, 102.1, 62.8, 57.5,
57.0, 31.11, 31.07, 29.8, 29.1, 28.6, 22.4, 13.9. HRMS (ESI) calculated
for CoeH30CINO, [M-CIIT 420.2169, found 420.2167.

9,10-Dimethoxy-13-octyl-5,6-dihydro-[1,3]dioxolo[4,5-glisoquino-
lino[3,2-alisoquinolin-7-ium chloride (3¢c) Yellow solid in 62% yield
(1.80g). mp. 175—177°C. '"H NMR (300 MHz, DMSO-ds) & 9.90
(s, TH), 8.20 (s, 2H), 7.29 (s, 1H), 7.17 (s, 1H), 6.19 (s, 2H), 4.79
(s, 2H), 4.09 (s, 6H), 3.09—-3.06 (m, 2H), 1.77—-1.70 (m, 2H),
1.39—-1.33 (m, 2H), 1.28—1.23 (m, 10H), 0.85 (t, J=6.6Hz, 3H).
13C NMR (75 MHz, CDCl3) 6 150.5, 149.7, 147.3, 146.3, 145.8, 136.0,
134.3, 133.9, 133.0, 125.6, 122.1, 120.34, 120.28, 109.1, 108.6,
102.2, 63.1, 57.6, 57.1, 31.8, 31.2, 29.9, 29.6, 29.2, 29.1, 28.8, 22.6,
14.1. HRMS (ESI) calculated for CogH34CINO, [M-CIIT 448.2482,
found 448.2483.

13-Decyl-9,10-dimethoxy-5,6-dihydro-[1,3]dioxolo[4,5-glisoqui-
nolino[3,2-a]isoquinolin-7-ium chloride (3d) Yellow solid in 48%
yield (1.47g). m.p. 187 —189°C. "H NMR (300 MHz, CDCl5) § 10.7
(s, TH), 7.89 (d, J=9.5Hz, 1H), 7.84 (d, J=9.5Hz, 1H), 7.10 (s, 1H),
6.89 (s, 1H), 6.10 (s, 2H), 5.28 (s, 2H), 4.36 (s, 3H), 4.07 (s, 3H),
329-3.23 (m, 2H), 3.16 (t, J=5.6Hz, 2H), 1.90—1.78 (m, 2H),
1.56 — 1.47 (m, 2H), 1.41 —1.25 (m, 12H), 0.90 —0.86 (m, 3H). ">C
NMR (75MHz, CDCl5) 6 150.4, 149.6, 147.2, 146.0, 145.5, 135.9,
134.3, 133.8, 1329, 125.5, 122.0, 120.31, 120.26, 109.0, 108.5,
102.1, 62.9, 57.5, 57.0, 31.8, 31.2, 29.9, 29.52, 29.48 (2), 29.2, 29.0,
28.6, 22.6, 14.1. HRMS (ESI) calculated for C3oH3sCINO, [M-CII*
476.2795, found 476.2813.

13-Dodecyl-9,10-dimethoxy-5,6-dihydro-[1,3]1dioxolo[4,5-gliso-
quinolino[3,2-alisoquinolin-7-ium chloride (3e) Yellow solid in 43%
yield (1.39g). m.p. 179 —181°C. "H NMR (300 MHz, CDCl3) § 10.46
(s, TH), 7.87 (s, 2H), 7.04 (s, 1H), 6.84 (s, 1H), 6.05 (s, 2H), 5.17
(s, 2H), 4.23 (s, 3H), 4.02 (s, 3H), 3.24—3.19 (m, 2H), 3.11 (s, 2H),
1.79 (s, 2H), 1.49—-1.40 (m, 2H), 1.30—1.16 (m, 16H), 0.83 — 0.79
(m, 3H). 3C NMR (75MHz, CDCl3) 6 150.4, 149.7, 147.2, 146.1,
145.6, 136.0, 134.3, 133.9, 133.0, 125.6, 122.1, 120.3 (2), 109.0,
108.6, 102.1, 63.0, 57.6, 57.1, 31.9, 31.2, 29.9, 29.61, 29.59, 29.57,
29.5, 293, 29.1, 28.7, 22.7, 14.1. HRMS (ESI) calculated for
C3,H4,CINO, [M-CII* 504.3108, found 504.3118.

4.1.3. General procedure for synthesis of compound 6
4.1.3.1. Synthesis of compound 4c. Compound 3c (1.70g,
3.5 mmol) was heated at 190°C in a vacuum oven under reduced
pressure (20-30 mmHg) for 1h to obtain the crude compound 4c
without further purification for the next step directly.

4.1.3.2. Synthesis of compound 5. To a solution of compound 4c
(1.30g, 3mmol) in acetonitrile (10ml), different dibromoalkanes
(9 mmol) were added. The reaction mixture was stirred at 85 °C for
5-10h. The solvent was removed under reduced pressure, the
residue was purified by silica gel column chromatography using
dichloromethane/methanol as an eluent to give compounds 5a-d.

9—(3-Bromopropoxy)-10-methoxy-13-octyl-5,6-dihydro-[1,3]diox-
olo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (5a) Yellow
solid in 67% vyield (1.28g). "H NMR (300 MHz, CDCl5) & 10.53 (s,
1H), 7.91 (d, J=9.4Hz, 1H), 7.86 (d, J=9.4Hz, 1H), 7.09 (s, TH),
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6.87 (s, TH), 6.09 (s, 2H), 5.25 (s, 2H), 4.66 (t, J=5.6 Hz, 2H), 4.07 (s,
3H), 3.83 (t, J=5.9Hz, 2H), 3.28 —3.22 (m, 2H), 3.15—3.12 (m, 2H),
270—-263 (m, 2H), 1.89—-180 (m, 2H), 1.55—1.46 (m, 2H),
1.39-1.23 (m, 8H), 0.89—-0.85 (m, 3H). MS (ESI) m/z: 554.13
[M-Br]t.

