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A B S T R A C T

New series of arylsparteine derivatives were synthesized and evaluated for their cytotoxic activity against four
human cancer cell lines (cervical epithelial carcinoma cells Hela, breast cancer cells MCF-7, lung cancer cells
A549, and glioma cells U87 MG) and one normal fibroblast cell line. Structure-activity relationship revealed that
introduction of 4-quinolinyl moiety to sparteine afforded a hybrid compound 10 with considerable anti-
proliferative activity against all tested cancer cell lines. Compound 10, the most active agent in this study
possessed IC50 values of 5.97 ± 1.1 and 9.52 ± 0.3 μM against A549 and Hela cancer cell lines, respectively.
Inhibition of autophagic flux proved to be the underlying mechanism for the antiproliferative activity of 10
which was further validated by decreased levels of ATP in cancer cells treated with 10. In addition, co-treatment
of 10 and rapamycin restored cell viability which comes in good agreement with the proposed autophagic flux
inhibition for 10.

1. Introduction

Natural products and their derivatives are valuable leads for the
development of cancer therapeutics (Khazir et al., 2014). Quinolizidine
alkaloids have demonstrated promising activity against non-small cell
lung carcinoma, liver cancer and gastric cancer (Bao et al., 2014; Guo
et al., 2015; Xu et al., 2011; Yang et al., 2013; Zhao et al., 2014). In this
context, sophoridine (1, Fig. 1), a quinolizidine natural product,
emerged as a promising chemical entity for drug development owing to
its structural flexibility and favorable pharmacokinetic profile (Wei
et al., 2006). In addition, 1 exhibits considerable cytotoxic activity
which is attributed to the induction of apoptosis and the cell cycle arrest
at the S-phase (Xu et al., 2017). Matrine (2, Fig. 1), extracted from
Sophora flavescens Ait, was approved by Chinese FDA as an anti-
proliferative drug for non-small cell lung cancer and liver cancer (Sun
et al., 2012). Consequently, tremendous research efforts have been di-
rected towards development of sophoridine and matrine derivatives as
potential antiproliferative agents (Bi et al., 2014, 2016; Wang et al.,
2012; Zhao et al., 2015). Sparteine (3, Fig. 1), a quinolizidine alkaloid,
is known to be a principal constituent of Lupinus mutabilis (Hatzold
et al., 1983). The biological activities of sparteine as an antiarrhythmic
(Pugsley et al., 1995) and hypoglycemic agents (Garcia-Lopez et al.,

2004) have been widely studied. However, development of sparteine
derivatives with potential antiproliferative activity remains unexplored.

Autophagy is a cellular degradation pathway for the clearance of
undesired cellular components via lysosomal degradation. Autophagic
pathway sustains metabolic pathways required for survival of different
cancer types. (Anding and Baehrecke, 2015; Galluzzi et al., 2014).
Quinoline-based compounds have displayed the ability to accumulate
in acidic lysosomes of cancer cells resulting in disruption of autophagy
(Amaravadi et al., 2007; Carew et al., 2007; Golden et al., 2015).
Chloroquine (CQ), the prototypical antimalarial drug, received con-
siderable attention as a potential antiproliferative agent because of its
ability to block autophagic flux. However, severe side effects of CQ
including ocular toxicity developed a pressing need for identification of
new inhibitors of autophagy (Wang et al., 2017). Recently, sophoridine
derivatives emerged as novel autophagy inhibitors owing to their ly-
sosomotropic property similarly to CQ (Bi et al., 2017). Taking all these
findings into consideration, new arylsparteine derivatives were syn-
thesized and evaluated for their antiproliferative activity against four
human cancer cell lines (cervical epithelial carcinoma cells Hela, breast
cancer cells MCF-7, lung cancer cells A549, and glioma cells U87 MG)
and one normal fibroblast cell line. Moreover, the ability of the new
arylsparteine derivatives to block autophagic flux is investigated.
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2. Results and discussion

