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a b s t r a c t

Ambelline, an alkaloid from the Amaryllidaceae family with a crinane-type skeleton, has not yet demon-
strated any outstanding biological activity. However, its analogues prepared by derivatization of the C-11
hydroxyl group show different interesting effects. Continuing our earlier work, twelve novel aromatic
esters were developed (10, 14, 16, 17, 22–25, 30–33) and studied, together with previously synthesized
derivatives (2–9, 11–13, 15, 18–21, 26–29) in terms of their cytotoxic activity. The cytotoxic potential
was determined on a panel of nine human cancer cell lines and one noncancerous cell line to characterize
their biological activity spectrum. To describe and foresee the structure–activity relationship for further
research, substances synthesized and described in our previous work were also included in this cytotox-
icity study. The most significant activity was associated with analogues having methyl (10), methoxy
(14–17), or ethoxy (18) substitution on the phenyl condensed to ambelline. However, the 4-chloro-3-
nitrobenzoyl derivative (32) showed the most promising IC50 values, ranging from 0.6 ± 0.1 lM to 9.9 ±
0.2 lM. In vitro cytotoxicity studies indicated the most potent antiproliferative activity of 32 in a dose-
dependent and time-dependent manner. Besides, 32 was found to be effective in decreasing viability
and triggering apoptosis of MOLT-4 T-lymphoblastic leukemia cells.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer is the second leading cause of death worldwide, causing
almost 10 million deaths in 2020. However, the incidence
increased to 19.3 million new cases and continues to grow
(Ferlay et al., 2021). The primary treatment consists of prescribed
antineoplastic drugs, surgical removal of the tumour, radiotherapy,
or a combination of these. Antineoplastic drugs are divided into
two types – conventional chemotherapy and targeted therapy.
Conventional chemotherapy remains the first-line treatment for
many cancers, even though the biggest drawback of these antineo-
plastics is their high chemical reactivity, leading to increased tox-
icity and instability. Targeted therapy is also available, in which the
mechanism of action is more specific and has reduced numbers of
side effects (Guichard et al., 2017). The best-selling cancer drugs
are either synthetic ones or monoclonal antibodies, but substances
based on natural products fill roughly 60% of cancer treatment
(Cragg and Pezzuto 2016). Some phytochemical substances persist
as vital sources of new derivatives and potential drugs for cancer
therapy due to their prominent effects on cancer cells along with
acceptable toxicity in normal cells. The best examples used in clin-
ical practice are vinca alkaloids, paclitaxel analogues, and
podophyllotoxin analogues (Choudhari et al., 2020).
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Isoquinoline alkaloids from the Amaryllidaceae family are an
important class of bioactive compounds. They have encouraged
great interest in recent years due to their broad spectrum of phar-
macological effects, such as antibacterial, antiviral, antifungal,
antiparasitic, antimalarial, analgesic, neuroprotective, and poten-
tially also antitumor activity (He et al., 2015; Habartova et al.,
2016; Cahlikova et al., 2021). The antitumor properties were
already known in the 4th century BCE and up to now, more than
600 Amaryllidaceae alkaloids of various structural types have been
isolated. Among them, lycorine, narciclasine, and pancratistatin
have the most promising cytotoxic activity at micromolar levels
(Cao et al., 2013; Nair and van Staden 2014; Furst 2016; Youssef
et al., 2022).

In the presented study, we developed a new series of ambelline
derivatives to increase their cytotoxic activity. The main advantage
of ambelline as a starting material for semi-synthesis is its rela-
tively easy isolation from fresh bulbs of Nerine bowdenii (Amaryll-
idaceae), where it is the second major alkaloid after belladine.
Ambelline is a colourless substance with lozenge-shaped crystals
and belongs to the crinine structural type of Amaryllidaceae alka-
loids. Ambelline as a pure substance has not been considered an
interesting lead structure for future drug design due to the lack
of any significant biological activity. However, its semi-synthetic
derivatives showed promising cholinesterases inhibitory activity.
From the entire spectrum of tested derivatives, eleven of them
were described as selective inhibitors of human butyryl-
cholinesterase (hBuChE) (Marikova et al., 2020). The inspiration
for the preparation of these derivatives lies in the structural simi-
larity of ambelline with haemanthamine, which together with it
belongs to the crinane type of Amaryllidaceae alkaloid. However,
their tetrahydro-5,10b-ethanophenanthridine skeletons are essen-
tially enantiomers that differ in the orientation of ethylene con-
necting N-5 and C-10b. The a-oriented bridge (projecting behind
the plane of the paper) is characteristic of the haemanthamine type
(a-crinane scaffold), and the opposite is the crinine type (b-crinane
scaffold) (Ding et al., 2017). The nomenclature can be quite confus-
ing, as some of the alkaloids are actually only enantiomers with
different names (e.g. levorotatory crinine with a b-crinane scaffold,
dextrorotatory vittatine with an a-crinane scaffold).

Regarding the biological effects of haemanthamine representing
a-crinanes and ambelline representing b-crinanes (Fig. 1), they dif-
fer significantly. (Nair et al., 2013a, 2013b, 2013c; Nair and van
Staden 2019). For example, the cytotoxicity of ambelline has been
tested across different tumour cell lines with no significant results
(Campbell et al., 1998; McNulty et al., 2007; Berkov et al., 2011;
Luchetti et al., 2012; Hanh et al., 2018). On the other hand, hae-
manthamine has often been purposefully tested as an agent with
considerable cytotoxic potential (Nair et al., 2013a, 2013b, 2013c;
Doskocil et al., 2015; Havelek et al., 2017; Seifrtova et al., 2017;
Pellegrino et al., 2018; Masi et al., 2022).

Many structure–activity relationship (SAR) studies have been
performed using both natural compounds and their synthetic
Fig. 1. Structure of ambelline and haemanthamine.
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derivatives. The outputs of these studies, including intact partially
saturated phenanthridine, the presence of a methylene-
dioxyphenyl moiety, and small electronegative substituents at C-
11, were incorporated in our study. Surprisingly, active cytotoxic
molecules were reported in both subgroups of the crinane skele-
ton. However, the orientation of the 5,10b-ethylene bridge affects
the cytotoxic efficacy (Nair et al., 2013a, 2013b, 2013c; 2015).
Thus, a comparison of the ambelline and haemanthamine ana-
logues (Fig. 1) may advance the SAR regarding a wide range of bio-
logical activities, not just cytotoxicity.
2. Material and methods

2.1. General experimental procedures

All solvents were treated by using standard techniques before
use. All reagents and catalysts were purchased from Sigma Aldrich,
Czech Republic, and used without purification. NMR spectra were
recorded in CDCl3 on a VNMR S500 (Varian) spectrometer operat-
ing at 500 MHz for proton nuclei and 125.7 MHz for carbon nuclei
at ambient temperature. Chemical shifts were recorded as d values
in parts per million. The residual signal of CDCl3 (d 7.26 ppm) was
applied as a reference for 1H NMR spectra, and the central signal of
the CDCl3 signals (d 77.0 ppm) was used as a reference for proton-
decoupled 13C NMR spectra. Coupling constants (J) are given in Hz.
ESI-HRMS were obtained with a Waters Synapt G2-Si hybrid mass
analyser of a quadrupole-time-of-flight (Q-TOF) type, coupled to a
Waters Acquity I-Class UHPLC system. The EI-MS were obtained on
an Agilent 7890A GC 5975 inert MSD operating in E.I. mode at
70 eV (Agilent Technologies, Santa Clara, CA, USA). A DB-5 column
(30 m � 0.25 mm � 0.25 lm, Agilent Technologies, USA) was used.
The temperature program was 100–180 �C at 15 �C/min, 1 min
hold at 180 �C, and 180–300 �C at 5 �C /min and 5 min hold at
300 �C; detection range m/z 40–600. The injector temperature
was 280 �C, and the carrier gas (helium) flow rate was 0.8 mL/
min. A split ratio of 1:15 was used. TLC was carried out on Merck
precoated silica gel 60 F254 plates. Compounds on the plate were
observed under UV light (254 and 366 nm) and visualized by
spraying with Dragendorff’s reagent.

2.2. Isolation of ambelline (1)

Ambelline used for the preparation of this series of derivatives
was obtained during the phytochemical study of Nerine bowdenii
W. Watson (Vaneckova et al., 2016). High resolution mass spec-
trometry and NMR spectroscopy confirmed the purity of ambelline
(�98%).

