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d biological activity of marine

alkaloid derivatives and analogues

Shiyang Zhouab and Gangliang Huang *a

The ocean is the origin of life, with a unique ecological environment, which has given birth to a wealth of

marine organisms. The ocean is an important source of biological resources and tens of thousands of

monomeric compounds have been separated from marine organisms using modern separation

technology. Most of these monomeric compounds have some kind of biological activity that has

attracted extensive attention from researchers. Marine alkaloids are a kind of compound that can be

separated from marine organisms. They have complex and special chemical structures, but at the same

time, they can show diversity in biological activities. The biological activities of marine alkaloids mainly

manifest in the form of anti-tumor, anti-fungus, anti-viral, anti-malaria, and anti-osteoporosis properties.

Many marine alkaloids have good medicinal prospects and can possibly be used as anti-tumor, anti-viral,

and anti-fungal clinical drugs or as lead compounds. The limited amounts of marine alkaloids that can be

obtained by separation, coupled with the high cytotoxicity and low selectivity of these lead compounds,

has restricted the clinical research and industrial development of marine alkaloids. Marine alkaloid

derivatives and analogues have been obtained via rational drug design and chemical synthesis, to make

up for the shortcomings of marine alkaloids; this has become an urgent subject for research and

development. This work systematically reviews the recent developments relating to marine alkaloid

derivatives and analogues in the field of medical chemistry over the last 10 years (2010–2019). We divide

marine alkaloid derivatives and analogues into five types from the point-of-view of biological activity and

elaborated on these activities. We also briefly discuss the optimization process, chemical synthesis,

biological activity evaluation, and structure–activity relationship (SAR) of each of these compounds. The

abundant SAR data provides reasonable approaches for the design and development of new biologically

active marine alkaloid derivatives and analogues.
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1. Introduction

Alkaloids are natural compounds (natural products) that
contain nitrogen and have signicant biological activities.1 They
generally have chemical properties similar to bases. Some
nitrogenous compounds derived from plants are not alkaline,
but are still classied as alkaloids because of their obvious
biological activity.2–4 It can be seen from the chemical structure
of alkaloids that most of them have a complex nitrogen
heterocyclic structure, with only a few organic amine alkaloid
compounds not exhibiting such a structure.5–9 The denition of
alkaloids by the International Union of Pure and Applied
Chemistry (IUPAC) is not strict and exact. For example, some
vitamins, amino acids, peptides and other nitrogenous
compounds derived from natural products do not belong to the
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category of alkaloids.10 Alkaloids are widely distributed in
nature, especially in plants, and also in animals, microorgan-
isms and marine organisms. There are many known types of
alkaloids, with around 10 000 of them having structural
formulas that have not yet been fully determined.11,12 As there
are many types of alkaloids, each of which has a different
structural formula, their properties are different from each
other. However, the levels of alkaloids contained in living
organisms are small, and this is similar in human beings. It has
long been recognized that some plants or extracts containing
alkaloids can cure diseases or be used as poisons.13 Since 1806,
when the German pharmacist Serturner isolated morphine
from poppies, there have been more than 6000 alkaloids iso-
lated from plants and animals. Through the joint efforts of
medical chemists, pharmacologists and other scholars, people
have found that a variety of alkaloids have anti-tumor, anti-
bacterial, anti-viral and other biological activity.14–16 So far,
nearly 100 alkaloid compounds have been previously used or
are currently being used in clinical trials. In the treatment of
many diseases, many alkaloids make good medicines, but some
alkaloids can be used to make pesticides for agriculture.17–19
RSC Adv., 2020, 10, 31909–31935 | 31909
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Fig. 1 The chemical structures of marine alkaloids.
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Because of their wide range of biological activity, alkaloids are
of great interest.

The ocean is the birthplace of life and is rich in biological
materials, making it a huge natural products screening
resource.20 So far, researchers have found more than 300 000
species of marine organisms in the ocean and more than one
million new species are thought to be undiscovered.21–24 Marine
organisms are secondary metabolites, which have formed and
accumulated a large number of special chemical structures,
signicant biological activity in the process of long-term
evolution, metabolism in special environments such as high
salt, high pressure, low temperature, hypoxia, and lack of
light.25 As such, they show signicant anti-viral, anti-
inammatory and anti-tumor properties, among others.
Marine alkaloids are a secondary metabolite of marine organ-
isms, mainly derived from marine organisms such as sponges,
algae, coelenterates and tunica.26–29 Marine alkaloids are alka-
line natural products that have important biological activity, the
chemical structures of which include amine nitrogen functional
groups and a complex carbon skeleton ring.30 The main bio-
logical activities of marine alkaloids are their anti-tumor, anti-
viral, anti-malaria, anti-fungal and anti-osteoporosis proper-
ties. Many marine alkaloids may be used as anti-tumor, anti-
viral and anti-fungal clinical drugs or as the lead compounds
for structural modication, as they have good medicinal pros-
pects.31 In recent years, marine drugs research has been paid
more and more attention by scholars, especially in the eld of
marine alkaloid drugs. Many types of marine alkaloids have
been found and extracted from marine organisms, but most
oen the extraction quantity is small and the efficiency is
low.32–35 Representative compounds of these marine alkaloids
are shown in Fig. 1, including 3-alkyl-pyridinum and pyridine
derivatives (e.g. viscosaline, compound 1, and theonelladin C,
compound 2, respectively), N-fused heterocycles such as pyrro-
loquinoline (makaluvamine A, compound 3), carbazoles (ellip-
ticine, compound 4), pyridoacridines (neoamphimedine,
compound 5), N-phthalimides (e.g. granulatimide, compound
10, and isogranulatimide, compound 11), pyrrolopyrimidine
(rigidin A–D, compounds 12–15), bis-indole derivatives (e.g.
coscinamide A–C, compounds 16–18, asterriquinone,
compound 19, dragmacidin, compound 20, dragmacidin A–C,
compounds 21–23, dragmacidin D, compound 24, topsentin A,
B1 and B2, compounds 25–27, nortopsentin A–C, compounds
28–30), and 2-aminoimidazolone derivatives (e.g. dispacamide,
compound 6, polyandrocarpamine A and B, compounds 7–8,
leucettamine B, compound 9). In addition, these marine alka-
loids have the disadvantages of high cytotoxicity, low selectivity
index and low activity.36 These problems thus limit the clinical
research and industrial development of marine alkaloid
drugs.37–39 Therefore, it has become an urgent task in research
and development to nd marine alkaloid analogues and deriv-
atives that are economical and environmentally friendly. A large
number of target compounds can be obtained for activity
screening by rational drugs design, structural modication of
lead compounds and chemical synthesis.40 In this way, the
shortage of natural marine alkaloids may be solved, providing
a good platform for the development of marine alkaloid
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derivatives and analogues.41 This work systematically reviews
the recent development of marine alkaloid derivatives and
analogues in the eld of medical chemistry over the last 10 years
This journal is © The Royal Society of Chemistry 2020
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(2010–2019). We divide marine alkaloid derivatives and their
analogues into ve types from the point-of-view of their bio-
logical activity, including anti-tumor, anti-malarial, anti-
bacterial, anti-viral (HCV), and other types of properties, elab-
orating on these activities. We also briey discuss the optimi-
zation process, chemical synthesis, biological activity
evaluation and structure–activity relationship (SAR) of each type
of compound. The SAR is discussed, which provides a reason-
able insight into the design and development of novel marine
alkaloid derivatives and their analogues.