A general approach for the synthesis of the target compounds is
outlined in Scheme 1. 17-Oxosparteine 4 was obtained through oxida-
tion of the parent sparteine 3 through a modification of previously
described procedure (Golebiewski and Spenser, 1985). In addition, a
two-stage iridium catalyzed reductive coupling of 4 and Grignard re-
agents furnished arylsparteine derivatives 5–10 in serviceable yields.
All target compounds were characterized by HRMS, 1H NMR, and 13C
NMR. The cytotoxic activity of 5–10 against four human cancer cell
lines (cervical epithelial carcinoma cells Hela, breast cancer cells MCF-
7, lung cancer cells A549, and glioma cells U87 MG) and one normal
cell line (mouse embryo fibroblasts NIH3T3) was evaluated using MTT
assay. The IC50 values of the target compounds 5–10, sparteine, and the
reference drug 5-fluorouracil are listed in Table 1. The parent sparteine
3 displayed negligible cytotoxicity with IC50 values> 50 μM against all
tested cell lines. Compound 5 bearing phenyl ring as the aryl sub-
stituent displayed minimal improvement in its antiproliferative profile
compared to the parent compound 3. However, compounds 6 and 7
with electron donating groups (EDGs) demonstrated considerable im-
provement in their potency against tested cancer cell lines. Regarding
the substitution pattern on the phenyl ring, 3,4,5-trimethoxy sub-
stituted 7 was more active than 4-methoxy-substituted 6. Compound 7
possessed IC50 values of 24.5 ± 1.9 and 28.7 ± 3.1 μM against MCF-7
and A549 cancer cell lines, respectively. Incorporation of methoxy-
substituted phenyl rings (EDGs) to quinazolidine alkaloids has been
reported to result in considerable improvement in their ability to block
the autophagic flux and consequently enhanced antiproliferative ac-
tivity (Bi et al., 2017). Interestingly, switching to electron withdrawing
groups (EWGs) in 8 and 9 further increased the potency of the ar-
ylsparteine derivatives against all tested cancer cell lines. In addition,
compound 9 bearing 4-nitro-aryl substituent possessed comparable
potency to the reference drug 5-fluorouracil against MCF-7 and U87 MG
cancer cell lines. We speculate that incorporation of EWGs to ar-
ylsparteine derivatives increase their lipophilicity which consequently
alter their permeability to cellular membranes resulting in enhanced
interaction with cancer cells. A similar trend has been reported for the
effect of incorporation of EWGs to quinazolidine alkaloids on their
antiproliferative potency (Wang et al., 2012). These results demonstrate

that the substitution pattern of the aryl substituent is a crucial com-
ponent of the antiproliferative profile of arylsparteine derivatives.
Compound 10 bearing 4-quinolinyl moiety as the aryl substituent
proved to be the most active member of this study against all tested
cancer cell lines. Notably, 10 was more potent than 5-fluorouracil
against U87 MG and A549 cell lines with IC50 values of 9.71 ± 2.2 and
5.97 ± 1.1 μM, respectively. Moreover, 10 displayed potential anti-
proliferative activity against Hela cell line with IC50 value of
9.52 ± 0.3 μM in comparison to IC50 value of 8.45 ± 1.4 μM for 5-
fluorouracil against the same cell line. It is noteworthy to mention that
10 was less cytotoxic than 5-fluorouracil to the normal NIH3T3 cells
with IC50 value of 35.1 ± 2.9 μM. We speculate that the selectivity of
10 to cancer cells over normal cells in comparison to 5-fluorouracil is
attributed to higher sensitivity of cancer cells to autophagy inhibitors
based on biochemical and metabolic differences between normal and
cancer cells (Galluzzi et al., 2014).

Autophagy in cancer cells results in degradation of long-lived pro-
teins, thus, measuring their rate of degradation is the most frequently
used method to monitor the autophagic flux in cancer cells (Dupont
et al., 2017). In order to investigate the ability of 10 to block autop-
hagic flux in cancer cells, the effect of 10 on degradation of [14C]-va-
line-labeled long-lived proteins was evaluated in Hela cancer cells. The
results displayed in Fig. 2 reveal that 10 effectively reduce the de-
gradation of long-lived proteins analogously to the autophagy inhibitor,
3-methyladenine (3-MA). Such finding validates the blockade of the
autophagic flux in Hela cells by 10. Low pH value (pH < 4.5) in the
lysosome, the central platform for autophagic pathway, is crucial for its
proteolytic activity. It is speculated that the basic nitrogen-containing
sparteine core is protonated under physiological conditions and further
accumulates in lysosomes. Incorporation of the basic 4-quinolinyl
moiety contributes to inhibition of lysosomal acidification which pre-
vents subsequent autophagic degradation as previously reported for
quinoline-based compounds (Amaravadi et al., 2007; Carew et al.,
2007; Golden et al., 2015).

Autophagic flux inhibition decreases the recycling of cellular fuels,
which eventually results in reduced levels of adenosine triphosphate
(ATP) (Mizushima and Komatsu, 2011). To further demonstrate that
compound 10 blocks autophagic flux in cancer cells, the intracellular
production of ATP in Hela cells was measured upon treatment with 10.
As shown in Fig. 3, the intracellular ATP level was reduced in the Hela
cells treated with 10 (2.5 or 5 μM) for 48 h. These results come in good
agreement with the proposed autophagic blockade mechanism for 10.