9-((6-Bromohexyl)oxy)-10-methoxy-13-octyl-5,6-dihydro-[1,3]dioxolo
[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (5b) Yellow solid
in 78% yield (1.599). "H NMR (300 MHz, CDCls) 6 10.17 (s, 1H), 7.88
(s, 2H), 7.04 (s, TH), 6.82 (s, TH), 6.04 (s, 2H), 5.14 (s, 2H), 443 (t,
J=6.8Hz, 2H), 4.02 (s, 3H), 3.37 (t, J=6.8 Hz, 2H), 3.23 — 3.18 (m, 2H),
312 (t, J=56Hz 2H), 202—-193 (m, 2H), 1.89—1.74 (m, 4H),
1.57 —1.40 (m, 6H), 1.35—1.18 (m, 8H), 0.84 — 0.79 (m, 3H). MS (ESI)
m/z: 596.26 [M-Br]*"

9-((8-Bromooctyl)oxy)-10-methoxy-13-octyl-5,6-dihydro-[1,3]dioxolo
[4,5-glisoquinolino(3,2-alisoquinolin-7-ium bromide (5¢) Yellow solid
in 72% yield (1.52g). 'H NMR (300 MHz, CDCls) 8 10.35 (s, TH), 7.89
(d, J=95Hz, 1H), 7.84 (d, J=9.5Hz, 1H), 7.08 (s, 1H), 6.88 (s, TH),
6.09 (s, 2H), 5.22 (s, 2H), 4.46 (t, J=6.6Hz, 2H), 4.05 (s, 3H), 3.52 (t,
J=6.6Hz, 2H), 3.27 —3.22 (m, 2H), 3.16 (s, 2H), 2.06 — 1.97 (m, 2H),
190—-1.71 (m, 4H), 1.54—146 (m, 4H), 145—1.23 (m, 14H),
0.89 — 0.85 (m, 3H). MS (ESI) m/z: 624.31 [M-Br]*

9-((10-Bromodecyl)oxy)-10-methoxy-13-octyl-5,6-dihydro-[1,3]dioxolo
[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (5d) Yellow solid in
68% vyield (1.509). "H NMR (300 MHz, CDCls) 6 1041 (s, 1H), 7.88 (d,
J=95Hz, 1H), 7.83 (d, J=9.5Hz, 1H), 7.09 (s, TH), 6.89 (s, 1H), 6.10 (s,
2H), 5.26 (s, 2H), 450 (t, J=6.6Hz, 2H), 4.05 (s, 3H), 3.53 (t, J=6.7Hz,
2H), 3.28 —3.23 (m, 2H), 3.18 (s, 2H), 2.09—1.97 (m, 2H), 1.91 —1.71
(m, 4H), 1.55 —1.46 (m, 4H), 141 —1.24 (m, 18H), 0.91 — 0.87 (m, 3H).
MS (ESI) m/z: 652.28 [M-Br]*

4.1.3.3. Synthesis of compound 6. To a solution of compound 5
(0.2mmol) in acetonitrile (3 ml), different amines (0.6 mmol) and
trimethylamine (83 uL, 0.6 mmol) were added. The reaction mix-
ture was stirred at 85°C for 8-12h. The solvent was removed
under reduced pressure, the residue was purified by silica gel col-
umn chromatography using dichloromethane/methanol as an elu-
ent to give compounds 6a-n.

9-(3-(Diethylamino)propoxy)-10-methoxy-13-octyl-5,6-dihydro-[1,3]
dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium  bromide  (6a).
Yellow solid in 64% yield (80mg). m.p. 142 —144°C. 'H NMR
(300 MHz, CDCl5) 6 10.60 (s, 1H), 7.88 (d, J=9.2Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.09 (s, 1H), 6.89 (s, 1H), 6.10 (s, 2H), 5.30 (s, 2H), 4.58
(t, J=6.4Hz 2H), 4.06 (s, 3H), 3.28 —3.23 (m, 2H), 3.16 (t, J=5.5Hz,
2H), 292 —2.87 (m, 2H), 2.70 (q, J=7.0Hz, 4H), 2.34 —2.25 (m, 2H),
1.90—1.81 (m, 2H), 1.55—1.46 (m, 2H), 141 —1.21 (m, 8H), 1.11 (t,
J=7.1Hz, 6H), 091—086 (m, 3H). >C NMR (75MHz, CDCl3) &
150.0, 149.7, 147.2, 145.2, 1445, 136.0, 1344, 133.7, 1328, 125.2,
121.8, 1204, 120.2, 109.0, 1084, 102.1, 71.7, 57.2, 57.0, 49.2, 46.8,
31.7, 31.1, 29.8, 294, 29.1, 28.9, 28.6, 25.0, 22.5, 14.0, 9.1. HRMS (ESI)
calculated for C34H,4;BrN,O4 [M-Br]™ 547.3530, found 547.3539.

10-Methoxy-13-octyl-9-(3-(pyrrolidin-1-yl)propoxy)-5,6-dihydro-
[1,3]1dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide
(6b) Yellow solid in 67% yield (84 mg). m.p. 135 —137°C. "H NMR
(300 MHz, CDCl3) 6 10.59 (s, 1H), 7.88 (d, J=9.5Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.09 (s, 1H), 6.88 (s, 1H), 6.10 (s, 2H), 5.29 (s, 2H),
4.59 (t, J=6.4Hz, 2H), 4.05 (s, 3H), 3.28 —3.22 (m, 2H), 3.16 (t,
J=5.5Hz, 2H), 2.97 — 2.93 (m, 2H), 2.75 (s, 4H), 2.39 — 2.30 (m, 2H),
1.85 (s, 6H), 1.55—1.46 (m, 2H), 1.41 —1.20 (m, 8H), 0.91 —0.86
(m, 3H). ®*C NMR (75 MHz, CDCl5) § 149.73, 149.68, 147.3, 145.2,
144.6, 136.1, 134.4, 133.8, 132.9, 125.4, 121.7, 120.2, 120.1, 109.1,
108.5, 102.2, 71.7, 57.3, 57.1, 53.4, 51.9, 31.7, 31.2, 29.9, 29.5, 29.1,
29.0, 286, 26.9, 234, 225, 14.1. HRMS (ESI) calculated for
C34H45BrN,0, [M-Brl™ 545.3374, found 545.3383.