2.3. Preparation of ambelline derivatives

The general procedure for the esterification of ambelline was
described in detail in our previous work. Structural analyses (opti-
cal rotation, HRMS, NMR) of previously prepared derivatives (2–9,
11–13,15,18–21,26–29) can be found in the following literature
(Marikova et al., 2020).

2.3.1. 11-O-(3,5-Dimethylbenzoyl)ambelline (10)
Yield 67 mg (94%); white powder; [a]24D = +20.2 (c = 0.139;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 7.22 (2H, s), 7.12 (1H, s), 6.59
(1H, d, J = 10.0 Hz), 6.57 (1H, s), 6.08 (1H, dd, J = 10.0 Hz,
J = 5.2 Hz), 5.86 (1H, d, J = 1.5 Hz), 5.80 (1H, d, J = 1.5 Hz), 5.33
(1H, dd, J = 8.0 Hz, J = 4.0 Hz), 4.37 (1H, d, J = 17.5 Hz), 4.00 (3H,
s), 3.93 (1H, overlap, d, J = 17.5 Hz), 3.93–3.87 (2H, overlap, m),
3.53 (1H, ddd, J = 13.7 Hz, J = 4.0 Hz, J = 1.7 Hz), 3.37 (3H, s), 2.80
(1H, ddd, J = 14.2 Hz, J = 4.0 Hz, J = 1.7 Hz), 2.28 (6H, s), 2.21–2.16
5
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(1H, m), 1.79 (1H, td, J = 13.7 Hz, J = 4.0 Hz); 13C NMR (125.7 MHz,
CDCl3) d: 166.4, 147.8, 140.6, 137.7, 134.5, 133.9, 133.8, 131.2, 129.7,
127.2, 126.6, 117.3, 100.5, 99.6, 87.3, 72.2, 63.0, 59.8, 59.1, 58.6, 56.5,
47.5, 28.7, 21.0; ESI-HRMS: m/z calcd for C27H30NO6

+ [M + H]+

464.2068, found 464.2067.s.

2.3.2. 11-O-(2,4-Dimethoxybenzoyl)ambelline (14)
Yield 50 mg (67%); yellow powder; [a]24D = +80.0 (c = 0.145;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 6.82 (2H, d, J = 2.4 Hz), 6.63–
6.57 (3H, m), 6.09 (1H, dd, J = 10.1, J = 5.2 Hz), 5.84 (1H, d,
J = 1.5 Hz), 5.79 (1H, d, J = 1.5 Hz), 5.33 (1H, dd, J = 8.0, J = 3.9 Hz),
4.37 (1H, d, J = 17.5 Hz), 3.99 (3H, s), 3.97–3.87 (3H, m), 3.76 (6H,
s), 3.52 (1H, dd, J = 13.8, J = 3.9 Hz), 3.38 (3H, s), 2.80 (1H, ddd,
J = 14.3, J = 3.9, J = 1.7 Hz), 2.23–2.16 (1H, m), 1.80 (1H, td,
J = 13.8, J = 3.9 Hz); 13C NMR (125.7 MHz, CDCl3) d: 166.0, 160.5,
147.8, 140.7, 133.9, 133.8, 131.6, 131.2, 126.8, 117.5, 106.7, 106.4,
100.5, 99.5, 87.9, 72.2, 63.1, 59.9, 59.1, 58.7, 56.6, 55.4, 47.2, 28.7;
ESI-HRMS: m/z calcd for C27H30NO8

+ [M + H]+ 496.1966, found
496.1972.

2.3.3. 11-O-(3,5-Dimethoxybenzoyl)ambelline (16)
Yield 58 mg (75%); yellow powder; [a]24D = +32.4 (c = 0.148;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 6.80 (2H, d, J = 2.5 Hz), 6.60–
6.55 (3H, m), 6.07 (1H, dd, J = 10.3 Hz, J = 4.9 Hz), 5.81 (1H, d,
J = 1.4 Hz), 5.77 (1H, d, J = 1.4 Hz), 5.31 (1H, dd, J = 7.8 Hz,
J = 3.9 Hz), 4.35 (1H, d, J = 17.1 Hz), 3.99 (3H, s), 3.94–3.85 (3H,
m), 3.73 (6H, s), 3.50 (1H, dd, J = 13.6 Hz, J = 3.9 Hz), 3.35 (3H, s),
2.82–2.75 (1H, m), 2.17 (1H, dd, J = 14.2 Hz, J = 3.9 Hz), 1.78 (1H,
td, J = 13.6 Hz, J = 3.9 Hz); 13C NMR (125.7 MHz, CDCl3) d: 165.9,
160.4, 147.7, 140.6, 133.9, 133.7, 131.6, 131.1, 126.7, 117.3, 106.6,
106.3, 100.4, 99.4, 87.8, 72.1, 63.0, 59.9, 59.1, 58.7, 56.5, 55.3, 47.2,
28.6; ESI-HRMS: m/z calcd for C27H30NO8

+ [M + H]+ 496.1966, found
496.1977.

2.3.4. 11-O-(3,4,5-Trimethoxybenzoyl)ambelline (17)
Yield 17 mg (36%); white powder; [a]24D = +83.3 (c = 0.120;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 6.94 (2H, s), 6.62 (1H, s), 6.58
(1H, d, J = 10.0 Hz), 6.08 (1H, dd, J = 10.0 Hz, J = 5.1 Hz), 5.80 (2H,
s), 5.31 (1H, dd, J = 7.9 Hz, J = 3.9 Hz), 4.36 (1H, d, J = 17.6 Hz),
3.98 (3H, s), 3.97–3.87 (3H, m), 3.86 (3H, s), 3.81 (6H, s), 3.49 (1H,
dd, J = 13.8 Hz, J = 3.9 Hz), 3.37 (3H, s), 2.77 (1H, ddd, J = 14.2 Hz,
J = 3.9 Hz, J = 1.4 Hz), 2.22–2.16 (1H, m), 1.80 (1H, td, J = 13.8 Hz,
J = 3.9 Hz); 13C NMR (125.7 MHz, CDCl3) d: 165.8, 152.7, 147.6,
142.1, 140.7, 134.1, 133.7, 131.0, 126.9, 124.7, 117.4, 106.5, 100.5,
99.4, 87.9, 72.2, 63.0, 60.8, 60.1, 59.1, 58.8, 56.6, 55.9, 47.0, 28.7;
ESI-HRMS: m/z calcd for C28H32NO9

+ [M + H]+ 526.2072, found
526.2077.

2.3.5. 11-O-(3,5-Dinitrobenzoyl)ambelline (22)
Yield 60 mg (76%); yellow powder; [a]24D = +137.1 (c = 0.105;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 9.16 (1H, bs), 8.67 (2H, bs),
6.54 (1H, d, J = 10.1), 6.51 (1H, s), 6.13 (1H, dd, J = 10.1 Hz,
J = 5.2 Hz), 5.94–5.87 (2H, m), 5.50–5.44 (1H, m), 4.39 (1H, d,
J = 17.5 Hz), 4.05 (3H, s), 3.99–3.90 (3H, m), 3.62–3.54 (1H, m),
3.39 (3H, s), 2.88–2.81 (1H, m), 2.24–2.15 (1H, m), 1.77 (1H, td,
J = 13.7 Hz, J = 3.9 Hz); 13C NMR (125.7 MHz, CDCl3) d: 162.2,
148.5, 148.3, 140.9, 134.3, 133.6, 133.1, 130.4, 129.3, 127.5, 122.3,
117.0, 101.0, 98.6, 89.3, 72.1, 63.2, 59.9, 59.2, 58.7, 56.6, 47.6, 28.8;
ESI-HRMS m/z calcd for C25H24N3O10

+ [M + H]+ 526.1456, found
526.1469.