To further validate the proposed mechanism for 10, the effect of co-
treatment of 10 and rapamycin (Rap, autophagy inducer) and CQ
(autophagy inhibitor) on cancer cells viability was investigated.
Interestingly, co-treatment of 10 (5 μM) with Rap (10 μM) for 48 h re-
stored U87 MG cells viability as revealed by MTT assay (Fig. 4A).
Moreover, compound 10 (10 μM) displayed enhanced cytotoxicity with

Fig. 1. Chemical structures of 1-3.

Scheme 1. Synthesis of arylsparteine derivatives 5–10.
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CQ (50 μM) against U87 MG cells in MTT assay after 48 h exposure
(Fig. 4B). These results demonstrate that the antiproliferative profile of
10 is directly related to blockade of autophagic flux.

3. Experimental

3.1. Chemistry

All commercially available starting materials, reagents, and solvents
were used as supplied, unless otherwise stated. Reported yields are
isolated yields. Purification of all final products was accomplished by
silica gel flash column chromatography. Proton (1H) and carbon (13C)
NMR were collected on Bruker NMR spectrometers at 400MHz for 1H
and 100MHz for 13C. Chemical shifts (δ) are reported in parts-per

million (ppm) relative to residual undeuterated solvent. Melting points
were recorded using a capillary melting point apparatus and are un-
corrected. High resolution mass spectra were obtained in positive ion
mode using electron spray ionization (ESI) technique. Compound 3 was
purchased from TCI America.

3.1.1. 17-Oxosparteine (4)
To a stirred solution of -(-)sparteine (2.34 g, 10.0 mmol) in etha-

nol:water 1:1 (80ml), 50mL of 1M aquoues KOH solution was added
followed by potassium ferricyanide (16.4 g, 50.0 mmol). The reaction
mixture was stirred for 1 h at room temperature. The aqueous layer was
extracted with DCM (3× 50mL). The combined organic layers were
dried with sodium sulfate and evaporated to dryness. The product was
further purified using flash column chromatography on silica gel using
diethyl ether as an eluent to give 4 (98%) as a white solid.1H NMR
(400MHz, CDCl3) δ 0.82–1.39 (m, 13 H), 1.50–1.57 (m, 3 H), 1.67–1.70
(m, 1 H), 1.84–1.92 (m, 2 H), 2.08–2.14 (m, 1 H), 2.33–2.42 (m, 2 H),
2.84–2.87 (m, 1 H), 4.38–4.42 (m, 1 H). 13C NMR (100MHz, CDCl3) δ
23.7, 24.4, 24.5, 24.6, 26.3, 29.3, 32.6, 34.0, 41.3, 43.1, 55.8, 60.4,
62.1, 63.8, 168.5. HRMS (ESI): calcd for C15H25N2O [M+H]+,
249.1966; found, 249.1961.

Table 1
Antiproliferative activity (IC50, μM) of compounds 5–10, sparteine and 5-fluorouracil against the tested cell lines.

Comp. No. IC50 (μM)a>Hela MCF-7 A549 U87 MG NIH3T3

5 46.9 ± 3.1 42.9 ± 3.8 >50 >50 48.3 ± 1.6
6 38.1 ± 3.4 29.6 ± 2.3 36.4 ± 2.7 41.5 ± 3.8 45.1 ± 1.9
7 30.4 ± 2.9 24.5 ± 1.9 28.7 ± 3.1 33.6 ± 2.6 42.7 ± 1.7
8 25.7 ± 2.6 18.5 ± 1.8 21.3 ± 2.1 24.7 ± 1.4 39.6 ± 2.0
9 21.1 ± 2.2 13.4 ± 1.7 19.7 ± 1.8 16.6 ± 1.9 36.4 ± 1.6
10 9.52 ± 0.3 10.7 ± 1.5 5.97 ± 1.1 9.71 ± 2.2 35.1 ± 2.9
Sparteine >50 >50 >50 >50 >50
5-Fluorouracil 8.45 ± 1.4 10.1 ± 1.2 36.8 ± 3.5 13.4 ± 2.5 19.3 ± 2.1

Bold values point out the best results.
a Data are shown as SD.

Fig. 2. Assay to measure degradation of long-lived proteins in Hela cells in the
presence of 10mM of the tested compounds. Bars and error bars represent the
mean ± SD in triplicate experiment.