10-Methoxy-9-(3-morpholinopropoxy)-13-octyl-5,6-dihydro-
[1,3]1dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (6¢)
Yellow solid in 73% vyield (94 mg). m.p. 167 —169°C. "H NMR
(300 MHz, CDCls) 6 10.60 (s, 1H), 7.88 (d, J=9.4Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.08 (s, TH), 6.87 (s, 1H), 6.09 (s, 2H), 5.29 (s, 2H),
457 (t, J=6.6Hz, 2H), 405 (s, 3H), 3.72 (t, J=4.5Hz, 4H),
3.27 —3.21 (m, 2H), 3.14 (t, J=5.6 Hz, 2H), 2.67 (t, J=7.4Hz, 2H),
2.54 (s, 2H), 2.44 (s, 2H), 2.35—2.25 (m, 2H), 1.89 — 1.80 (m, 2H),
1.54 —1.45 (m, 2H), 1.38 —1.23 (m, 8H), 0.90 —0.82 (m, 3H). '*C
NMR (75MHz, CDCl5) 6 150.2, 149.6, 147.2, 145.4, 145.2, 136.0,
134.3, 133.8, 132.9, 125.3, 122.1, 120.2, 120.1, 109.0, 108.5, 102.1,
734, 66.5, 57.5, 57.0, 55.1, 53.4, 31.7, 31.1, 29.9, 29.5, 29.1, 29.0,
28.7, 26.9, 22.5, 14.1. HRMS (ESI) calculated for C34H45BrN,O5 [M-
BrI* 561.3323, found 561.3334.
9-((6-(Diethylamino)hexyl)oxy)-10-methoxy-13-octyl-5,6-dihydro-
[1,3]1dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide
(6d) Yellow solid in 68% yield (91 mg). m.p. 149 — 151°C. 'H NMR
(300 MHz, CDCl3) 6 10.40 (s, 1H), 7.88 (d, J=9.5Hz, 1H), 7.84 (d,
J=9.5Hz, 1H), 7.08 (s, TH), 6.87 (s, 1H), 6.09 (s, 2H), 5.26 (s, 2H),
448 (t, J=6.7Hz, 2H), 4.04 (s, 3H), 3.27—3.22 (m, 2H), 3.15 (t,
J=53Hz, 2H), 265 (q, J=7.2Hz, 4H), 259—-254 (m, 2H),
209—-2.00 (m, 2H), 1.89—-179 (m, 2H), 1.64—1.52 (m, 4H),
149 —1.38 (m, 4H), 1.34—1.23 (m, 8H), 1.08 (t, J=7.2Hz, 6H),
0.89 — 0.85 (m, 3H). "*C NMR (75 MHz, CDCl3) 6 150.2, 149.6, 147.1,
145.0, 144.8, 135.9, 134.4, 133.7, 1329, 125.4, 122.0, 120.1, 120.0,
108.9, 108.4, 102.0, 74.9, 57.7, 57.0, 51.4, 46.5, 31.6, 31.0, 29.7, 294,
29.2, 29.0, 28.8, 28.6, 26.0, 24.7, 22.9, 22.4, 13.9, 8.8. HRMS (ESI) cal-
culated for C3,Hs3BrN,O4 [M-Br]™ 589.4000, found 589.4021.
10-Methoxy-13-octyl-9-((6-(pyrrolidin-1-yl)hexyl)oxy)-5,6-dihy-
dro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide
(6e) Yellow solid in 65% yield (87 mg). m.p. 126 — 128°C. "H NMR
(300 MHz, CDCl3) 6 10.48 (s, 1H), 7.88 (d, J=9.4Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.09 (s, TH), 6.88 (s, 1H), 6.10 (s, 2H), 5.31 (s, 2H),
451 (t, J=6.7Hz, 2H), 4.06 (s, 3H), 3.28 —3.22 (m, 2H), 3.16 (t,
J=5.8Hz, 2H), 2.72 — 2.63 (m, 6H), 2.11 — 2.02 (m, 2H), 1.85 (s, 6H),
1.73—-1.65 (m, 2H), 1.62—1.57 (m, 2H), 1.54—1.43 (m, 4H),
1.36 — 1.24 (m, 8H), 0.91 — 0.86 (m, 3H). >C NMR (75 MHz, CDCl5)
0 150.2, 149.6, 147.1, 144.9, 144.6, 135.9, 134.5, 133.6, 132.9, 125.4,
122.0, 120.1, 120.0, 109.0, 108.4, 102.0, 74.9, 57.7, 57.0, 54.5, 53.2,
31.6, 31.1, 29.8, 294, 29.2, 29.0, 289, 28.6, 25.8, 249, 244, 23.2,
224, 140. HRMS (ESI) calculated for Cs;HsiBrN,O, [M-Brl"™
587.3843, found 587.3844.
10-Methoxy-9-((6-morpholinohexyl)oxy)-13-octyl-5,6-dihydro-
[1,3]1dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (6f)
Yellow solid in 77% yield (105mg). m.p. 164 —166°C. 'H NMR
(300 MHz, CDCl3) 6 10.52 (s, 1H), 7.87 (d, J=9.4Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.08 (s, TH), 6.88 (s, 1H), 6.10 (s, 2H), 5.31 (s, 2H),
453 (t, J=6.7Hz, 2H), 405 (s, 3H), 3.71 (t, J=4.6Hz, 4H),
327 —3.22 (m, 2H), 3.17 (t, J=5.3Hz, 2H), 244 (s, 4H), 2.35 (t,
J=7.6Hz, 2H), 2.13 —1.98 (m, 4H), 1.90 — 1.81 (m, 2H), 1.63 —1.39
(m, 6H), 1.34 —1.24 (m, 8H), 0.90 — 0.86 (m, 3H). "*C NMR (75 MHz,
CDCl5) 6 1504, 149.7, 147.2, 1454, 145.3, 136.0, 134.4, 133.9,
133.0, 125.4, 122.3, 120.3, 120.0, 109.0, 108.5, 102.1, 75.5, 66.4,
58.8, 57.7, 57.0, 53.4, 31.7, 31.2, 29.9 (2), 29.5, 29.1, 29.0, 28.7, 27.1,
25.8, 25.5, 22.5, 14.1. HRMS (ESI) calculated for C5;H5:BrN,O5 [M-
Br]* 603.3792, found 603.3802.
10-Methoxy-13-octyl-9-((6-(piperidin-1-yl)hexyl)oxy)-5,6-dihydro-
[1,3]1dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide
(6g) Yellow solid in 74% yield (101 mg). m.p. 132 —134°C. H
NMR (300 MHz, CDCl3) 6 10.43 (s, 1H), 7.88 (d, J=9.4Hz, 1H), 7.84
(d, J=9.4Hz, 1H), 7.08 (s, 1H), 6.87 (s, 1H), 6.09 (s, 2H), 5.28 (s,
2H), 4.49 (t, J=6.8Hz, 2H), 4.05 (s, 3H), 3.27 — 3.22 (m, 2H), 3.16 (t,
J=5.5Hz, 2H), 2.55 —-2.45 (m, 6H), 2.09 —2.00 (m, 2H), 1.89 —1.80