2.3.6. 11-O-(2-Chlorobenzoyl)ambelline (23)
Yield 68 mg (96%); white powder; [a]24D = +46.8 (c = 0.163;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 7.39–7.30 (2H, m), 7.22–7.12
(2H, m), 6.68 (1H, d, J = 10.0 Hz), 6.51 (1H, s), 6.09 (1H, dd,
J = 10.0 Hz, J = 5.2 Hz), 5.80 (1H, d, J = 1.5 Hz), 5.76 (1H, d,
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J = 1.5 Hz), 5.32 (1H, dd, J = 8.1 Hz, J = 3.7 Hz), 4.37 (1H, d,
J = 17.5 Hz), 3.98 (3H, s), 3.96–3.84 (3H, m), 3.50 (1H, dd,
J = 13.7 Hz, J = 3.9 Hz), 3.36 (3H, s), 2.92–2.86 (1H, m), 2.19–2.11
(1H, m), 1.78 (1H, td, J = 13.7 Hz, J = 3.9 Hz); 13C NMR
(125.7 MHz, CDCl3) d: 165.1, 147.8, 140.6, 134.0, 133.9, 133.5,
132.5, 131.7, 131.4, 130.9, 129.3, 126.4, 126.1, 117.5, 100.5, 99.6,
88.6, 72.2, 63.5, 59.7, 59.1, 58.6, 56.5, 47.7, 28.8; ESI-HRMS: m/z
calcd for C25H25ClNO6

+ [M + H]+ 470.1365, found 470.1373.

2.3.7. 11-O-(4-Chlorobenzoyl)ambelline (24)
Yield 65 mg (91%); white powder; [a]24D = +13.0 (c = 0.185;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 7.61–7.54 (2H, m), 7.35–7.28
(2H, m), 6.60 (1H, d, J = 10.0 Hz), 6.52 (1H, s), 6.12–6.06 (1H, m),
5.86–5.78 (2H, m), 5.35 (1H, dd, J = 8.1 Hz, J = 3.8 Hz), 4.37 (1H, d,
J = 17.5 Hz), 4.00 (3H, s), 3.93 (1H, overlap, d, J = 17.5 Hz), 3.92–
3.84 (2H, overlap, m), 3.55–3.48 (m, 1H), 3.38 (3H, s), 2.83 (1H,
ddd, J = 14.0 Hz, J = 4.0 Hz, J = 1.8 Hz), 2.22–2.14 (1H, m), 1.79
(1H, td, J = 14.0 Hz, J = 4.0 Hz); 13C NMR (125.7 MHz, CDCl3) d:
165.4, 147.8, 140.7, 139.4, 133.9, 133.7, 131.3, 130.8, 128.5, 128.3,
126.7, 117.4, 100.5, 99.4, 88.1, 72.2, 63.3, 59.8, 59.2, 58.8, 56.6,
47.5, 28.8; ESI-HRMS: m/z calcd for C25H25ClNO6

+ [M + H]+

470.1365, found 470.1371.

2.3.8. 11-O-(3-Bromobenzoyl)ambelline (25)
Yield 59 mg (72%); white powder; [a]24D = +53.3 (c = 0.195;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 7.70–7.60 (2H, m), 7.56 (1H,
t, J = 1.8 Hz), 7.28–7.21 (1H, m), 6.59 (1H, d, J = 10.0 Hz), 6.52 (1H,
s), 6.10 (1H, dd, J = 10.0, J = 5.2 Hz), 5.89 (1H, d, J = 1.6 Hz), 5.84
(1H, d, J = 1.6 Hz), 5.37 (1H, dd, J = 8.1 Hz, J = 3.7 Hz), 4.38 (1H, d,
J = 17.5 Hz), 4.03 (3H, s), 3.98–3.85 (3H, m), 3.55 (1H, dd,
J = 13.5 Hz, J = 3.7 Hz), 3.38 (3H, s), 2.84 (1H, dd, J = 13.4,
J = 3.7 Hz), 2.18 (1H, dd, J = 13.4, J = 3.7 Hz), 1.78 (1H, td, J = 13.5,
J = 3.7 Hz); 13C NMR (125.7 MHz, CDCl3) d: 164.9, 148.0, 140.8,
135.9, 134.1, 133.5, 132.5, 131.9, 131.1, 129.8, 128.0, 126.9, 122.2,
117.2, 100.7, 99.3, 87.9, 72.2, 63.2, 59.8, 59.3, 58.6, 56.6, 47.7, 28.7;
ESI-HRMS: m/z calcd for C25H25BrNO6

+ [M + H]+ 514.0860, found
514.0867.

2.3.9. 11-O-(4-Methyl-3-nitrobenzoyl)ambelline (30)
Yield 76 mg (100%); pale yellow oil; [a]24D = +78.7 (c = 0.122;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 7.97–7.95 (1H, m), 7.88 (1H,
dd, J = 7.8 Hz, J = 1.5 Hz), 7.36 (1H, d, J = 7.8 Hz), 6.56 (1H, d,
J = 10.0 Hz), 6.50 (1H, s), 6.09 (1H, dd, J = 10.0 Hz, J = 5.2 Hz),
5.91–5.89 (1H, m), 5.87–5.86 (1H, m), 5.40 (1H, dd, J = 8.0 Hz,
J = 3.7 Hz), 4.38 (1H, d, J = 17.5 Hz), 4.02 (3H, s), 3.94 (1H, overlap,
d, J = 17.5 Hz), 3.94–3.88 (2H, m, overlap), 3.55 (1H, dd,
J = 13.8 Hz, J = 3.9 Hz), 3.37 (3H, s), 2.87–2.81 (1H, m), 2.62 (3H,
s), 2.23–2.16 (1H, m), 1.78 (1H, td, J = 13.8 Hz, J = 3.9 Hz); 13C
NMR (125.7 MHz, CDCl3) d: 164.2, 149.0, 148.1, 140.7, 138.5,
134.1, 133.29, 133.25, 132.9, 130.9, 129.2, 126.9, 125.7, 117.0,
100.8, 99.0, 88.1, 72.1, 63.2, 59.8, 59.2, 58.6, 56.6, 47.6, 28.8, 20.6;
ESI-HRMS: m/z calcd for C26H27N2O8

+ [M + H]+ 495.1762, found
495.1771.

2.3.10. 11-O-(2-Chloro-4-nitrobenzoyl)ambelline (31)
Yield 91 mg (100%); yellow powder; [a]24D = -8.3 (c = 0.145;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 8.21 (1H, d, J = 2.1 Hz), 7.99
(1H, dd, J = 8.3 Hz, J = 2.1 Hz), 7.29 (1H, d, J = 8.3 Hz), 6.65 (1H, d,
J = 9.9 Hz), 6.47 (1H, s), 6.10 (1H, dd, J = 9.9 Hz, J = 5.4 Hz), 5.82–
5.79 (2H, m), 5.34 (1H, dd, J = 7.8 Hz, J = 3.5 Hz), 4.36 (1H, d,
J = 17.6 Hz), 3.98 (3H, s), 3.94–3.85 (3H, m), 3.51 (1H, dd,
J = 13.6 Hz, J = 3.5 Hz), 3.36 (3H, s), 2.94–2.87 (1H, m), 2.20–2.12
(1H, m), 1.75 (1H, td, J = 13.6 Hz, J = 3.5 Hz); 13C NMR
(125.7 MHz, CDCl3) d: 163.6, 149.3, 147.9, 140.7, 135.0, 134.9,
134.0, 133.3, 132.1, 131.3, 126.8, 125.9, 121.0, 117.6, 100.6, 99.2,
6
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89.5, 72.1, 63.6, 59.6, 59.1, 58.5, 56.5, 47.9, 28.8; ESI-HRMS: m/z
calcd for C22H29NO6

+ [M + H]+ 515.1216, found 515.1223.

2.3.11. 11-O-(4-Chloro-3-nitrobenzoyl)ambelline (32)
Yield 52 mg (59%); yellow powder; [a]24D = +27.2 (c = 0.235;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 7.88 (1H, dd, J = 8.3 Hz,
J = 2.0 Hz), 7.84 (1H, d, J = 2.0 Hz), 7.57 (1H, d, J = 8.3 Hz), 6.54
(1H, d, J = 10.1 Hz), 6.47 (1H, s), 6.14–6.06 (1H, m), 5.90–5.86 (2H,
m), 5.32 (1H, dd, J = 8.1 Hz, J = 4.0 Hz), 4.37 (1H, d, J = 17.6 Hz),
4.02 (3H, s), 3.97–3.85 (3H, m), 3.56 (1H, dd, J = 13.7 Hz,
J = 4.0 Hz), 3.37 (3H, s), 2.87–2.81 (1H, m), 2.23–2.16 (1H, m), 1.76
(1H, td, J = 13.7 Hz, J = 4.0 Hz); 13C NMR (125.7 MHz, CDCl3) d:
163.3, 148.1, 147.6, 140.8, 134.1, 133.4, 133.2, 132.0, 131.7, 130.7,
129.8, 127.1, 126.5, 116.9, 100.9, 98.8, 88.4, 72.1, 63.2, 59.7, 59.2,
58.6, 56.6, 47.6, 28.7; ESI-HRMS m/z calcd for C25H24ClN2O8

+

[M + H]+ 515.1216, found 515.1224.