Fig. 3. Intracellular ATP level in Hela cells treated with compound 10 (10μM).
Bars and error bars represent the mean ± SD in triplicate experiment.

Fig. 4. (A) The effect of co-tretament of 10 (5 μM) and rapamycin (10 μM) on
the cell viability of U87 MG cells. (B) The effect of co-treatment of 10 (10 μM)
and CQ (50 μM) on the cell viability of U87 MG cells. Bars and error bars re-
present the mean ± SD in triplicate experiment.
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3.1.2. General procedure for compounds 5-10
Vaska’s catalyst (1 mol%) and compound 4 (0.3 mmol, 1.0 eq) were

charged into a dry 25mL flask. Addition of dry DCM (3mL) was fol-
lowed by TMDS (0.6 mmol, 2.0 eq) while stirring at room temperature.
The reaction mixture was stirred for 15min, then cooled to −78 °C.
Grignard reagent (2.0 eq) was added dropwise. The solution was stirred
at −78 °C for 10min, then warmed to room temperature and stirred for
4 h. The reaction mixture was quenched with saturated aqueous NH4Cl
solution and extracted with DCM (2× 10mL). The combined organic
layers were dried over sodium sulfate, filtered and the solvent was re-
moved under vacuum. The crude material was further purified by flash
column chromatography using 5% methanol in DCM to furnish com-
pounds 5–10.

3.1.3. 17-Phenylsparteine (5)
Mp 101–103 °C. Yield 61%.1H NMR (400MHz, DMSO-d6) δ

1.11–1.17 (m, 3 H), 1.37–1.59 (m, 9 H), 1.76–1.82 (m, 3 H), 1.93–1.96
(m, 1 H), 2.09–2.12 (m, 2 H), 2.31–2.33 (m, 2 H), 2.63–2.74 (m, 3 H),
3.32–3.35 (m, 2 H), 7.15–7.21 (m, 3 H), 7.38–7.41 (m, 2 H). 13C NMR
(100MHz, DMSO-d6) δ 25.9, 26.7, 26.8, 26.9, 28.4, 32.1, 35.1, 35.9,
44.2, 45.9, 58.1, 63.4, 65.1, 66.2, 73.1, 124.3, 125.2, 129.1, 139.8.
HRMS (ESI): calcd for C21H31N2 [M+H]+, 311.2487; found, 311.2492.

3.1.4. 17-(4′-Methoxyphenyl)sparteine (6)
Mp 115–116 °C. Yield 59%.1H NMR (400MHz, DMSO-d6) δ

1.15–1.23 (m, 3 H), 1.41–1.67 (m, 9 H), 1.78–1.86 (m, 3 H), 1.93–1.96
(m, 1 H), 2.05–2.10 (m, 2 H), 2.27–2.34 (m, 2 H), 2.59–2.69 (m, 3 H),
3.31–3.34 (m, 2 H), 3.68 (s, 3 H), 7.01 (d, J=7.6 Hz, 2 H), 7.25 (d,
J=7.6 Hz, 2 H).13C NMR (100MHz, DMSO-d6) δ 24.9, 25.9, 26.1,
26.6, 27.8, 30.7, 33.5, 36.1, 44.2, 44.9, 56.1, 60.2, 61.8, 63.7, 64.9,
72.1, 111.6, 129.1, 139.6, 156.1. HRMS (ESI): calcd for C22H33N2O [M
+H]+, 341.2592; found, 341.2598.

3.1.5. 17-(3′,4′,5′-Trimethoxyphenyl)sparteine (7)
Mp 97–99 °C. Yield 51%.1H NMR (400MHz, DMSO-d6) δ 1.10–1.18

(m, 3 H), 1.38–1.62 (m, 9 H), 1.75–1.83 (m, 3 H), 1.92–1.95 (m, 1 H),
2.08–2.13 (m, 2 H), 2.30–2.37 (m, 2 H), 2.63–2.75 (m, 3 H), 3.45–3.49
(m, 2 H), 3.75 (s, 3 H), 3.85 (s, 6 H), 7.25 (s, 2 H). 13C NMR (100MHz,
DMSO-d6) δ 25.7, 26.2, 26.4, 26.7, 28.1, 31.3, 34.3, 35.6, 43.1, 45.0,
57.5, 57.6, 61.6, 62.2, 64.0, 65.8, 70.2, 106.2, 133.2, 144.3, 154.8.
HRMS (ESI): calcd for C24H37N2O3 [M+H]+, 401.2804; found,
401.2801.