(m, 2H), 1.67 —1.59 (m, 6H), 1.57 —1.38 (m, 8H), 1.32—-1.23 (m,
8H), 0.89 — 0.85 (m, 3H). ">C NMR (75 MHz, CDCl5) § 150.2, 149.5,
147.0, 145.0, 144.8, 135.7, 134.3, 133.5, 132.8, 125.4, 122.0, 120.1,
120.0, 108.9, 108.3, 102.0, 75.1, 58.7, 57.5, 56.9, 53.9, 31.5, 31.0,
29.7 (2), 29.3, 29.0, 28.8, 28.5, 27.0, 25.7, 25.2, 25.0, 23.6, 22.4, 13.9.
HRMS (ESI) calculated for CsgHs3BrN>O, [M-Brl™  601.4000,
found 601.4011.
10-Methoxy-9-((6-(4-methylpiperazin-1-yl)hexyl)oxy)-13-octyl-
5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino(3,2-alisoquinolin-7-ium
bromide (6h) Yellow solid in 63% vyield (88 mg). m.p. 165 — 167 °C.
'"H NMR (300 MHz, CDCl3) 6 10.50 (s, 1H), 7.87 (d, J=9.5Hz, 1H),
7.82 (d, J=9.5Hz, 1H), 7.08 (s, 1H), 6.88 (s, TH), 6.10 (s, 2H), 5.29
(s, 2H), 4.52 (t, J=6.7 Hz, 2H), 4.05 (s, 3H), 3.27 — 3.22 (m, 2H), 3.17
(t, J=5.9Hz, 2H), 2.48 (s, 8H), 2.40 —2.35 (m, 2H), 2.28 (s, 3H),
2.11—-2.02 (m, 2H), 1.90—-1.80 (m, 2H), 1.60—1.48 (m, 4H),
146 — 1.24 (m, 12H), 0.90 — 0.86 (m, 3H). '*C NMR (75 MHz, CDCl5)
0 150.3, 149.6, 147.1, 145.2, 145.0, 135.9, 134.4, 133.8, 132.9, 125.4,
122.2, 120.2, 120.1, 109.0, 108.5, 102.1, 75.3, 58.5, 57.7, 57.0, 54.7,
52.9, 45.8, 31.6, 31.1, 29.9 (2), 29.5, 29.1, 28.9, 28.6, 27.2, 26.5, 25.5,
22.5, 14.0. HRMS (ESl) calculated for CsgHs,BrN;O, [M-Br]t
616.4109, found 616.4114.
10-Methoxy-9-((8-morpholinooctyl)oxy)-13-octyl-5,6-dihydro-
[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (6i)
Yellow solid in 72% yield (102mg). m.p. 147 —149°C. "H NMR
(300 MHz, CDCl3) 6 10.42 (s, 1H), 7.88 (d, J=9.4Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.08 (s, TH), 6.89 (s, 1H), 6.10 (s, 2H), 5.27 (s, 2H),
449 (t, J=6.7 Hz, 2H), 4.05 (s, 3H), 3.84 (s, 4H), 3.28 —3.22 (m, 2H),
3.18 (t, J=5.3Hz, 2H), 2.72 (s, 4H), 2.63 — 2.57 (m, 2H), 2.09 — 2.00
(m, 2H), 1.91—-1.80 (m, 2H), 1.68 —1.59 (m, 2H), 1.55—1.49 (m,
4H), 1.37 —1.24 (m, 14H), 0.90 — 0.86 (m, 3H). *C NMR (75 MHz,
CDCl3) 6 1504, 149.6, 147.2, 1454, 145.1, 136.0, 134.4, 133.9,
133.0, 125.4, 122.2, 120.2, 120.0, 109.0, 108.6, 102.1, 75.5, 65.8,
58.6, 57.8, 57.0, 53.0, 31.7, 31.2, 30.0, 29.9, 29.5, 29.13, 29.05, 29.0,
28.7, 27.0, 25.5, 25.3, 226, 14.1. HRMS (ESI) calculated for
C3oHs5BrN,Os [M-Brl™ 631.4105, found 631.4117.
10-Methoxy-13-octyl-9-((8-(piperidin-1-yl)octyl)oxy)-5,6-dihydro-
[1,3]1dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (6j)
Yellow solid in 75% yield (106 mg). m.p. 144 —146°C. 'H NMR
(300 MHz, CDCl3) 6 10.47 (s, 1H), 7.88 (d, J=9.4Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.09 (s, 1H), 6.89 (s, 1H), 6.10 (s, 2H), 5.30 (s, 2H),
452 (t, J=6.8Hz, 2H), 4.06 (s, 3H), 3.28—3.22 (m, 2H), 3.18 (t,
J=5.6Hz, 2H), 2.51 (s, 4H), 2.44 — 2.39 (m, 2H), 2.10 — 2.00 (m, 2H),
1.91-181 (m, 2H), 1.70—1.62 (m, 4H), 1.59—-1.45 (m, 6H),
1.39 — 1.24 (m, 16H), 0.91 —0.87 (m, 3H). '*C NMR (75 MHz, CDCl5)
0 150.3, 149.6, 147.1, 145.2, 144.9, 135.9, 134.4, 133.7, 132.9, 125.5,
122.1, 120.2, 120.0, 109.0, 108.5, 102.1, 75.4, 58.9, 57.8, 57.0, 54.1,
31.7, 31.1, 29.9, 29.8, 29.5, 29.2, 29.1, 28.9, 28.6, 27.3, 25.9, 25.5,
25.0, 23.7, 22.5, 14.0. HRMS (ESI) calculated for C4oHs57BrN,O4 [M-
Brl* 629.4313, found 629.4323.
10-Methoxy-9-((8—-(4-methylpiperazin-1-yl)octyl)oxy)-13-octyl-
5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino([3,2-alisoquinolin-7-ium
bromide (6k) Yellow solid in 66% yield (96 mg). m.p. 151 —153°C.
"H NMR (300 MHz, CDCl3) 6 10.50 (s, 1H), 7.87 (d, J=9.3Hz, 1H),
7.83 (d, J=9.3Hz, 1H), 7.09 (s, 1H), 6.89 (s, TH), 6.10 (s, 2H), 5.30
(s, 2H), 4.53 (t, J=6.7 Hz, 2H), 4.05 (s, 3H), 3.28 —3.22 (m, 2H), 3.18
(t, J=5.4Hz, 2H), 2.48 (s, 8H), 2.34 (t, J=7.8Hz, 2H), 2.29 (s, 3H),
2.11—-2.01 (m, 2H), 1.91—-181 (m, 2H), 1.56 —1.47 (m, 6H),
1.39 — 1.24 (m, 14H), 0.91 — 0.87 (m, 3H). *C NMR (75 MHz, CDCls)
0 150.3, 149.6, 147.1, 145.2, 144.8, 135.9, 134.4, 133.7, 132.9, 125.4,
122.1, 120.1, 120.0, 108.9, 108.5, 102.0, 75.3, 57.7, 57.3, 57.0, 52.6,
51.0, 446, 31.6, 31.1, 29.8 (2), 29.4, 29.0, 28.90, 28.85, 28.8, 28.6,
26.7, 25.4, 24.9, 22.5, 14.0. HRMS (ESI) calculated for C4oH55BrN;O,
[M-Brlt 644.4422, found 644.4429.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 2431