2.3.12. 11-O-(3-Bromo-5-nitrobenzoyl)ambelline (33)
Yield 58 mg (69%); yellow powder; [a]24D = +143.5 (c = 0.170;

CHCl3); 1H NMR (500 MHz, CDCl3) d: 8.49 (1H, s), 8.24 (1H, s), 8.04
(1H, s), 6.55 (1H, d, J = 10.0 Hz), 6.50 (1H, s), 6.13 (1H, dd,
J = 10.0 Hz, J = 5.2 Hz), 5.94–5.87 (2H, m), 5.50–5.44 (1H, m), 4.39
(1H, d, J = 17.5 Hz), 4.05 (3H, s), 3.99–3.90 (3H, m), 3.62–3.54 (1H,
m), 3.39 (3H, s), 2.88–2.81 (1H, m), 2.24–2.15 (1H, m), 1.77 (1H,
td, J = 13.6 Hz, J = 3.6 Hz); 13C NMR (125.7 MHz, CDCl3) d: 162.2,
148.5, 148.3, 140.9, 134.3, 133.6, 133.1, 130.4, 129.3, 127.5, 122.3,
117.0, 101.0, 98.6, 89.3, 72.1, 63.2, 59.9, 59.2, 58.7, 56.6, 47.6, 28.8;
ESI-HRMS m/z calcd for C25H24BrN2O8

+ [M + H]+ 559.0711, found
559.0711.

2.4. In vitro experiments

2.4.1. Cell culture and culture conditions
Selected human tumour and non-tumour cell lines Jurkat (acute

T cell leukemia), MOLT-4 (acute lymphoblastic leukemia), A549
(lung carcinoma), HT-29 (colorectal adenocarcinoma), PANC-1
(pancreas epithelioid carcinoma), A2780 (ovarian carcinoma), HeLa
(cervix adenocarcinoma), MCF-7 (breast adenocarcinoma), SAOS-2
(osteosarcoma) and MRC-5 (non-tumour lung fibroblasts) were
purchased from European Collection of Authenticated Cell Cultures
(ECACC, Salisbury, UK) and cultured according to the provider’s
culture method guidelines. All cell lines were maintained at
37 �C in a humidified 5% carbon dioxide and 95% air incubator.
The cells in low passage number (non-tumour primary cell line
MRC-5 was used for a maximum of 10 passages and cancer cell
lines were used for a maximum of 20 passages) and in an exponen-
tial growth phase were used for this study.

2.4.2. WST-1 cell proliferation assay, growth percent calculation and
IC50 value determination

Each cell line was seeded at a previously established optimal
density (1.103 to 50.103 cells per well) in a 96-well plate (TPP,
Trasadingen, Switzerland) and cells were allowed to settle over-
night. In initial screening tests, cells were treated for 48 h with
either ambelline or the newly synthesized derivative compounds
at a final concentration of 10 lM. The 50% inhibitory concentration
(IC50) values for the most active compounds were determined
using the concentration range from 1 to 50 lMwith the treatments
for 48 h before assay to determine cell proliferation. Doxorubicin
(Sigma-Aldrich, St. Louis, USA), at a concentration of 1 lM, was
used as a positive control. At the end of the culture period, the
WST-1 proliferation assay (Roche, Basel, Switzerland) was per-
formed according to the manufacturer’s protocol. The absorbance
was determined using a Tecan Spark microplate reader (Tecan,
Männedorf, Switzerland). Each value is the mean of three indepen-
dent experiments and represents the percentage of the prolifera-
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tion of control, non-treated cells (100%). The growth percent (GP)
value was calculated for each derivative tested. GP represents the
mean of the proliferation decrease percentage of all the 10 cell
lines treated with the exact ambelline derivative. IC50 values were
calculated based on data obtained from proliferation determined
by a WST-1 assay and were processed using GraphPad Prism7 bio-
statistics (GraphPad Software, San Diego, CA, USA) software. Drug
concentrations were plotted against the cell proliferation/viability
percentage, and the IC50 values were determined using nonlinear
regression.

2.4.3. Screening for antiproliferative activity using xCELLigence system
The xCELLigence system (Roche, Basel, Switzerland and ACEA

Biosciences, San Diego, CA, USA) was used to monitor cell adhesion,
proliferation and cytotoxicity. The xCELLigence system was con-
nected and tested by Resistor Plate before the real-time cell analy-
sis (RTCA) Single Plate station was placed inside the incubator at
37 �C and 5% CO2. First, the optimal seeding concentration for
experiments was optimized for each cell line. After seeding the
respective number of cells in 190 lL medium per well of the E-
plate 96, the impedance was recorded every 30 min. Approxi-
mately 24 h after seeding, when the cells were in the log growth
phase, the cells were exposed in triplicates to 10 lL sterile deion-
ized water containing ambelline derivatives to obtain final concen-
trations 1–50 lM. Controls received sterile deionized
water + dimethyl sulfoxide (DMSO) with a final concentration of
0.1%. Cells treated with 5% DMSO were used as a positive control.
Growth curves were normalized to the time point of treatment.
Evaluations were performed using xCELLigence 1.2.1 software
(Roche, Basel, Switzerland and ACEA Biosciences, San Diego, CA,
USA).

2.4.4. Proliferation and viability measurement using Trypan blue
exclusion test

A Trypan blue exclusion assay was used for measuring cell pro-
liferation and viability. The cells were treated with varying concen-
trations (1, 2, 5, and 10 lM) of 10, 16 and 32 and further cultured
for 24 h and 48 h in the case of both MOLT-4 and Jurkat cells. Cells
treated with 0.25 lM doxorubicin were used as a positive control.
Cell membrane integrity was determined using the Trypan blue
exclusion technique – mixing 10 lL of 0.4% Trypan blue and
10 lL of cell suspension. Cell counts were carried out using a
Bürker chamber and a Nikon Eclipse E200 light microscope (Nikon,
Tokyo, Japan).

2.4.5. Cell cycle and internucleosomal DNA fragmentation analysis
Cultured cells were collected, washed with ice-cold phosphate-

buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA), fixed with
70% ethanol and stored at 4 �C for subsequent cell cycle distribu-
tion analysis. Afterwards, fixed cells were centrifuged to remove
ethanol and washed with ice-cold PBS twice. In order to detect
low molecular-weight fragments of DNA, the cells were incubated
for 5 min at room temperature in a buffer (192 mL 0.2 M
Na2HPO4 + 8 mL of 0.1 M citric acid, pH 7.8) and then, after
washing the cells with ice-cold PBS, labelled with propidium iodide
in Vindelov’s solution for 1 h at 37 �C. The DNA content was deter-
mined by using a CytoFLEX LX flow cytometer (Beckman Coulter,
Miami, FL, USA) with an excitation wavelength of 488 nm. The data
were analysed using Kaluza Analysis 2.1 software (Beckman
Coulter, Miami, FL, USA).

2.4.6. Flow cytometry quantification of apoptosis by Annexin V/PI
double staining

Apoptosis was determined by flow cytometry using an Alexa
Fluor� 488 Annexin V/Dead Cell Apoptosis kit (Life Technologies,
Grand Island, NY, USA), in accordance with the manufacturer’s
7
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instructions. This kit employs the property of Alexa Fluor�488 con-
jugated to Annexin V to bind to phosphatidylserine in the presence
of Ca2+, and the ability of propidium iodide (PI) to enter cells with
damaged cell membranes and bind to DNA. Measurement was per-
formed using a CytoFLEX LX Flow Cytometer (Beckman Coulter,
Miami, FL, USA). List mode data were analysed using Kaluza Anal-
ysis 2.1 software (Beckman Coulter, Miami, FL, USA).