2. Synthesis and biological activities
2.1 Anti-tumor activity

In medicine, cancer refers to a malignant tumor that originates
from epithelial tissue. It is the most common kind of disease
related to malignant tumors.42 Cancer is characterized by
abnormal cell differentiation and proliferation, uncontrolled
growth, invasion andmetastasis.43–45 Intercellular division is the
preparation period for mitosis or meiosis in eukaryotic cells,
during which the cell completes the replication of DNA mole-
cules and the synthesis of related proteins. In cell division, the
interphase is much longer than the interphase.46 The inter-
phase is usually divided into G1, S and G2 phases. The mitotic
interphase is an important preparatory process for the whole
process of mitosis. Studies have shown that if the G1 and G2

checkpoints are activated during the intermitotic period, the
normal replication of DNA can be disturbed, thereby blocking
subsequent cell division.47 In this case, it can provide valuable
time to repair normal DNA. A study has shown that in more
than 50% of cancer cells, the G1 checkpoint was damaged
because of mutations in the p53 anti-oncogene. Relevant
research has suggested that if damage to DNA and the G2/M
checkpoint inhibitor occurs simultaneously, this may selec-
tively kill cancer cells via premature mitosis. This does not
affect normal cell mitosis, with this combination being used in
the treatment of cancer as a preliminary and promising method
of chemotherapy.48 With this biological background in mind,
the marine alkaloids granulatimide (10) and isogranulatimide
(11) were isolated and extracted from marine organisms
showing G2/M checkpoints inhibiting in the cell cycle.49 The
acquisition of these two marine alkaloids has attracted the
attention of researchers, and they are a class of inhibitors with
great research value. From the perspective of their mechanism
of action, these marine alkaloids have been identied as
inhibitors that can selectively inhibit checkpoint kinase 1
(Chk1), a key enzyme in the G2/M checkpoint.50,51 Relevant
studies have shown that the maleimide groups of these
compounds play an important role in affecting their biological
activity, and they can establish two hydrogen bonds with Glu85

and Cys87 in the ATP binding pocket of the enzyme.52 On this
basis, Deslandes et al.53 designed three series of granulatimide
and isogranulatimide analogues for in vitro evaluation of anti-
tumor activity, kinase inhibition and G2/M checkpoint abroga-
tion. It can be seen from the chemical structure of the designed
target compounds that the newly designed compounds retain
the skeleton structure of the lead compounds, and that the

RETR
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main modication was to introduce different substituents into
the benzene ring to obtain the active compounds. In the process
of synthesizing the target compounds granulatimide and iso-
granulatimide analogues, they used the process shown in
Scheme 1. In the rst series of the target compounds 45–48, the
substituted indole compounds 31–33 were used as starting
materials and brominated with bromine in N,N-dime-
thylformamide (DMF) to obtain the 3-bromide derivative
compounds 34–36. Compounds 34–36 were coupled with
pyrrole in methylene dichloride to obtain the intermediate
compounds 37–39, which then underwent a condensation
reaction with maleimide or methylmaleimide. In this step, the
toluene was used as the reaction solvent and SnCl2 as the
reaction catalyst, and compounds 40–43 were obtained by
Michael addition. Compounds 40–43 were cyclized and
prepared by microwave irradiation with Pd as a catalyst to
obtain the target compounds 44–47. Meanwhile, the target
compound 46 was demethylated in methylene dichloride with
tribromo-based boron to obtain the target compound 48. In the
second series of target compounds, compounds 34–36 were
used as starting materials for the reaction, and the intermediate
compounds 49–51 were obtained via a coupling reaction with
pyrazole in methylene dichloride. Compounds 49–51 under-
went a condensation reaction with N-t-butyldimethylsilyl
(TBDMS)-dibromo-maleimide in tetrahydrofuran (THF) to
obtain the low yield intermediate compounds 52–54. The
intermediate formed in this step does not form a ring, and the
TBDMS protective group does not detach during the reaction.
Compounds 52–54 were cycloformed in acetonitrile under mild
conditions to obtain the target compounds 55–57. Meanwhile,
the target compound 57 was demethylated in methylene
dichloride with tribromo-based boron to obtain the target
compound 58. In the third series of target compounds,
compounds 31–33 were rst converted into compounds 62–64
in two steps by referring to related literature. Then, compounds
62–64 reacted withN-Boc-pyrazole-3-acetamide in THF to obtain
the intermediate compounds 65–67. Finally, compounds 65–67
in acetonitrile, under mild conditions formed a ring reaction,
and then the protection with the Boc group (cracking reaction),
to obtain the target compounds 68–70. This synthesis route
used cheap reagents, the procedures were relatively simple, the
functional group protection was easy to achieve, and in the
subsequent process deprotection was easy. In addition, micro-
wave irradiation was used in the synthesis method, which
reduced the reaction time and increased the yield. However,
this synthesis route also has some shortcomings, the yield of
some compounds was relatively low (3%), which brings great
difficulties for its industrialization in the future. Further opti-
mization of the process conditions is needed to improve the
reaction yield and reduce the synthesis cost. In terms of their
biological activity, the growth inhibition activity of the synthetic
compounds was evaluated in vitro. The test results showed that
in cancer cells, these compounds showed a degree of sensitivity
and resistance to pro-apoptotic stimuli. Of the three series of
target compounds, the second series had the highest average
growth inhibition activity on tumor cells, with properties such
as those of the target compounds 55 and 58, where the average
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Scheme 1 Synthesis of the marine alkaloid granulatimide and isogranulatimide analogue compounds 44–48, 55–58, and 68–70. Reagents and
conditions: (a) Br2, DMF, 2 h; (b) TFA, CH2Cl2, r.t., 4 h; (c) SnCl2, toluene, reflux, 24 h; (d) Pd, microwave 300 W, 190 �C, 15 min; (e) LiHMDS, THF,
�15 �C then r.t., 12 h; (f) hn, CH3CN, r.t., 5 h; (g) (COCl)2, Et2O, 25 �C, 3 h; (h) EtOH, Et3N, 78 �C, 2 h; (i) i: t-BuOK, THF, r.t., 12 h; ii: HCl; (j) hn,
CH3CN, r.t., 5 h.
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RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
4:

20
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

RETR
ACTE

D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05856d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
4:

20
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
IC50 growth inhibition concentrations were 11 and 16 nM,
respectively. In addition, compounds 40–43 and 52–54 were
found to have good anti-tumor activities during the activity
screening of the intermediates, with an average IC50 growth
inhibition concentration of around 20 nM, among which
compound 43 had the best activity (IC50 ¼ 13 nM). Studies and
analyses on drug structure–activity relationships (SAR) have
shown that isoprenodiamine has weak in vitro anti-tumor
activity, while intermediates with open structures, such as the
rst and second series of target compounds, have good inhib-
itory activity. The substituents on the benzene ring also showed
a certain inuence on the activity, among which methoxy
substituents had the best anti-tumor activity. At the same time,
the anti-tumor activity of the nal target compounds was
decreased aer the open structures of some intermediates were
closed. On the basis of in vitro screening, the ability of the
compounds to eliminate the activated G2/M checkpoint in
HCT116p53 cells was further investigated (Table 1). The test
data showed that the target compound 55 had good activity
(23.9), while the activity of the other compounds was low. To
gain insight into the kinase selectivity of the target compounds
44–47, 55–58 and 68–69, serine/threonine kinases, namely
CDK5/p25, CK1, CLK1, DYRK1A and GSK-3 were selected as
targets for drug binding to proteins. The results of the selectivity
tests showed that these target compounds had weak inhibitory
activity and poor selectivity against kinases. Such results have
no signicant correlation with the anti-tumor activity in vitro,
and the ability of the target compounds to inhibit other kinase
proteins may be the cause of cytotoxicity. In addition,
compounds 55, 40 and 43 were quantitatively examined by
electronmicroscopy. The results showed that compounds 55, 40
and 43 induced cellular inhibition, which reduced cell prolif-
eration by signicantly expanding the size of cancer cells, thus
reecting the tissue changes in the actin cytoskeleton. In
general, according to the existing data analysis, the target
compound 55 and the intermediate compounds 40 and 43 have
good anti-tumor activities. These compounds are worthy of
further structural modication and other pharmacological
studies, to fully understand these drugs and become ideal anti-
cancer drugs as soon as possible.

Natural products with biological activity can be isolated from
marine organisms, including effective anti-tumor drugs found

TR
Table 1 Evaluation of the G2/M checkpoint abrogation

Compounds Mitotic index

44 9.6
55 23.9
56 13.9
58 3.9
69 0
38 5.0
39 8.3
53 5.5
Isogranulatimide 17.2
Granulatimide 19.4

This journal is © The Royal Society of Chemistry 2020
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in them.54–56 These anti-tumor drugs that are obtained from
marine organisms are structurally diverse and complex. Most of
these compounds with anti-tumor activity are alkaloids, which
are commonly referred to as marine alkaloids.56–59 Among these
marine alkaloids, a class of marine alkaloids with a bis-indole
structure is well known.60 This kind of bis-indole marine alka-
loid is usually isolated from the metabolites of deep-sea
sponges, and has been found to have good anti-inammatory,
anti-tumor, anti-viral and anti-bacterial biological activities in
screening processes.61 The chemical structure of this type of bis-
indole marine alkaloids is characterized by the fact that they are
bound by two indoles through their 3-positions to intermediate
ligands (including ring and chain structures). Related studies
found that nortopsentins A–C (28–30) bis-indole marine alka-
loids with imidazole as the ve-membered ring as the connector
showed IC50 values of 4.5–20.7 mM to P388 cells in vitro during
anti-tumor activity testing, while the IC50 of P388 cells was 0.8–
2.1 mM for N-methylated derivatives.62–64 The results of in vitro
cytotoxicity studies indicated that the methylated derivatives
signicantly increased the activity of P388.65 In order to obtain
a large number of compounds, several complete synthesis
methods of nortopsentins and analogues have been re-
ported.66–68 Because of the abundant biological activity of
marine alkaloids, they are oen regarded as new drugs or lead
compounds that have biological activity. Therefore, on this
basis, nortopsentin was structurally modied, and dragmacidin
(20) analogues were synthesized using six-membered cyclo-
pyridine, pyrimidine, pyrazine and pyrazinone as intermediate
ligands. These analogues have been found to have a broad
spectrum of anti-tumor activity in human tumor cells. However,
nortopsentin analogues have been synthesized using a ve-
membered-heterocyclic imidazole ring as a ligand.69 In activity
testing, it was found that these compounds had signicant anti-
proliferative activity, and the IC50 value was at the sub-
micromolar level. In the process of modifying the structure of
the lead compound, one or two indoles were modied in
addition to the indoles.70,71 In the activity testing results, it was
found that the 3-indolyl-5-phenylpyridine derivative exhibited
anti-proliferative activity in the range of 5–15 mM and effectively
inhibited CDK1 at the 0.3–0.7 mM. On the basis of previous
work, Carbone et al.72 took nortopsentine as the lead
compound, modied its structure with pyrrole as the interme-
diate connector, and modied the substituents on the two
indoles to design nortopsentine analogues with a 2,5-bis(30-
indolyl)pyrrole structure. In the process of the synthesis of the
target compounds 81–85, they selected the specic synthesis
operation shown in Scheme 2. N-methylindoles (compounds
71–75) were used as starting materials, and the compounds
were synthesized via a two-step reaction. In the rst step reac-
tion, the Vilsmeier–Haack reaction was used to treat
compounds 71–75 with phosphorus oxychloride and tetrame-
thylsuccinamide, and the symmetrical intermediate
compounds 76–80 were obtained. In the second step,
compounds 76–80 were reuxed with ammonium acetate and
acetic anhydride in acetic acid, and the corresponding 2,5-
bis(30-indolyl)pyrroles as the target compounds 81–85 were ob-
tained aer treatment. The synthesis route required only two
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Scheme 2 Synthesis of 2,5-bis(30-indolyl)pyrrole analogue compounds 81–85. Reagents and conditions: (a) POCl3, N,N,N0,N0-tetrame-
thylsuccinamide, then 55–60 �C, 8 h or r.t., 20 h; (b) NH4OAc, (CH3CO)2O, CH3COOH, reflux, 4 h.
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steps to obtain the target compounds, is simple to carry out with
few reaction steps, the total yields were medium to good, and
the reagents used were cheap and easy to obtain, laying a solid
foundation for its future industrialization. However, these
synthesis methods are all classical chemical reactions, there
was no innovation involved. In terms of subsequent process
optimization, new synthesis methods can be considered. In the
process of screening the biological activity of the synthesized
target compounds 81–85, human tumor cell lines were used for
monolayer cell survival and proliferation tests were carried out
to detect the anti-tumor activity of the target compounds in
vitro. Using panels of human tumor cell lines of different
source/tissue types, the anti-tumor activity, the selectivity of the
tested compounds and evaluation of the eligible target
compounds were analyzed for entry into preclinical studies. The
in vitro anti-tumor activity of the target compounds 81–85
against 12 human tumor cell lines was screened using
a monolayer cell survival and proliferation assay (Table 2). The
results of the screening experiments showed that all of the
target compounds showed cytotoxicity activity at the maximum
test concentration of 100 mM, with average IC50 values ranging
from 4.4 to 0.37 mM. The substituents on the indole ring in the
target compounds 81–85 are electron-withdrawing and electron-
donating groups. The analysis of the drug structure–activity
relationship (SAR) shows that the anti-tumor activities of the
electron-donating groups on the indole ring in the targetETR
Table 2 In vitro activities of compounds 81–85