10-Methoxy-9-((10-morpholinodecyl)oxy)-13-octyl-5,6-dihydro-
[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium bromide (6l)
Yellow solid in 70% vyield (104mg). m.p. 135—137°C. '"H NMR
(300 MHz, CDCl3) 6 10.44 (s, 1H), 7.88 (d, J=9.4Hz, 1H), 7.83 (d,
J=9.4Hz, 1H), 7.09 (s, TH), 6.89 (s, 1H), 6.10 (s, 2H), 5.28 (s, 2H),
451 (t, J=6.8Hz, 2H), 4.05 (s, 3H), 3.82 (s, 4H), 3.28 — 3.22 (m, 2H),
3.19 (t, J=5.5Hz, 2H), 2.65 (s, 4H), 2.54 — 2.49 (m, 2H), 2.09 — 1.99
(m, 2H), 191 —-1.80 (m, 2H), 1.61 —1.51 (m, 6H), 1.41 —1.24 (m,
18H), 0.90 — 0.86 (m, 3H). '*C NMR (75 MHz, CDCl3) 6 150.2, 149.5,
147.1, 145.0, 144.7, 135.8, 134.4, 133.6, 132.8, 125.4, 122.0, 120.1,
120.0, 108.9, 108.4, 102.0, 75.3, 65.9, 58.6, 57.7, 56.9, 53.0, 31.6,
31.0, 29.9, 29.7, 294, 29.3, 29.21, 29.15, 29.0, 28.8, 28.5, 27.0, 25.52,
25.48, 22.4, 13.9. HRMS (ESI) calculated for C,;HsoBrN,Os [M-Br]™*
659.4418, found 659.4428.