2.4.7. Activity of caspase-3 and caspase-7
The induction of apoptosis was determined by monitoring the

activity of caspase-3/-7 by Caspase-Glo Assays (Promega, Madison,
WI, USA) 24 h after treatment with 2 and 3 lM of derivatives 10, 16
and 32. Cells treated with 1 lM of doxorubicin were used as a pos-
itive control. The assay provides a proluminogenic substrate in an
optimized buffer system. The addition of a Caspase-Glo Reagent
results in cell lysis, followed by caspase cleavage of the substrate
and the generation of a luminescent signal. A total of 1 � 104 cells
was seeded per well using a 96-well-plate format (Sigma-Aldrich,
St. Louis, MO, USA). After treatment, the Caspase-Glo Assay
Reagent was added to each well (100 lL per well) and incubated
for 30 min before luminescence was measured using a Tecan Spark
microplate reader (Tecan Group, Männedorf, Switzerland).

2.5. Statistical analysis

The descriptive statistics of the results were calculated, and
charts were made using either Microsoft Office 365 Excel (Micro-
soft, Redmond, WA, USA) or GraphPad Prism 7 biostatistics (Graph-
Pad Software, La Jolla, CA, USA) software. In this study, all the
values were expressed as arithmetic means with SD of triplicates,
unless otherwise noted. For quantitative data, normality testing
was performed to assess whether parametric or nonparametric
tests should be used. For experiments with parametric variables,
significant differences between the groups were analysed using
the Student’s T-test and a P value � 0.05 was considered
significant.

3. Results

3.1. Preparation of ambelline (1) derivatives (10, 14, 16, 17, 22–25,
30–33)

To extend our library of ambelline derivatives (Marikova et al.,
2020), and describe the SAR in more depth, twelve further deriva-
Nerine bowdenii

Fig. 2. Design and synthesis of
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tives were synthesized. All newly synthesized derivatives were
modified by binding aromatic ligands at the C-11 hydroxyl group
of ambelline (1), using differently substituted benzoyl chlorides
affording the corresponding esters (Fig. 2). Data from MS, HRMS,
and NMR analyses confirmed the structures of the designed com-
pounds (see Supplementary Material for spectra).
3.2. Cytotoxicity screening of previously and newly developed
ambelline derivatives

The antiproliferative effect of the totally synthesized com-
pounds and of the parent ambelline were quantified in a panel of
cell lines derived from various human tumour types (leukemia-
Jurkat, MOLT-4; lung adenocarcinoma-A549, colon-HT-29,
pancreas-PANC-1, cervix-HeLa, breast-MCF-7; ovarian carcinoma-
A2780, and osteogenic sarcoma-SAOS-2). The effect on non-
tumour cells was tested using primary human fetal lung fibroblasts
(MRC-5). Exposure of the cell lines to the compounds (1–33) lasted
for 48 h, and the changes in cell proliferation compared to the
untreated control were determined using WST-1 assay based on
mitochondrial dehydrogenase activities. The antiproliferative
effect of parent ambelline was identical to that previously
described (Havelek et al., 2017). The antiproliferative effect of each
tested compound across the various cell lines is expressed in a sep-
arate graph, and the horizontal line intersects the bar graphs at 50%
inhibition of proliferation (Fig. 3).

As shown in Fig. 3 and Table 1, none of the aliphatic esters (2–
5), nor ambelline (1) itself, demonstrated any cytotoxic activity
(cell viability around 100%). The screened aromatic esters of
ambelline were divided into five structurally related groups. The
simple 11-O-benzoylambelline (6) was only mildly cytotoxic to
Jurkat cells, but its methyl derivatives (7–10), forming the first
group of aromatic esters of ambelline modified by methyl group/-
groups attached to the phenyl, showed less histotype-specific
potency. In particular, 11-O-(3-methylbenzoyl)ambelline (8)
showed preferential antiproliferative activity against acute T-cell
leukemia, ovarian and bone cancer cells. Speaking of disubstituted
derivatives, the cytotoxic activity of 11-O-(3,5-dimethylbenzoyl)
ambelline (10) was extended to almost the entire spectrum of
tested tumour cell lines. Following the methylbenzoyl derivatives,
a scaffold with methoxybenzoyl was evaluated (11–18). In general,
disubstituted benzoyl derivatives showed the most pronounced
activity with methoxy functional groups in different positions
(14–16). Cytotoxic activity was even more enhanced by
new ambelline derivatives.
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Fig. 3. Inhibition of proliferation using all tested compounds treatment (1–33, positive control 1 lM doxorubicin). Each compound was tested on ten cell lines and this effect
is presented in a separate graph. The antiproliferative activity after the treatment at 10 lM for 48 h was measured using WST-1 assay and expressed as a percentage of control
cells (0.1% DMSO treated, proliferation 100%). Each value represents the mean ± standard deviation of three independent experiments. The horizontal line highlights the 50%
value.
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trimethoxybenzoyl substitution (17). These derivatives were also
active on the doxorubicin-resistant cell line PANC-1 but had only
medium growth inhibitory activity on HT-29. In contrast, the cyto-
toxic activity was decreased by changing the methoxy groups to
ethoxy groups (18). Nitro derivatives (19–22) did not show any
significant cytotoxicity. Surprisingly, this was the case even with
11-O-(3,5-dinitrobenzoyl)ambelline (22), which is analogous to a
haemanthamine derivative which had an amplified effect on the
whole tumour cell line spectra (Uher et al., 2022). A similar trend
10168
of higher cytotoxic potential did not occur in the case of more sub-
stituted aromatic rings, such as previously described groups. Halo-
gen derivatives having 2-chloro (23), 4-chloro (24), or 1-bromo
(25) benzoyl substitution showed no cytotoxic potential at all.
Naphtoyl and furoyl derivatives were synthesized as the next
group of derivatives (26–29). Comparing this group of derivatives,
compound 26 was the least effective against cancer cell lines. Both
furoyl derivatives (28, 29) and 11-O-(2-naphtoyl)ambelline (27)
were active by the same magnitude against Jurkat leukemic cells.
9



Fig. 3 (continued)
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The last group contains derivatives with different disubstitutions
on the aromatic ring (30–33). Inspiration for the preparation of this
group is related to our previous publication describing derivatives
of haemanthamine (Uher et al., 2022). All these compounds con-
tain a combination of a nitro group with either halogen or methyl
functional groups. Among all derivatives in this study, 11-O-(4-ch
loro-3-nitrobenzoyl)ambelline (32) was the most active com-
pound, which also showed growth inhibition of the doxorubicin-
resistant HT-29 cell line. Interestingly, 3-nitro (20) and 4-chloro
(24) derivatives were inactive. Changing the position of chlorine
to para on the aromatic ring to the methyl group significantly
reduced the cytotoxicity.

As summarized in Tables 1 and 2, the mean growth percent (GP)
value of the derivative 32 is 6%, ranging from 0 to 49%, with the
most effective inhibition on HeLa, MRC-5, and Jurkat cell lines.
All cell lines were susceptible (GP value 0–2%), except for PANC-
1 (GP value 49%), which is resistant to the standard cytostatic dox-
orubicin. The disubstituted methoxy derivative 16 exhibited
potent inhibitory activities toward the cancer cell lines, with GP
values spanning from 6% to 19%, excluding a GP of 79% obtained
on HT-29. By contrast, disubstituted methylbenzoyl derivative 10
displayed a slight decline in activity. Notably, derivative 10 showed
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GP values from 0 to 25% and was highly cytotoxic towards Jurkat,
A549, PANC-1, A2780, HeLa, and SAOS-2 cells lines, while only
marginally affecting (GP range above 26%) MOLT-4, HT-29, MCF-
7, and MRC-5 cells. Trimethoxy derivative 17, with a mean GP
value of 9%, is potent to the doxorubicin-resistant PANC-1 cell line.
Furthermore, the derivative 17 reduced the proliferation of the
resistant colon carcinoma HT-29 to a similar level as that of the
standard cytostatic doxorubicin.