Compounds IC50 (mM)

81 0.37
82 0.37
83 3.4
84 3.4
85 4.4
Adriamycin 0.007

31914 | RSC Adv., 2020, 10, 31909–31935

R

compounds were signicantly higher than those of the electron-
withdrawing groups. At the same time, there was also a SAR
observed in which the stronger the ability of electron absorption
or electron donation, the better the anti-tumor activity. In
addition, the solid space of these substituents also affected the
anti-tumor activity of the target compounds. These target
compounds showed good in vitro anti-tumor activity, such as
the characteristics of the target compounds 81 and 82, so these
compounds were selected for further anti-tumor activity study.
The target compounds 81 and 82 were further analyzed in
monolayer cultures of 42 human tumor cell lines, including 15
different types of solid tumors. The relevant test results showed
that the target compounds 81 and 82 had a concentration-
dependent inhibitory effect on tumor cell growth and showed
obvious cytotoxicity, with average IC50 values of 1.54 and 0.67
mM, respectively. Meanwhile, in in vitro cloning experiments,
the target compounds 81 and 82 showed selective anti-tumor
activity for human tumor transplantation, and the sensitive
tumor models were dispersed among different tumor tissue
types. Therefore, combined with these relevant data, the results
indicate that the target compounds 81 and 82 are likely to
become new anti-tumor drugs, which needs further studies,
including evaluation of their in vivo anti-tumor activity and
pharmacokinetic properties.

Cancer is one of the biggest threats to health in the world,
and the number of deaths from it remains high, especially in
developing countries.73 In order to better treat cancer, new
drugs with low toxicity and good anti-tumor activity, as well as
new treatments, are urgently required.74–76 In the search for new
anti-cancer drugs, people have set their sights on natural
products. In recent years, many new compounds have been
found in the secondary metabolites of marine organisms.77

These marine organisms have been shown to be an important
source of new compounds. Many new compounds obtained
from marine organisms have been found to have a good
inhibitory effect on tumor cell lines during the activity
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screening process. The secondary metabolites of sponges are
abundant inmarine organisms, the discovery of which has been
widely reported by researchers.78–80 Some compounds were
found to have anti-tumor activity during in vitro activity
screening, and on this basis, analogues of these metabolites
were synthesized.81–83 Many compounds were also found to have
anti-tumor activity in activity evaluation. Rich in structural
diversity and bioactive peptides were separated from marine
sponges, compounds including the cyclopeptide perthamides
G–K, glycopeptide theonellamides A–G and 3-alkylpyridine
alkaloids (3-APAs) and theonelladines A–D.84–86 Different types
of metabolites have been separated from marine sponges, and
these compounds and synthetic analogues have been widely
investigated in terms of their cytotoxicity activity towards
human tumor cell lines. Theonelladine C (2) is an analogue of
a 3-alkylpyridine alkaloid, which was found to have anti-
protozoa activity and a pro-apoptotic effect on a human colon
cancer (RKO-AS-45-1) cell line in activity screening. Therefore,
on this basis, Gonçalves et al.87 further modied the structure of
theonelladine C to obtain target compounds with anti-tumor
activity. During the structural design of the compounds, they
introduced oxygen-containing carbon chains into the 3-alkyl
chain of the lead compound and changed the length of the
chain to alter the anti-tumor activity of the compounds.88,89 They
designed marine alkaloid analogues of 3-alkylpyridine with
alkyl chains ranging in length from 6 to 12 carbon atoms. At the
same time, a hydroxyl group was attached to the end of the alkyl
chain to improve the water solubility of the analogues and to
provide the necessary preparation for further structural modi-
cation in the future. In the synthesis route selection of the new
3-APA analogues compounds 102–105, they used the synthesis
shown in Scheme 3. From this synthesis route, it can be seen
that the key step in the synthesis of these analogues is the
Williamson etherication reaction under mild conditions using
phase transfer catalysis (PTC). The rst step of this synthesis
route was to selectively protect different diols (compounds 86–
89) to produce the corresponding tetrahydropyronic acetals
(compounds 90–93) in 74–89% yields. Compounds 90–93 were
further treated in dichloromethane with methyl sulfonyl chlo-
ride to obtain the intermediate compounds 94–97. Next,
compounds 94–97 were etherized with 3-(pyrid-3-yl) propan-1-olTR
Scheme 3 Synthesis of the 3-alkylpyridine marine alkaloid analogue com
hexane, 40 �C, 16 h; (b) MsCl, Et3N, CH2Cl2, r.t., 10 h; (c) 3-(pyrid-3-yl)p
12 h.