10-Methoxy-13-octyl-9-((10-(piperidin-1-yl)decyl)oxy)-5,6-dihy-
dro-[1,3]dioxolo[4,5-glisoquinolino[3,2-aJisoquinolin-7-ium bromide
(6m) Yellow solid in 67% vyield (99 mg). m.p. 142 — 144°C. 'H NMR
(300 MHz, CDCl3) 6 104 (s, 1H), 7.88 (d, J=9.5Hz, 1H), 7.83 (d,
J=9.5Hz, 1H), 7.08 (s, TH), 6.89 (s, 1H), 6.10 (s, 2H), 5.28 (s, 2H),
451 (t, J=6.7Hz, 2H), 4.05 (s, 3H), 3.27 —3.22 (m, 2H), 3.18 (t,
J=5.8Hz, 2H), 242 (m, 4H), 2.35—2.30 (m, 2H), 209 —-1.99 (m,
2H), 1.90 — 1.80 (m, 2H), 1.65 —1.58 (m, 4H), 1.55—1.46 (m, 6H),
1.41 —1.28 (m, 20H), 0.90 — 0.86 (m, 3H). >*C NMR (75 MHz, CDCls)
0 150.3, 149.6, 147.1, 145.1, 144.8, 135.9, 134.5, 133.7, 132.9, 125.5,
122.1, 120.15, 120.06, 108.9, 108.5, 102.1, 75.4, 59.0, 57.8, 57.0,
54.0, 31.6, 31.1, 30.0, 29.8, 29.42, 29.36, 29.3, 29.0, 28.9, 28.6, 27.4,
25.9, 256, 25.0, 23.7, 22.5, 140. HRMS (ESI) calculated for
C4oHe1BrN>O, [M-Br]t 657.4626, found 657.4636.

10-Methoxy-9-((10-(4-methylpiperazin-1-yl)decyl)oxy)-13-octyl-
5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino([3,2-alisoquinolin-7-ium
bromide (6n) Yellow solid in 62% yield (93 mg). m.p. 136 — 138°C.
'"H NMR (300 MHz, CDCl5) 6 10.49 (s, 1H), 7.88 (d, J=9.6Hz, 1H),
7.83 (d, J=9.3Hz, TH), 7.09 (s, 1H), 6.89 (s, 1H), 6.10 (s, 2H), 5.30
(s, 2H), 4.53 (t, J=6.7 Hz, 2H), 4.06 (s, 3H), 3.28 — 3.22 (m, 2H), 3.19
(t, J=6.0Hz, 2H), 2.48 (s, 8H), 2.33 (t, J=7.8Hz, 2H), 2.29 (s, 3H),
210—-2.01 (m, 2H), 1.92—1.81 (s, 2H), 1.56—1.46 (m, 6H),
1.38 — 1.25 (m, 18H), 0.91 — 0.87 (m, 3H). '*C NMR (75 MHz, CDCl5)
0 150.3, 149.6, 147.1, 145.2, 145.0, 135.9, 134.4, 133.7, 132.9, 125.4,
122.1, 120.2, 120.0, 108.9, 108.5, 102.0, 75.4, 58.6, 57.7, 57.0, 54.8,
529, 458, 31.6, 31.1, 30.0, 29.8, 294, 29.2, 29.1, 28.9, 28.6, 27.4,
26.6, 25.6, 22.5, 14.0. HRMS (ESI) calculated for C4,Hg>BrN3O4 [M-
Br]* 672.4735, found 672.4743.

4.2. Pharmacology

4.2.1. In vitro antiproliferative assay

HepG2, Sk-Hep-1, Huh-7, Hep3B and L-02 cells were purchased
from Nanjing Key Gen Biotech Co. Ltd. (Nanjing, China). The cyto-
toxicity of test compounds was determined using an MTT assay.
Briefly, the cell lines were incubated at 37°C in a humidified 5%
CO, incubator for 24h in 96-microwell plates. After medium
removal, 100 uL of culture medium with 0.1% DMSO containing
test compounds at different concentrations was added to each well
and incubated at 37°C for another 72 h. The MTT (5 mg/mL in PBS)
was added and incubated for another 4h, the optical density was
detected with a microplate reader at 490 nm. The IC5y values were
calculated according to the dose-dependent curves. All the experi-
ments were repeated in at least three independent experiments.

4.2.2. Cell cycle analysis
HepG2 cells were seeded into 6-well plates and incubated at 37 °C
in a humidified 5% CO, incubator for 24 h, and then treated with
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or without 6k at indicated concentrations for another 72h. The
collected cells were fixed by adding 70% ethanol at 4°C for 12h.
Subsequently, the cells were resuspended in PBS containing
100 uL RNase A and 400 puL of PI for 30 min. The DNA content of
the cells was measured using a FACS Calibur flow cytometer
(BectoneDickinson, San Jose, CA, USA).

4.2.3. Fret-melting assay

The fluorescent labelled FPu18T  (5'-FAM-AGGGTGGGGA-
GGGTGGGG-TAMRA-3') and F10T [5-FAM-dTATAGCTATA-HEG-
TATA-GCTATA-TAMRA-3'] (HEG linker: [(-CH,-CH,-O-)¢l) were
employed as ¢-MYC G4 and duplex DNA model respectively. The
experiments were performed in a Real-Time PCR apparatus (Roche
LigntCycler). The concentrations of test compounds were diluted
by Tris-HCI buffer (0.2 mM KCI contained, pH 7.2) to 0.2 uM. The
melting process of G4 DNA was monitored in the presence or
absence of 2 UM compounds by measuring the fluorescence inten-
sity of fluorescein. Measurements were performed with excitation
at 470nm and detection at 530 nm. Fluorescence readings were
taken at an interval of 2°C over the range of 30-98 °C, with a con-
stant temperature being maintained for 1 min prior to each read-
ing to ensure a stable value. The data was analysed by Origin 8.5
(OriginLab Corp.). To test the selectivity of compounds for G4
structure, 10 uM ds26 DNA (5-GTTAGCCTAGCTTAAGCTAGGCTAAC-
3’) was added, followed by the same method as above.

4.2.4. Cell apoptosis analysis

Briefly, after treatment with or without 6k at indicated concentra-
tions for 72 h, the cells were washed twice in PBS, centrifuged and
resuspended in 500 uL AnnexinV binding buffer. The cells were
then harvested, washed and stained with 5puL Annexin V-FITC and
5L Pl in the darkness for 15 min. Apoptosis was analysed using a
FACS Calibur flow cytometer (BectoneDickinson, San Jose,
CA, USA).