Values of IC50 determined for the selected ambelline derivatives
(8, 10, 14–18, 27–29, 32) are summarized in Table 3. The cytotox-
icity screening showed that ambelline derivatives from the
methylbenzoyl group (10), the methoxybenzoyl group (16 and
17), and the group of compounds with different disubstitution on
the aromatic ring (32) appear to be most effective. Their concurring
feature seems to be either a disubstitution in the meta positions
(10, 16) or a disubstitution in the meta and para positions (17,
32) of the benzoyl ring. However, since these substituents have a
different chemical nature (meaning electronic effect and density,
or molecular weight in general), the influence of the substituent
itself is not entirely clear. To gain a deeper understanding of the
antiproliferative effects of the three most advantageous derivatives
(10, 16, 32), cytotoxicity screening was further extended with
0



Table 1
Growth percentage (GP) values of each compound and doxorubicin for all cell lines were determined after the application of 10 lM concentration of treatment using 48 h time of
incubation and detected by the WST-1 method, related to the negative control cells (0.1% DMSO treated, proliferation 100 %). Each value is a mean of three independent
experiments. Values from the intervals 0–25%, 26–50%, and 51–75% are counterpointed with different colours. Doxorubicin at 1 lM was used as a reference drug.
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complementary techniques focused on dynamic cell proliferation,
viability, cell cycle distribution pattern, and apoptosis in the
selected cancer cell models (Fig. 4).

3.3. Determination of the antiproliferative activity on selected cancer
cell lines monitored in real-time using the xCELLigence system

To verify further the antiproliferative activity of the ambelline
derivatives associated with the most effective inhibition, we per-
formed dynamic real-time proliferation monitoring by the xCELLi-
gence system. The xCELLigence system dynamically observes cell
proliferation, morphology, adhesion, and viability based on impe-
dance measurement. Impedance changes are expressed as normal-
ized cell index (CI) values. As shown in Fig. 5A and B, the
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application of derivatives 10 and 16 decreased the proliferation
of human lung carcinoma (A549), ovarian carcinoma (A2780),
breast adenocarcinoma (MCF-7), and non-cancer human fetal lung
fibroblast (MRC-5) cells in dose-dependent manners during the
investigated 72 h interval. The decrease was more manifested in
MCF-7 and A2780 cells.

Consistent with the previous data, the results of xCELLigence
monitoring of cell growth in real-time, as shown in Fig. 5C, indi-
cated that derivative 32 (20 and 50 lM) had a negative impact
on A549, A2780, and MCF-7 cell proliferation. Exposure to deriva-
tive 32 at 20 lM and 50 lM resulted in an almost complete reduc-
tion in cell proliferation. The A549, A2780, and MCF-7 cells treated
with lower doses (1, 5, and 10 lM) of derivative 32 were either
unaffected or showed only slightly decreased proliferation. In
1



Table 2
The table summarizes the mean growth percentage (GP), including its lowest and highest values, and depicts the three most responsive cell lines. The GP value of each compound
represents the average of the proliferation after the application of a 10 lM dose within a 48 h treatment time interval on ten cell lines. Data were calculated from three
independent experiments and are expressed as a percent of the proliferation of 0.1% DMSO mock-treated control cells (100%).

Ambelline derivative Mean GP Range of GP Three most sensitive cell lines

1 Ambelline 104 97–112 A549, SAOS-2, HeLa
2 11-O-acetylambelline 101 95–112 MOLT-4, HT-29, HeLa
3 11-O-propionylambelline 102 94–111 A2780, HeLa, HT-29
4 11-O-isobutanoylambelline 108 96–119 HeLa, MOLT-4, HT-29
5 11-O-pentanoylambelline 104 89–120 HT-29, HeLa, A2780
6 11-O-benzoylambelline 98 74–110 Jurkat, PANC-1, MOLT-4
7 11-O-(2-methylbenzoyl)ambelline 89 70–106 Jurkat, A2780, MOLT-4
8 11-O-(3-methylbenzoyl)ambelline 65 35–101 Jurkat, A2780, SAOS-2
9 11-O-(4-methylbenzoyl)ambelline 79 54–98 Jurkat, A2780, PANC-1
10 11-O-(3,5-dimethylbenzoyl)ambelline 28 9–89 Jurkat, SAOS-2, A2780
11 11-O-(2-methoxybenzoyl)ambelline 86 67–102 PANC-1, Jurkat, MCF-7
12 11-O-(3-methoxybenzoyl)ambelline 52 21–113 SAOS-2, Jurkat, A2780
13 11-O-(4-methoxybenzoyl)ambelline 68 43–97 Jurkat, SAOS-2, PANC-1
14 11-O-(2,4-dimethoxybenzoyl)ambelline 15 4–78 SAOS-2, HeLa, A549
15 11-O-(3,4-dimethoxybenzoyl)ambelline 22 6–62 SAOS-2, A549, Jurkat
16 11-O-(3,5-dimethoxybenzoyl)ambelline 17 6–79 HeLa, SAOS-2, A2780
17 11-O-(3,4,5-trimethoxybenzoyl)ambelline 9 3–35 A549, HeLa, SAOS-2
18 11-O-(3,5-diethoxybenzoyl)ambelline 40 2–94 Jurkat, MOLT-4, SAOS-2
19 11-O-(2-nitrobenzoyl)ambelline 100 88–114 A2780, MCF-7, MOLT-4
20 11-O-(3-nitrobenzoyl)ambelline 95 86–104 MOLT-4, A2780, Jurkat
21 11-O-(4-nitrobenzoyl)ambelline 90 75–102 Jurkat, HeLa, MOLT-4
22 11-O-(3,5-dinitrobenzoyl)ambelline 92 75–104 Jurkat, MCF-7, HT-29
23 11-O-(2-chlorobenzoyl)ambelline 101 84–118 Jurkat, MOLT-4, MCF-7
24 11-O-(4-chlorobenzoyl)ambelline 83 52–105 Jurkat, MOLT-4, SAOS-2
25 11-O-(3-bromobenzoyl)ambelline 83 51–100 Jurkat, SAOS-2, MOLT-4
26 11-O-(1-napthoyl)ambelline 87 53–117 Jurkat, A2780, MOLT-4
27 11-O-(2-napthoyl)ambelline 68 36–95 Jurkat, SAOS-2, MOLT-4
28 11-O-(2-furoyl)ambelline 82 36–104 Jurkat, MOLT-4
29 11-O-(3-furoyl)ambelline 90 36–111 Jurkat, MOLT-4, A2780
30 11-O-(4-methyl-3-nitrobenzoyl)ambelline 79 58–105 Jurkat, A2780, MOLT-4
31 11-O-(2-chloro-4-nitrobenzoyl)ambelline 97 78–112 Jurkat, MOLT-4, HeLa
32 11-O-(4-chloro-3-nitrobenzoyl)ambelline 6 0–49 HeLa, MRC-5, Jurkat
33 11-O-(3-bromo-5-nitrobenzoyl)ambelline 89 62–100 Jurkat, MOLT-4, MCF-7

Table 3
IC50 (lM) for the most active ambelline derivatives (results are the mean values ± standard deviations of at least - three independent replications).

Cell line 8 10 12 13 14 15 16 17 18 27 28 29 32

Jurkat >10 2.2 ± 0.3 >10 >10 2.3 ± 0.4 3.0 ± 0.3 1.2 ± 0.2 1.1 ± 0.9 3.3 ± 0.3 9.2 ± 0.1 >10 >10 2.7 ± 0.1
MOLT-4 >10 >10 >10 >10 4.2 ± 0.2 7.4 ± 0.1 7.0 ± 0.6 2.9 ± 0.3 7.6 ± 0.1 >10 >10 >10 1.9n ± 01
A549 >10 5.0 ± 0.4 >10 >10 1.9 ± 0.5 2.6 ± 0.4 2.3 ± 0.2 1.7 ± 0.6 >10 >10 >10 >10 0.8 ± 0.1
HT-29 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 1.4 ± 0.2
PANC-1 >10 3.6 ± 0.6 8.7 ± 1.1 >10 1.3 ± 0.8 2.3 ± 0.4 1.5 ± 0.2 1.2 ± 0.8 8.3 ± 0.1 >10 >10 >10 9.9 ± 0.2
A2780 >10 4.8 ± 0.3 >10 >10 3.1 ± 0.3 6.0 ± 0.2 1.0 ± 0.3 2.3 ± 0.4 7.8 ± 0.1 >10 >10 >10 3.2 ± 0.1
HeLa >10 7.7 ± 0.7 >10 >10 2.5 ± 0.4 4.8 ± 0.2 2.7 ± 0.2 3.0 ± 0.3 5.0 ± 0.2 >10 >10 >10 0.7 ± 0.2
MCF-7 >10 8.5 ± 0.7 >10 >10 7.6 ± 0.1 4.9 ± 0.2 2.8 ± 0.5 2.5 ± 0.4 6.3 ± 0.1 >10 >10 >10 0.6 ± 0.1
SAOS-2 >10 2.3 ± 0.3 6.9 ± 1.0 >10 1.1 ± 0.9 2.1 ± 0.5 1.1 ± 0.1 1.0 ± 1.0 2.8 ± 0.4 >10 >10 >10 2.3 ± 0.1
MRC-5 >10 >10 >10 >10 4.1 ± 0.2 6.1 ± 0.2 3.6 ± 0.3 2.3 ± 0.4 >10 >10 >10 >10 0.7 ± 0.1
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contrast, the proliferation of MRC-5 cells was not significantly
affected by the treatment with derivative 32 within the 1–20 lM
dose range.