This journal is © The Royal Society of Chemistry 2020
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using the phase transfer catalyst tetrabutylammonium
bromide, and compounds 98–101 with a protective group were
obtained. Finally, the protective groups of compounds 98–101
were removed with hydrochloric acid, and the target
compounds 102–105 were obtained with in yields of 71–100%.
The synthesis route has the advantages of being simple to carry
out, low in cost and uses readily available reagents. At the same
time, the yields of each step of the synthesis route are relatively
high, and the reaction conditions are relatively mild, which is
conducive for the use of this process in industrial production in
the future. In the course of the anti-tumor biological activity
study, the anti-tumor activities of all of the synthesized target
compounds 102–105 and intermediates 98–101 were evaluated
in vitro for colon cancer (RKO-AS-45-1) and uterine cancer
(HeLa) (Table 3). Meanwhile, the target compounds 102–105
and intermediates 98–101 were tested in non-cancerous human
lung broblasts (WI-26VA4) to evaluate the selectivity index (SI)
of the compounds. In vitro, the MTT assay showed that the
compounds 100 101, and 104 had good anti-tumor activity. In
RKO-AS-45-1 cells, the IC50 values were 5.1, 3.2 and 19.1 mM,
respectively. In anti HeLa cells, the IC50 values ranged from 4.0
to 9.4 mM. The drug SAR analysis showed that there was a rela-
tionship between the IC50 value and the length of the alkyl chain
of the compounds. Upon increasing the length of the carbon
alkyl chain, the IC50 values of the two tumor cell lines decreased
continuously, among which the compounds with 10 carbon
atoms had the best anti-tumor activity (compounds 100 and
104). However, as the carbon chain continued to lengthen, the
anti-tumor activity decreased when the carbon chain exceeded
10 carbon atoms. In addition, the selectivity of compound 104
in the in vitro activity evaluation was found to be the highest
among the compounds tested, with an SI of 5.18 for RKO-AS-45-
1 and 11.65 for HeLa cells. On this basis, compounds 100 and
104 were selected for further related activities. Micronucleus
and TUNEL tests showed that compounds 100 and 104 had
mutational effects and induced apoptosis. These compounds
induced DNA strand breaks and/or aneuploidy under the
conditions used. The activation of p53 led to cell cycle arrest,
preventing the proliferation of damaged cells and allowing DNA
to replicate and undergo mitosis or induce apoptosis to elimi-
nate irreparably damaged cells. At the same time, compound

ACTE
D

pounds 102–105. Reagents and conditions: (a) NaHSO4, DHP, DMSO,
ropan-1-ol, NaOH/H2O, Bu4N

+Br�, Et2O, r.t., 72 h; (d) MeOH, HCl, r.t.,
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Table 3 In vitro cytotoxicity activities of the compounds

Compounds

IC50 (mM) � SD SI

PKO AS-45-1 HeLa WL-26VA4 PKO AS-45-1 HeLa

98 >300 >300 >300 nd nd
99 23.7 � 1.7 8.1 � 2.7 37.8 � 5.0 1.59 4.66
100 5.1 � 1.1 4.0 � 0.8 6.4 � 0.7 1.25 1.60
101 3.2 � 1.7 9.4 � 0.7 11.3 � 1.4 3.53 1.20
102 >400 >400 >400 nd nd
103 >300 191.8 � 10.1 167.0 � 10.5 nd 0.87
104 19.1 � 4.4 8.5 � 2.4 99.1 � 11.2 5.18 11.65
105 131.9 � 16.8 8.8 � 1.9 34.1 � 6.5 0.25 3.87
Etoposide 1.4 � 0.6 2.7 � 0.4 nd — —
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104 also altered the myogenic RKO-AS-45-1 cells in the cyto-
skeleton. Aer treatment with compound 104, the actin poly-
merization was changed. Drug molecules that can change the
dynamics of actin could easily block the mitosis of cells, thus
demonstrating the cytotoxicity of compound 104 to block
mitosis. Overall, according to the analysis of the existing test
results, compounds 100 and 104 could be used as potential anti-
tumor drug candidates, or as lead compounds for structural
modication, but this needs further research and development.

Anti-tumor drugs are a class of drugs that are used to treat
cancer, including chemotherapy drugs and biological agents.90

In recent years, the development of molecular oncology and
molecular pharmacology has gradually claried the nature of
tumors.91–93 The invention and application of advanced tech-
nologies such as large-scale rapid screening, combinatorial
chemistry and genetic engineering have accelerated the process
of drug development. The research and development of anti-
tumor drugs has entered a new era.94 Aer years of develop-
ment, many important advances have been made in the devel-
opment of anti-tumor drugs. However, in the face of the most
serious threats to human life and health, which account for
more than 90% of malignant tumors, there is still a lack of
effective and highly specic drugs.95 On the one hand, the
reects the difficulty in developing anti-tumor drugs. On the
other hand, it also means that the development of anti-tumor
drugs still needs the application of new ideas, technologies
and methods. At present, drug treatment has become one of the
most important methods for the clinical treatment of cancer.
The sales of anti-tumor drugs has been increasing year on year
due to the high incidence and mortality of cancer.96 Marine
alkaloids with a pyrrole structure that are obtained frommarine
organisms have been found to have abundant biological activ-
ities during activity screening processes. Among these marine
alkaloids, are rigidins A, B, C, and D (12–15). Related studies
have shown that these compounds have some potential for
biological activity, but few researchers have conducted in-depth
studies to explore their biological activity inmore detail. Frolova
et al.97 completed the total synthesis of rigidins A, B, C and D
and carried out a comprehensive study on their biological
activities. It was found that L1210 cells in a model of mouse
leukemia showed good anti-proliferation activity, but the