4.2.5. MMP measurement

HepG2 cells were incubated with 6k as described above. After
incubation for 72h, the cells were washed in PBS and resus-
pended in 500 pL JC-1 incubation buffer at 37 °C for 15 min. Then,
6k was immediately assessed for a red fluorescence using a micro-
plate reader (ELx80, Bio-Tek, USA). The fluorescent signal of mono-
mers was measured with an excitation wavelength of 488 nm. The
percentage of cells with healthy or collapsed mitochondrial mem-
brane potentials was monitored by flow cytometry analysis
(BectoneDickinson, San Jose, CA, USA).

4.2.6. Western blotting analysis

HepG2 cells were incubated with different doses of 6k for 72 h.
Cells were collected, centrifuged, and washed two times with ice-
cold PBS. The pellet was then re-suspended in lysis buffer. After
the cells were lysed on ice for 20 min, lysates were centrifuged at
13000g at 4°C for 15 min. The protein concentration in the super-
natant was determined using the BCA protein assay reagents.
Equal amounts of protein (20pg) were resolved using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(10-12% acrylamide gels) and transferred to PVDF membrane.
Membranes were blocked for 1h at room temperature.
Membranes were then incubated with primary antibodies against
p-cdc25¢, cdc2, cyclin B1, Bax, Bcl-2, cytochrome C, caspase-3,
VDAC1 and f-actin, the membrane being gently rotated overnight

at 4°C. The bound antibodies were detected using horseradish
peroxidase (HRP)-conjugated second antibodies and visualised by
the enhanced chemiluminescent reagent.

4.2.7. Determination of the LWP coefficient and aqueous solubility
4.2.7.1. LWP coefficient (log D) measurement. Berberine, 3¢ and
6k of 1 mg were dissolved in three centrifugal tubes (5ml) con-
taining phosphate buffer (pH 7.4)-saturated 1-octanol solution
(2mL), followed by the addition of 1-octanol saturated PBS (2 mL).
Each tube was vigorously mixed for 1 min and then shaken for 6 h
at a speed of 1000rpm at 37°C. The mixtures were then centri-
fuged. 1 mL of 1-octanol phase and 1 mL of buffer were separately
collected. Each phase was diluted to a suitable concentration and
analysed by HPLC (Shimadzu DGU-20A3R) on a Shimadzu-GL
WondaSil C18-WR column (4=254nm) with an eluent of metha-
nol/water (65/35, v/v, 1.0 ml/min). The log D value for each com-
pound was calculated from the ratio of the peak areas using the
following equation: Log D=log (Areao; X X/Areapys X Y). X, y is
the dilution factor.

4.2.7.2. Aqueous solubility measurement. Berberine, 3c and 6k
(5mg) were dissolved in Tml PBS (50mM, pH 7.4) at 25°C. The
suspension was sonicated for 30min and then centrifuged at
150009 for 5min. The supernatant was filtered through a PTFE filter
(0.2 um) slowly. Then 10pL filtered solution was injected into the
HPLC system (Shimadzu DGU-20A3R) on a Shimadzu-GL WondaSil
C18-WR column and quantified using the standard curves made by
the corresponding known concentrations of berberine, 3c and 6k.
The eluent was methanol/water (65/35, v/v) at a flow rate of 1.0 ml/
min with the detection wavelength at 254 nm.

4.2.8. In vivo anti-HCC assay

Five-week-old male Institute of Cancer Research (ICR) mice were
purchased from Shanghai SLAC Laboratory Animals Co. Ltd.
Briefly, a total of 1 x 10° H22 cells were subcutaneously inoculated
into the right flank of ICR mice according to protocols of tumour
transplant research, to initiate tumour growth. After incubation for
one day, mice were weighed and randomly divided into 5 groups
of 8 animals. The groups were administered berberine (30 mg/kg)
and 6k (15 or 30 mg/kg) in a vehicle of 10% DMF/2% Tween 80/
88% saline, respectively. Vehicle and cyclophosphamide (20 mg/
kg) were employed as negative and positive controls, respectively.
Treatments were performed by intravenous injection once per day
for a total of 21 consecutive days. Body weights and tumour vol-
umes were measured every 2 days. The mice were sacrificed after
the treatments, and the tumours were excised and weighed. The
tumour volume and inhibition rate (w/w) were calculated as fol-
lows: tumour volume = L x W?/2, where L is the length and W is
the width; tumour inhibitory ratio (%) = (1-average tumour
weight of treated group/average tumour weight of control group)
x 100%. All procedures were performed following institutional
approval in accordance with the NIH Guide for the Care and Use
of Laboratory Animals.

Disclosure statement

No potential conflict of interest was reported by the authors.



Funding

This study was financially supported by the lJiangsu Specially-
Appointed Professors program (No. 013038023001).

ORCID

Zheying Zhu http://orcid.org/0000-0002-2135-3812
Jinyi Xu http://orcid.org/0000-0002-1961-0402
References

1.

10.

11.

12.

13.

14.

Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics
2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin
2021;71:209-49.

Llovet JM, Kelley RK, Villanueva A, et al. Hepatocellular car-
cinoma. Nat Rev Dis Primers 2021;7:6.

Hartke J, Johnson M, Ghabril M. The diagnosis and treat-
ment of hepatocellular carcinoma. Semin Diagn Pathol 2017;
34:153-9.

Gosalia AJ, Martin P, Jones PD. Advances and future direc-
tions in the treatment of hepatocellular carcinoma.
Gastroenterol Hepatol 2017;13:398-410.

Heimbach JK, Kulik LM, Finn RS, et al. AASLD guidelines for
the treatment of hepatocellular carcinoma. Hepatology
2018;67:358-80.

Shen XJ, Wu D, Tang M, et al. Liver computed tomographic
perfusion for monitoring the early therapeutic response to
sorafenib in advanced hepatocellular carcinoma patients.
J Cancer Res Ther 2018;14:1556-62.