Only MRC-5 cells treated with derivative 32 at the highest eval-
uated dose of 50 lM showed a complete reduction of cell prolifer-
ation with a constantly decreased cell index.
3.4. Determination of the inhibitory effect of 10, 16, and 32 on MOLT-4
Jurkat cells by the tryptan blue exclusion assay

To find out if the inhibitory effect of 10, 16, and 32 on MOLT-4
Jurkat cells is associated with antiproliferation and/or the loss of
cell viability, the Trypan blue exclusion assay was performed. As
shown in Fig. 6A, incubating cells with 5 and 10 lM of 32 for
48 h led to complete growth inhibition in MOLT-4 cells, but did
not show such a pronounced effect in Jurkat cells. The results, sum-
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marized in Fig. 6B, also indicated that cell viability was consider-
ably reduced by compound 32 treatment at 5 and 10 lM. Above
all, MOLT-4 cells showed the highest sensitivity to exposure to
32, resulting in an almost complete loss of cell viability. Concerning
derivatives 10 and 16, they failed to show distinct antiproliferative
and cell viability-decreasing effects at a concentration of up to
10 lM.
3.5. Treatment with 10, 16, and 32 had no effect on cell cycle phase
distribution in MOLT-4 cells

Aiming to determine whether 10, 16, and 32 treatments for 24 h
could modulate the cell cycle, flow cytometry was used to appraise
the cycle progression in MOLT-4 cells. As shown in Fig. 7, no
significant effect on cell cycle progression was observed relative
to the 0.1% DMSO sham-treated negative control sample. However,
2



Fig. 4. Cytotoxic activity of ambelline (1) and derivatives 10, 16, and 32 upon exposure to a single dose of 10 lM. Cell proliferation was assessed using a WST-1 tetrazolium-
based assay 48 h after treatment. The results are expressed as means ± SD of a minimum of three independent experiments (n = 3). Cells treated with the conventional
cytotoxic agent doxorubicin dosed at 1 lM were used as a positive control. * P � 0.05 versus 0.1% DMSO sham-treated control.
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treatment with 5 and 10 lM of 32 for 24 h resulted in a marked
increase in cell death and a striking reduction in cell number, as
observed by flow cytometric analysis. Unfortunately, investigating
cell cycle transitions was not possible using this method.

3.6. Compound 32 causes apoptosis in a caspase-dependent manner

The ability of 10, 16, and 32 dosed at 2 and 3 lM to promote
apoptosis was determined by flow cytometry after staining
MOLT-4 cells with Annexin V-Alexa Fluor� 488 and propidium
iodide (PI). Annexin V/PI double staining allowed us to separate
the percentage (%) of Annexin V/PI-negative (viable) cells, Annexin
V-positive and PI-negative (early apoptotic) cells, and Annexin V-
and PI-positive (the late phase apoptotic) cells, while Annexin V-
negative and PI-positive (necrotic) cells were excluded. The results
summarized in Fig. 8 show that the positive control, cisplatin,
applied at 5 lM and ambelline derivative 32, applied at 3 lM, sig-
nificantly (p � 0.05) induced apoptosis in MOLT-4 cells. Treatment
with 32 at 3 lM induced a higher incidence of early apoptotic cells
(12 %) and late apoptotic cells (39 %). Moreover, whenMOLT-4 cells
were exposed to cisplatin for 24 h, the cells in the early apoptotic
state increased from 3 % (negative control) to 14 % (cisplatin), and
the cells in the late apoptotic state increased from 4 % (negative
control) to 29 % (cisplatin).

Considering derivative 32 as an active compound capable of
inducing programmed cell death in MOLT-4 cells, measurement
of the activity of effector caspase-3/-7, which is responsible for
the successful course of apoptosis, was used to delineate whether
apoptosis induced by 32 was executed via caspase proteins activa-
tion. As depicted in Fig. 9, the treatment with 32 at 3 lM for 24 h
resulted in a significant increase in activity of caspase-3/-7
expressed in percent compared to a negative control (0,1 %
DMSO-mock treated cells, 100 %). This finding corresponds to the
results of quantification by Annexin V/PI staining, where the
derivative 32 at 3 lM significantly induced a higher incidence of
apoptosis in MOLT-4 cells. These pieces of evidence are consistent
with previous experimental work on Amaryllidaceae alkaloids.
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4. Discussion

Regarding biological activities, a more detailed understanding
of representatives derived from the structure of b-crinane is at
the beginning. According to current data, this scaffold shows a
lower ability to inhibit the growth and viability of cancer cell lines
than stereoisomers of a-crinane since haemanthamine as a model
a-crinane has shown cytotoxic properties with a promising poten-
tial in antitumor therapy (Havelek et al., 2014; Cahlikova et al.,
2021). But on the other hand, some studies suggested that b-
crinane derivatives deserve more attention in studying the cyto-
toxic activity of isoquinoline alkaloids (Nair et al., 2014; 2016a,
2016b). Initially, attention was focused on distichamine, augustine,
buphanisine, and ambelline because of their considerable cyto-
static and cytotoxic effects (Ding et al., 2017; Havelek et al., 2017).

Thus, earlier studies demonstrated that b-crinane Amarylli-
daceae alkaloids are valuable compounds for semisynthetic modi-
fications because they themselves showed some antiproliferative
properties against human cancer cells. The cytotoxic activity of
b-crinane distichamine was studied on a mini-panel of human cell
cultures 72 h after exposure. In this model, distichamine showed
cytotoxic activity against the cell line CEM (IC50 = 4.5 ± 1.6 lM),
K562 (IC50 = 4.1 ± 0.9 lM), MCF-7 (IC50 = 2.3 ± 0.8 lM), HeLa
(IC50 = 2.2 ± 0.1 lM), G-361 (IC50 = 14.7 ± 0.1 lM) and non-
tumour BJ fibroblasts (IC50 = 10.5 ± 1.9 lM). More detailed studies
of the cytotoxicity mechanism of distichamine in the concentration
range of 1–20 lM in a treatment period of 24 h on CEM acute lym-
phoblastic leukemia cells demonstrated an antiproliferative and
cytotoxic effect with the accumulation of cells in the G2 phase of
the cell cycle and the induction of apoptosis through the activation
of caspase-3 and caspase-7 (Nair et al., 2016b). The currently
barely studied b-crinane alkaloid augustine showed cytotoxic
activity (within an exposure interval of 48 h) with a value of 50%
inhibitory concentration ED50 against cells of epithelial carcinoma
KB (0.6 lg/mL), glioblastoma U373 (0.6 lg/mL), breast carcinoma
BCA-1 (2.8 lg/mL), colorectal carcinoma COL-1 (2.4 lg/mL),
fibrosarcoma HT-1080 (1.2 lg/mL), lung carcinoma LUC-1
3



Fig. 5. The effect of derivatives 10 (A), 16 (B), and 32 (C) during 72 h exposure on the proliferation of A549, A2780, MCF-7, and MRC-5 cells was measured by normalized cell
index in the xCELLigence system. Control cells were treated with 0.1% DMSO (negative control) and 5% DMSO (positive control). Results of one representative experiment
(from three independent experiments) are shown.
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(3.7 lg/mL), melanoma MEL-2 (3.2 lg/mL), squamous cell carci-
noma A431 (4.9 lg/mL), prostate carcinoma LNCaP (1.7 lg/mL),
breast carcinoma ZR-75–1 (1.8 lg/mL) and murine lymphoid leu-
kemia P388 (0.6 lg/mL). The inactivity (ED50 greater than 20 lg/
10169
mL) of augustine was observed only in the case of the
vinblastine-resistant line of epithelial carcinoma KB
(Likhitwitayawuid et al., 1993; Nair et al., 2012; 2016a, 2016b).
Exposure to the b-crinane alkaloid ambelline in a single-dose
4



Fig. 6. Proliferation (A) and viability (B) of MOLT-4 and Jurkat cells after treatment with 10, 16, and 32. Cytostatic and cytotoxic effects of 10, 16, and 32 onMOLT-4 and Jurkat
cells were quantified by Trypan blue staining method 24 and 48 h after the exposure. Results were obtained with a light microscope and are shown as mean ± SD from three
experiments; the * indicates that results are significantly different from the control (P � 0.05). Cells treated with the conventional cytotoxic agent doxorubicin at 0.25 lM and
0.1% DMSO were used as positive and negative controls, respectively.