3.1.6. 17-(4′-Chlorophenyl)sparteine (8)
Mp 123–125 °C. Yield 72%.1H NMR (400MHz, DMSO-d6) δ

1.08–1.14 (m, 3 H), 1.30–1.51 (m, 9 H), 1.71–1.76 (m, 3 H), 1.88–1.91
(m, 1 H), 2.01–2.06 (m, 2 H), 2.27–2.30 (m, 2 H), 2.59–2.65 (m, 3 H),
3.57–3.60 (m, 2 H), 7.89 (d, J=6.9 Hz, 2 H), 7.97 (d, J=6.9 Hz, 2 H).
13C NMR (100MHz, DMSO-d6) δ 24.1, 25.8, 25.9, 26.0, 27.5, 30.6,
33.8, 35.0, 44.2, 45.5, 56.8, 63.1, 65.1, 65.9, 71.2, 127.9, 128.8, 139.1,
141.2. HRMS (ESI): calcd for C21H30ClN2 [M+H]+, 345.2097; found,
345.2092.

3.1.7. 17-(4′-Nitrophenyl)sparteine (9)
Mp 108–110 °C. Yield 55%.1H NMR (400MHz, DMSO-d6) δ

1.11–1.17 (m, 3 H), 1.37–1.59 (m, 9 H), 1.76–1.82 (m, 3 H), 1.93–1.96
(m, 1 H), 2.09–2.12 (m, 2 H), 2.31–2.33 (m, 2 H), 2.63–2.74 (m, 3 H),
3.53–3.56 (m, 2 H), 8.16 (d, J=7.4 Hz, 2 H), 8.40 (d, J=7.4 Hz, 2 H).
13C NMR (100MHz, DMSO-d6) δ 25.7, 26.2, 26.5, 26.7, 28.1, 31.3,
34.3, 35.6, 43.1, 45.0, 57.5, 62.2, 64.0, 65.8, 70.4, 125.7, 132.1, 141.5,
144.3. HRMS (ESI): calcd for C21H30N3O2 [M+H]+, 356.2338; found,
356.2343.

3.1.8. 17-(4′-Quinolinyl)sparteine (10)
Mp 137–139 °C. Yield 68%.1H NMR (400MHz, DMSO-d6) δ

1.07–1.14 (m, 3 H), 1.34–1.60 (m, 9 H), 1.74–1.79 (m, 3 H), 1.91–1.94

(m, 1 H), 2.06–2.10 (m, 2 H), 2.28–2.35 (m, 2 H), 2.61–2.71 (m, 3 H),
3.52–3.56 (m, 2 H), 7.76–7.79 (m, 1 H), 7.85–7.88 (m, 1 H), 8.04 (d,
J=4.5 Hz, 1 H), 8.15 (d, J=8.1 Hz, 1 H), 8.95–9.98 (m, 1 H), 9.23 (d,
J=4.5 Hz, 1 H). 13C NMR (100MHz, DMSO-d6) δ 24.1, 24.7, 25.0,
25.1, 26.5, 29.7, 32.7, 34.0, 41.5, 43.5, 55.9, 60.6, 62.4, 64.2, 71.1,
123.2, 124.1, 125.8, 129.0, 129.5, 130.0, 136.3, 148.4, 151.1. HRMS
(ESI): calcd for C24H32N3 [M+H]+, 362.2596; found, 362.2599.

3.2. Antiproliferative activity

The in vitro cytotoxicity testing of compounds 5–10 was performed
against four cancer cell lines and mouse embryo fibroblast cells
adopting MTT assay as previously described after 48 h treatment with
the tested compounds (Mosmann, 1983).

3.3. Autophagic protein degradation assay

The effect of 10 (10mM) on the degradation of [14C]-valine-labeled
long-lived proteins in Hela cells was performed as previously described
(Dupont et al., 2017) using NH4Cl as a negative control and 3-methy-
ladenine (10mM) as positive control.

3.4. Intracellular ATP assay

The intracellular ATP level in Hela cells was determined using ATP
assay kit purchased from abcam (ab83355). The assay was performed
according to the protocol provided.

4. Conclusion

In a summary, arylsparteine derivatives were synthesized and
evaluated for their antiproliferative activity. Incorporation of electron
withdrawing groups (EWGs) to the aryl substituents enhanced the an-
tiproliferative activity of the arylsparteine derivatives. Compound 10
bearing 4-quinolinyl moiety as the aryl substituent demonstrated pro-
mising antiproliferative activity against A549 and Hela cancer cell
lines. The antiproliferative activity of 10 is directly related to the
blockade of autophagic flux in cancer cells as revealed by monitoring
autophagic protein degradation and intracellular ATP level in Hela
cells.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.phytol.2018.07.022.
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