Finn RS, Merle P, Granito A, et al. Outcomes of sequential
treatment with sorafenib followed by regorafenib for HCC:
additional analyses from the phase Il RESORCE trial.
J Hepatol 2018;69:353-8.

Zhang SS, Long FY, Lin H, et al. Regulatory roles of phyto-
chemicals on circular RNAs in cancer and other chronic dis-
eases. Front Pharmacol 2021;12:105936.

Newman DJ, Cragg GM. Natural products as sources of
new drugs over the nearly four decades from 01/1981 to
09/2019. J Nat Prod 2020;83:770-803.

Och A, Podgorski R, Nowak R. Biological activity of berber-
ine-A summary update. Toxins 2020;12:713.

Song DY, Hao JY, Fan DM. Biological properties and clinical
applications of berberine. Front Med -Prc 2020;14:564-82.
Xu JH, Long YM, Ni LW, et al. Anticancer effect of berberine
based on experimental animal models of various cancers: a
systematic review and meta-analysis. BMC Cancer 2019;19:
589.

Liu D, Meng X, Wu DL, et al. A natural isoquinoline alkaloid
with antitumor activity: studies of the biological activities of
berberine. Front Pharmacol 2019;10:9.

Zhou MT, Deng Y, Liu MC, et al. The pharmacological
activity of berberine, a review for liver protection. Eur J
Pharmacol 2021;890:173655.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 2433

Liu B, Wang GS, Yang J, et al. Berberine inhibits human
hepatoma cell invasion without cytotoxicity in healthy hepa-
tocytes. PLoS One 2011;6:e21416.

Yang XL, Huang N. Berberine induces selective apoptosis
through the AMPK-mediated mitochondrial/caspase pathway
in hepatocellular carcinoma. Mol Med Rep 2013;8:505-10.
Huang Y, Wang K, Gu C, et al. Berberine, a natural plant
alkaloid, synergistically sensitizes human liver cancer cells to
sorafenib. Oncol Rep 2018;40:1525-32.

Wang KY, Yu GX, Lin JE, et al. Berberine sensitizes human
hepatoma cells to regorafenib via modulating expression of
circular RNAs. Front Pharmacol 2021;12:632201.

Devarajan N, Jayaraman S, Mahendra J, et al. Berberine-a
potent chemosensitizer and chemoprotector to conventional
cancer therapies. Phytother Res 2021;35:3059-77.

Liu CS, Zheng YR, Zhang YF, et al. Research progress on ber-
berine with a special focus on its oral bioavailability.
Fitoterapia 2016;109:274-82.

Cui HM, Zhang QY, Wang JL, et al. Poor permeability and
absorption affect the activity of four alkaloids from Coptis.
Mol Med Rep 2015;12:7160-8.

Habtemariam S. Recent advances in berberine inspired anti-
cancer approaches: from drug combination to novel formu-
lation technology and derivatization. Molecules 2020;25:
1426.

Chen JC, Wang TY, Xu ST, et al. Design, synthesis and bio-
logical evaluation of novel nitric oxide-donating protober-
berine derivatives as antitumor agents. Eur J Med Chem
2017;132:173-83.

Buolamwini J. Cell cycle molecular targets in novel anti-
cancer drug discovery. Curr Pharm Des 2000;6:379-92.
Murat P, Balasubramanian S. Existence and consequences of
G-quadruplex structures in DNA. Curr Opin Genet Dev 2014;
25:22-9.

Savva L, Georgiades SN. Recent developments in small-
molecule ligands of medicinal relevance for harnessing the
anticancer potential of G-quadruplexes. Molecules 2021;
26:841.

Maiti M, Kumar GS. Polymorphic nucleic acid binding of bio-
active isoquinoline alkaloids and their role in cancer.
J Nucleic Acids 2010;2010:1-23.

Jeong SY, Seol DW. The role of mitochondria in apoptosis.
BMB Rep 2008;41:11-22.

Jiang X, Wang X. Cytochrome C-mediated apoptosis. Annu
Rev Biochem 2004;73:87-106.

Thornberry NA, Lazebnik Y. Caspases: enemies within.
Science 1998;281:1312-6.

Festjens N, van Gurp M, van Loo G, et al. Bcl-2 family mem-
bers as sentinels of cellular integrity and role of mitochon-
drial intermembrane space proteins in apoptotic cell death.
Acta Haematol 2004;111:7-27.

Stopher D, Mcclean S. An improved method for the deter-
mination of distribution coefficients. J Pharm Pharmacol
1990;42:144.

Vogel GH, Determination of solubility by hyphenated HPLC
methods. Drug discovery and evaluation: safety and pharma-
cokinetics assay. New York: Springer; 2006. p. 400-402.



	Abstract
	Introduction
	Results and discussion
	Chemistry
	In vitro anti-HCC activity against HepG2 cells
	In vitro anti-HCC activity of 6k against a wide range of hepatoma cell lines
	Effect of 6k on cell cycle progression
	Effect of 6k on G-quadruplex DNA
	Effect of 6k on cell apoptosis and mitochondrial membrane potential
	Effect of 6k on mitochondrial apoptotic pathway
	LWP property and aqueous solubility of 6k
	In vivo anti-HCC activity of 6k

	Conclusion
	Experimental section
	Chemistry
	General
	General procedure for synthesis of compound 3
	Synthesis of compound 2
	Synthesis of compound 3

	General procedure for synthesis of compound 6
	Synthesis of compound 4c
	Synthesis of compound 5
	Synthesis of compound 6


	Pharmacology
	In vitro antiproliferative assay
	Cell cycle analysis
	Fret-melting assay
	Cell apoptosis analysis
	MMP measurement
	Western blotting analysis
	Determination of the LWP coefficient and aqueous solubility
	LWP coefficient (log D) measurement
	Aqueous solubility measurement

	In vivo anti-HCC assay


	Disclosure statement
	Funding
	Orcid
	References