Fig. 7. Cell cycle analysis of different concentrations of 10 (A), 16 (B), and 32 (C) in MOLT-4 cells after treatment for 24 h. The figure depicts flow cytometry results showing
distributions of cell populations in the G1, S, and G2 phases. The data are presented as representative of one of three independent flow cytometry histograms, and data
analysis is presented as the mean ± SD of three independent experiments. * - indicates the results that are significantly different (P � 0.05) from the 0.1% DMSO vehicle-
treated negative control.
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Fig. 8. The quantitative analysis of early and late apoptosis in MOLT-4 cells by flow cytometry after cells were exposed to different concentrations of 10, 16, and 32 for 24 h.
As a positive control, cisplatin at a 5 lM dose was used. (A) Representative histograms were acquired using a CytoFLEX LX flow cytometer and are shown as one of three
replicate experiments. (B) The bar graph summarizes the mean ± SD percentage of Annexin V-positive (early apoptotic) cells and Annexin V- and PI-double positive (the late
phase apoptotic) cells analysed by flow cytometry (n = 3). * Significantly different from the control for early and late apoptotic cells (P � 0.05).

Fig. 9. Detection of caspase-3/-7 activity in MOLT-4 cells after treatment with 10,
16, and 32 for 24 h. Data were calculated from at least three independent biological
repeats and are expressed as a percent of caspase activity compared to 0.1% DMSO
vehicle exposed control cells (100 %). * Significantly different from the control
(P � 0.05). As a positive control, cells treated with conventional chemotherapeutic
agent 1 lM doxorubicin were used.
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screening concentration of 10 lM induced only a very weak activ-
ity capable of negatively affecting the growth and viability of
glioblastoma (U373, Hs683) and melanoma (SKMEL) tumour cells
(Nair et al., 2012; 2016a, 2016b).

As part of our ongoing efforts to optimize isoquinoline alkaloids
as chemotherapeutic agents, the correlation between different
substitutions of ambelline derivatives and their cytotoxicity was
investigated. An initial single-dose screening was performed on
different cancer cell lines of different tissue origins. Thereafter,
analysis of cytotoxicity screening data revealed that the greatest
antiproliferative activities showed new derivatives from the
methylbenzoyl group (10), the methoxybenzoyl group (16 and
17), and the group of compounds with different disubstitution on
the aromatic ring (32). The most active ambelline derivatives with
an average IC50 value below 3 lM for compound 32, below 4 lM
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for compound 16, and 9 lM for compound 10 were further evalu-
ated against MOLT-4 T-lymphoblastic leukemia cells. The Trypan
blue staining assay in MOLT-4 cells showed that maximum cell
growth-inhibitory activity with a negative impact on cell viability
was observed for derivative 32. In addition, we evaluated the effect
of ambelline derivatives on cancer cell proliferation using the
xCELLigence system. To date, there is only one study investigating
the real-time cytotoxicity of the crinane series of Amaryllidaceae
alkaloids (Havelek et al., 2017). Havelek and co-workers screened
ten crinane-type alkaloids (including ambelline and 11-O-
acetylambelline) for their antiproliferative activity against human
breast adenocarcinoma SK-BR-3 cells using the xCELLigence sys-
tem. Among these ten crinane-type alkaloids tested, only haeman-
thamine and haemanthidine (a-crinanes) demonstrated significant
antiproliferative activity. Ambelline, 11-O-acetylambelline, and
other tested b-crinane alkaloids were almost inactive (Vaneckova
et al., 2016). Our results are consistent with this study.

Previous studies have investigated the antiproliferative effects
of b-crinane alkaloids on a variety of human cancer cell lines
(Nair et al., 2012; 2016a, 2016b; Qing et al., 2018). To evaluate
how these observations may be related to perturbations in cell-
cycle progression, we decided to perform flow cytometric cell cycle
analyses. In our study, within 24 h post-treatment administration
of ambelline derivatives 10, 16, and 32 caused no significant effect
on cell cycle progression. The corresponding analogue to derivative
32, 11-O-(4-chloro-3-nitrobenzoyl)haemanthamine, was studied
in more depth to describe the modulation of the cell cycle progres-
sion. To rule out a possible hydrolysis product responsible for such
activity, the cytotoxicity of 4-chloro-3-nitrobenzoic acid was
tested. It did not show any effect under the same conditions as
the tested derivative. Uher and co-workers screened 29 derivatives
of haemanthamine for their cytotoxic activity. Most analogues con-
tain the same substitution on C-11 of haemanthamine as the
ambelline ones presented in this paper, allowing their comparison.
Unexpectedly, ambelline derivatives showed a broader scale and
higher cytotoxic potential. Only 11-O-(3,5-dinitrobenzoyl) and
11-O-(4-chloro-3-nitrobenzoyl) derivatives of haemanthamine
showed better activity than ambelline analogue with mean GP
33 and 5. Haemanthamine, unlike ambelline, is known for its cyto-
toxic activity, but most of the synthesized derivatives lost the nat-
ural cytotoxic potential of haemanthamine. On the other hand,
ambelline derivatization was beneficial, providing an enhance-
ment in activity (Uher et al., 2022).

Indeed, apoptosis is an integral part of cytotoxicity and is the
preferred mode of cell death induced by anticancer agents. Its typ-
ical biochemical markers distinguish it from other types of cell
6
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death (Baig et al., 2016). The notable increase in the total percent-
age of apoptotic cells and activation of caspase-3/-7, as determined
through Annexin V/PI staining and Caspase-Glo 3/7 assay, are
quantitative biochemical markers of apoptosis. Our Annexin V/PI
staining results revealed that derivative 32 administrated at
3 lM resulted in a significant increase in apoptotic cell popula-
tions. To further confirm findings on the apoptosis-inducing effect,
we tested whether ambelline analogues 10, 16, and 32 affected the
activity of caspase-3/-7. In line with the flow cytometric
approaches to apoptosis detection, exposure of MOLT-4 cells with
32 at 2 lM and 3 lM for 24 h led to an increase in executive
caspase-3/-7 activity. Similar to 32, some other semisynthetic alka-
loid derivatives from the Amaryllidaceae family, such as lycorine
analogues (McNulty et al., 2009) and pancratistatin analogues
(Ma et al., 2017), were found to exert their cytotoxic activity via
apoptosis activation.

5. Conclusions

In the present study, a mini-library of ambelline derivatives was
prepared and subjected to 10 lM single-dose cytotoxic screening.
Four derivatives (8, 27–29) selectively inhibited the proliferation of
Jurkat acute T-cell leukemia cells. But 11-O-benzoylambelline sub-
stituted at the benzoyl moiety with methyl (10), methoxy (12–17),
ethoxy (18), and 4-chloro-3-nitro (32) groups showed the highest
cytotoxic response after treatment, and the lowest IC50 values,
even against resistant tumour cell lines, such as PANC-1. In fact,
among these selected compounds, 32 exhibited great antiprolifer-
ative potency in a dose- and time-dependent manner. In addition,
this derivative showed considerable cytotoxicity towards MOLT-4
cells by causing decreased viability and inducing apoptotic cell
death. For good measure, effects of 32 were compared with the
results of its structural relative derived from haemanthamine,
showing a slightly lower cytotoxic potential than 11-O-(4-chloro-
3-nitro)haemanthamine. This finding could describe how the pri-
mary structure of different alkaloid types with the same aromatic
moiety on C-11 affects anticancer activity. Another important con-
clusion is that the most active selective inhibitors of hBuChE (7, 11,
26), previously reported, are not cytotoxic to the tested panel of
cell lines (cancer and non-cancer), which makes them suitable
for further investigation.
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