RETR
31916 | RSC Adv., 2020, 10, 31909–31935
activity of cultured human cancer cells was very low. On this
basis, the structures of 7-deazahypoxanthine, 7-deazaadenine
and 7-deazapurine were synthesized by modifying the 7-aza-
thathine skeleton of the rigidins. In the study of the activities of
the compounds, the anti-proliferation activity of the tumor cells
was greatly improved. These compounds have also been found
to damage the microtubule tissue in cancer cells by binding to
the colchicine site of b-tubulin. On the basis of previous work,
Scott et al.98 further modied the structure of the lead compound
and introduced different substituents on the C2 position to
change the biological activity of the target compounds. In their
structural design, two series of target compounds were designed.
During the synthesis of these target compounds, 108–128, they
used the synthesis process outlined in Scheme 4. In the rst series,
the target compounds were obtained via a two-step reaction. N-
Methylsulfonamidoacetophenone (compound 106) was used as
the starting material in the reaction. The reactant was stirred with
benzaldehyde and cyanoacetamide in ethanol, and potassium
carbonate was added as a base to obtain the intermediate
compound 107. In the second step, a ring formation reaction was
carried out. Sodiated ethanol was prepared by reacting Na with
ethanol, and compound 107 was reacted with the corresponding
ester to obtain the target compounds 108–122. In the second
series, the target compounds 123–128 were synthesized in one
step. Also, compound 106 was used as the starting material of the
reaction, and the corresponding aldehydes, cyanoacetamide and
triethyl orthoacetate (MeC(OEt)3) were synthesized in ethanol
using a one-pot method. In this step, potassium carbonate was
used as a base. A reaction temperature of 90 �C was used for 24 h,
followed by 150 �C for 3–6 h, with yields of 40–65% being ob-
tained. The synthesis route has the advantages of being simple to
use and low in cost with readily available reagents, and the desired
target compounds could be obtained in either one- or two-step
reactions. The one-pot method was applied to synthesize the
target compounds or intermediates, which greatly improved the
reaction efficiency and reduced the synthesis cost. However, this
synthesis route also has some shortcomings. The yields of the
reactions are generally low, in particular the yield of the target
compound 111 was only 18%, which brings great difficulties for
future industrialization. Therefore, it was necessary to further
optimize the reaction conditions in the subsequent process

ACTE
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Scheme 4 Synthesis of themarine alkaloid rigidin analogue compounds 108–128. Reagents and conditions: (a) benzaldehyde, cyanoacetamide,
K2CO3, EtOH, reflux, 14 h; (b) the corresponding ester, Na, EtOH, reflux, 10 h; (c) the corresponding aldehydes, cyanoacetamide, MeC(OEt)3,
K2CO3, EtOH, 90 �C, 24 h, then 150 �C, 3–6 h.
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optimization to increase the yield of the reaction. During the
activity study, the HeLa cell line was used as a human cervical
adenocarcinoma model and MCF-7 cells were used as a breast
adenocarcinoma model to evaluate the anti-tumor proliferation
activity of the rst series of target compounds in vitro. In vitro
screening showed that except for the target compound 108, most
of the other target compounds introduced at C2 exhibited anti-
tumor cell proliferation activity. The activities of this series of
compounds were studied based on drug SAR analysis: the C2-aryl
(compounds 111 and 112), C2–OEt (compound 114), and
branched C2-alkyl (compound 115) activities were only in the two-
digit to single-digit micromolar range; those of the linear C2-alkyl
derivative compounds 116–118 showed an inhibitory effect at sub-
micromolar concentrations; and the C2-methyl compound
(compound 119) could also show nanomolar tumor cell prolifer-
ation inhibition activity. When uorine-containing groups were
introduced on C2–Me, the activity gradually decreased with an
increase in the space of the C2 position in the order of CH3

(compound 119) >CHC2F (compound 120) >CHF2 (compound 121)
>CF3 (compound 123). It can be seen from the activity results of
these target compounds that the anti-proliferative activity of this
series of compounds is dictated by the spatial properties of the C2
substituents rather than by the electronic properties. In the in vitro
screening of the second series of compounds, the anti-proliferative
activity of the target compounds was measured against U87 and
A549. The results showed that the anti-proliferation activity of this
series of compounds was lower than that of the target compound

ETR
Table 4 Anti-proliferative activities of the synthesized compounds

Compounds

IC50 (mM)

HeLa MCF-7 U-87 A549

119 0.029 � 0.001 0.035 � 0.003 0.077 � 0.002 0.25 � 0.01
123 0.27 � 0.01 0.23 � 0.00 0.90 � 0.16 0.60 � 0.23

This journal is © The Royal Society of Chemistry 2020

R

119 (Table 4), and most of the target compounds exhibited an
inhibitory effect at the sub-micromolar concentration, except for
the target compound 126. The second series of target compounds
is based on target compound 119 with different substituents
introduced at the C7. The result of this is that the polarity of the
target compoundwas reduced, which damages the permeability of
the cells and thus reduces the anti-tumor proliferation activity of
the target compounds. On the basis of previous work, the 7-dea-
zahypoxanthines were proposed to target to the colchicine site on
b-tubulin, based on their effective inhibition of [3H] colchicine
binding to tubulin. The results of docking studies on the target
compounds 117 and 119 showed that linear C2-alkyl substituents
on the 7-deazahypoxanthine scaffold could be accommodated in
a small channel in the region of Lys352 and Asn258. The co-
crystallized colchicine and target compound 119 adopt similar
coordination modes in the colchicine pocket. On this basis, target
compound 119 with the best activity was selected to study the
effect on microtubules in cells. The results showed that 119 ach-
ieves the anti-proliferation of tumor cells by acting on
microtubule-targeted proteins. According to the existing data, C2-
aryl and C2-alkyl-denitroxanthine marine alkaloid analogues have
good anti-tumor activities. In particular, 119 could be used as
a candidate for anti-tumor drugs and has the potential to be
developed into a new anti-tumor drug, which needs further
research and development in the future.

There are many ways in which to discover drugs, but natural
products are an important way to obtain new drugs or lead
compounds.99 Sources of natural products include compounds
with certain biological activity obtained from plants, animals,
and microbial metabolites using modern separation tech-
niques. The isolation of drugs with biological activity from
naturally occurring secondary metabolites has become an
important eld in the development of new drugs.100–102 These
natural products have a unique chemical structure, and play an
important role in drug discovery and innovation. They have
irreplaceable signicance in the treatment and prevention of
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human diseases. In natural product extraction and separation,
alkaline compounds and alkaloids are widely investigated by
researchers. Marine organisms are diverse species with diverse
biological activity.103 So far, researchers have found more than
300 000 species in the ocean, and it has been estimated that
more than 1million new ocean species have not yet been found.
With this quantitative advantage, obtaining new compounds
with biological activity from marine organisms has become an
important pathway. At present, the research direction of people
has turned towards marine organisms, and many marine
alkaloids with biological activity have been separated from
marine organisms.104 So far, the anti-tumor alkaloids separated
from marine sponges include makaluvamine A (3), ellipticine
(4) and neoamphimedine (5). Between 2001 and 2010, most of
the compounds separated from marine sponges have been
alkaloids (marine alkaloids) and macrocyclic compounds.
During this period, marine alkaloids with a pyrrolidone struc-
ture were separated from marine sponges.105,106 These
substances were found to have signicant cytotoxicity effects on
a variety of tumor cells in vitro in the course of biological activity
studies, as well as potential biological activity against topo-
isomerase II. Based on previous work, Boucle et al.107 designed
compounds with a praziquantel structure for anti-tumor
activity. As could be seen from its chemical structure, the new
Scheme 5 Synthesis of compounds 135–136. Reagents and conditions:
chloride, pyridine, reflux, 2 h; (c) AlCl3, DCM, 24 h; (d) i: HNO3, DCM/DM
dobenzene, Pd2dba3, Xantphos, K2CO3, dioxane, Schlenk, 18 h; (f) Pd(OA

31918 | RSC Adv., 2020, 10, 31909–31935

RETR
compounds were the makaluvamine A analogue compounds
135 and 136. Meanwhile, target compounds with a pentacyclic
structure have been investigated as potential anti-
topoisomerase II inhibitors. In the synthesis process of the
target compounds, the specic operations shown in Scheme 5
were used to synthesize the target compounds. To obtain the
target compounds 135 and 136, 1, 2-phenylenediamine
(compound 129) was used as the starting material to react with
bromoacetyl bromide in THF to produce dihydroquinoxalinone
compound 130. The condensation reaction of compound 130
and dimethylacryloyl chloride in pyridine produced compound
131, which was then cyclized in methylene dichloride using
anhydrous aluminum chloride as a catalyst to obtain the tricy-
clic intermediate compound 132 (yield 83%). The intermediate
compound 133 containing an amino group was obtained via the
two-step nitrication and catalytic hydrogenation of compound
132, in which the nitrication of was carried out with nitric acid
in methylene dichloride. Then, the product was reduced via
catalytic hydrogenation without separation to obtain compound
133. Compound 133 was reacted with 2-bromoiodobenzene in
anhydrous dioxane to obtain compound 134, with a yield of
71%. Finally, compound 134 underwent cyclization, and via the
Heck reaction generated pentacyclic compound 135. In the
reaction process, anhydrous dioxane was used as the solvent,

TE
D

(a) bromoacetyl bromide, THF, Et3N, reflux, 2 days; (b) dimethylacryloyl
F, reflux, 24 h; ii: H2, Pd/C, DMF/DMSO, reflux, 18 h; (e) 2-bromoio-
c)2, Pcy3HBF4, K2CO3, DMA, reflux, 24 h; (g) BH3/THF, THF, reflux, 2 h.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Cytotoxicities of the synthesized compounds

Compounds

IC50 (mM)

HUH-7 CaCo-2 MDA-MB-231 HCT-116 Pc-3 NCI Fib.Hum

134 20 20 >25 25 25 >25 25
135 20 20 20 10 6 10 6
136 20 15 20 15 15 10 >25
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palladium acetate as the catalyst and potassium carbonate as
a base, with a yield of up to 40%. At the same time, compound
132 was reduced by boron/tetrahydrofuran and the target
compound 136 was obtained in a yield of 81%. The synthesis
route is simple to use, inexpensive and uses readily available
rawmaterials, where moderate to good yields can be obtained at
each step. However, this synthesis route also has some short-
comings, as it uses the precious metal Pd as a catalyst, which
brings certain difficulties for the future industrialization of this
method. At the same time, in the process of the compound 133
synthesis, the yield of this step was only 29%, and low yields
increase the synthesis cost, which needs to be improved in the
subsequent process optimization. In the process of studying the
biological activity of the synthesized compounds, the anti-
tumor activity of these compounds and the inhibition effi-
ciency of topoisomerase II were evaluated. First, the compounds
were tested against different cancer cell lines to assess their
anti-tumor effects (Table 5). The inhibitory efficiency of the
synthesized compounds was then evaluated against topoisom-
erase II in order to determine the mechanism of action of these
newly synthesized marine alkaloid analogues. Different human
cancer cell lines such as CACO-2, HCT-116, HUH-7, MDA-MB-
231, PC-3, and NCI were selected for the in vitro cytotoxicity
activity evaluation. The in vitro anti-tumor activity evaluation
test results showed that compounds 134–136 have good anti-
tumor activity, among which 136 exhibited cytotoxicity to
CACO-2, HCT-116, PC-3 and NCI cell lines of 15, 15, 15 and 10
mM, respectively, but had no obvious toxicity to human bro-
blasts. However, 134 and 135 also had certain inhibitory effects
on human broblasts cell, so there was no obvious selectivity
for cell inhibition. In the process of screening the anti-
topoisomerase II activity of the synthesized compounds, the
concentration of the compounds used for electrophoretic
analysis was 100 mM. The results of the anti-topoisomerase II
activity testing of the compounds showed that 135 better
inhibited activity of human DNA topoisomerase II than the
positive control doxorubicin at 100 mM. Other synthetic
compounds showed no inhibition of topoisomerase II. From
the in vitro anti-tumor activity of synthetic compound screening
and testing of topoisomerase II activity, it was determined that
compounds 135 or 136 could provide a basis for the further
design of more analogues. The SAR and drug research can be
used to identify compounds that have the best anti-tumor
activity and greatest selectivity.

As aforementioned, natural products are compounds rich in
biological activity that have the potential to be developed into

RETR
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drugs.108–111 With the research and development of modern
drugs, obtaining new drugs or lead compounds from marine
organisms has become an important source. Marine sponges
have been well studied and many biological activity compounds
have been separated from these relatively simple organisms in
recent years, including some new structural compounds.112–116

In the process of screening these compounds for biological
activity in vitro, the results show that many of them have some
specic biological activity and play an important role in the
development of new drugs.117 Lithistida is a type of sponge that
contains rich compounds that are structurally diverse with
biological activity based on 3-alkylpyridine alkaloids (3-APAs),
such as viscosaline (1) and theonelladin A–D.118–121 From the
analysis of the structures of these obtained marine alkaloids, it
was found that 3-APAs have a pyridine structure and an alkyl
chain with variable length on the side chain, and the position of
this alkyl chain is usually in the 1 or 3 position. The discovery
that most marine alkaloids are cytotoxic (i.e. they have anti-
tumor activity) has prompted wide study and interest in
these.122–126 Previous studies have shown that in the evaluation
of their biological activity, synthesized 3-APA analogues exhibit
anti-malarial or anti-tumor properties127 and inhibition poten-
tial, and some of these compounds may even become ideal new
drugs.129–133 Tumors are a major health problem that has drawn
worldwide concern.134–136 In previous work, 3-APA analogues
were found to promote DNA damage, induce apoptosis, and
alter two human tumor cell lines, RKO-AS-45-1 and HeLa actin
cytoskeleton, during active screening.137 Naturally occurring
molecules containing thiocyanate structures are rare, and these
functional groups are mainly present in the formation of cru-
ciferae glucosides during the desaccharication of some
natural products with anti-tumor activity. It has also been
shown that compounds containing thiocyanate groups also
have anti-parasite effects, showing high cytotoxicity in anti-
parasite studies. In view of these data, Barbosa et al.138

designed two new 3-APA analogues to study their anti-tumor
activity using theoneladin C as a lead compound and intro-
duced thiocyanate groups into its chemical structure. To
synthesize the target compounds 141 and 142, they chose the
route shown in Scheme 6. They selected the previously reported
synthetic compounds 1a–b as the starting materials and
synthesized the designed target compounds 141 and 142 in two
steps. In the rst step, the hydroxyl compounds 137 and 138
were reacted with methyl sulfonyl chloride in methylene
dichloromethane to obtain the intermediates 139 and 140, in
yields of 52–83% aer a simple treatment. The second step was
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Scheme 6 Synthesis of compounds 141 and 142. Reagents and conditions: (a) MsCl, Et3N, CH2Cl2, r.t., 10 h; (b) TBAB, KSCN, THF, reflux, 3 h.
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accomplished via SN2 nucleophilic substitution, in which the
intermediate compounds 139 and 140 were converted to the
corresponding target compounds 141 and 142 containing
thiocyanate groups. In this step, 139 and 140 were substituted
with potassium thiocyanate in THF and tetrabutylammonium
bromide was used as a catalyst. The desired target compounds
141 and 142 were obtained via nucleophilic substitution, in
yields of 55–78%. This synthesis route has the advantages of
short reaction steps, high yields in each step, and it is easy to
control the total yield of the reaction. Also, the reagents used are
cheap and easy to obtain, and the reaction conditions are mild,
which lays a solid experimental foundation for future indus-
trialization. In the activity screening process of the target
compounds 141 and 142, the anti-malarial activity of the target
compounds was evaluated (Table 6). In vitro test results showed
that target compounds 141 and 142 inhibited the growth of
parasites, with IC50 values of 5.5 and 2.3 mM, respectively. These
results indicate that the compounds have anti-malarial activity,
but their selectivity is not high, which reects that they have
high cytotoxicity to the control cell line and are not conducive to
use in proprietary medicine. Because these compounds have
good cytotoxicity, they have certain anti-tumor properties. So
next, the anti-tumor activity of target compounds 141 and 142
was examined In in vitro activity evaluation, they evaluated the
cytotoxicity of the compounds towards human cancer lines of
colon cancer (RKO-AS-45-1) and cervical cancer (HeLa) to eval-
uate the anti-tumor activity of 141 and 142. Meanwhile, the non-
tumor human cell line (lung broblast, WI-26VA4) was used as
a reference to determine the selectivity index of the target
compounds, as the selectivity index is one of the most impor-
tant indexes by which to evaluate the activity of target
compounds. The anti-tumor activity of the target compounds

ETR
Table 6 In vitro inhibitory concentrations (IC50) and selectivity indexes (S
after exposure to different concentrations of the target compounds 141

Compounds

IC50 (mM) � SD

PKO-AS45-1 HeLa

141 0.80 � 0.11 12.40 � 2.25
142 6.36 � 1.30 3.80 � 0.58

31920 | RSC Adv., 2020, 10, 31909–31935
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141 and 142 was investigated in vitro. The IC50 values of the
target compound 141 against RKO-AS-45-1 and HeLa cells were
0.8 and 12.4 mM, respectively, and the IC50 values of target
compound 142 against RKO-AS-45-1 and HeLa cells were 6.36
and 3.8 mM, respectively. Anti-tumor drugs need to be able to be
highly selective towards effective (active) compounds, as in the
process of killing tumor cells it should be almost impossible to
kill normal cells. In determining the selectivity index of target
compounds 141 and 142, it was found that 141 was selective for
the tumor cell line RKO-AS-45-1 (SI ¼ 3.59). In order to further
investigate the cytotoxicity mechanism of 141 and 142, a variety
of gene toxicity tests were conducted in vitro, including micro-
nucleus assay, comet assay, ames assay and annexin-V/
propidium iodide staining. The results of the relevant experi-
ments showed that the synthetic alkaloids induce the wrong
separation of chromosomes and damage DNA during the cell
division of human tumor cells, resulting in cell death. These
results preliminarily indicate that 141 may be a promising
candidate as an anti-tumor chemotherapy drug, which needs to
be further studied and developed in the future for its rapid
clinical use to treat more cancer patients.

Cancer is one of the major diseases that seriously endanger
human health in today's society.139–143 In the treatment of
cancer, there are mainly surgical treatment, chemotherapy,
radiotherapy and other means, among which chemotherapy is
the most important treatment method currently used.144–147 The
research and development of novel compounds with a unique
chemical structure has become an important research direction
in the eld of anti-cancer drugs. The discovery of new drugs or
lead compounds from natural products is an important route.148

On the basis of natural products, many derivatives or analogues
with biological diversity have been synthesized, especially in

ACTE

I) obtained for the human cancer cell lines RKO-AS45-1 and HeLa cells
and 142

SI

WI-26VA4 PKO-AS45-1 HeLa

2.87 � 0.85 3.59 0.23
4.83 � 1.14 0.76 1.27

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05856d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
4:

20
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
terms of their anti-tumor activity. Alkaloids are natural products
that are widely distributed in plants.149–153 They have a variety of
chemical structures and play an important role in medicine.
Among these natural alkaloids, b-carboline alkaloids are a type
of widely distributed natural product with biological activities,
which belong to the indole alkaloids and have a unique struc-
ture containing a tricyclic pyrido [3,4-b] indole ring.154–158 Pity-
riacitrin is a marine alkaloid separated frommarine organisms.
In terms of chemical structure analysis, it was found that the
pityriacitrin tricyclic pyrido [3,4-b] ring structure is connected to
the indole ring structure at the C-1 position.159–162 Pityriacitrin
has been widely studied because of its unique chemical struc-
ture. In recent years, some derivatives and analogues of pity-
riacitrin have been separated or synthesized by researchers and
their biological activities have been studied163 It has been found
that these compounds have a wide range of biological activities,
especially good anti-tumor activity and cytotoxicity. Natural
products are always present in small amounts in nature, so in
order to obtain large amounts of these compounds it is
impossible to extract them from their sources.164–167 The use of
synthetic methods changes this situation, and a large number
of desired target compounds can be obtained through
synthesis, and then applied to relevant research or used directly
as drugs. Xu et al.168 used pityriacitrin as the lead compound to
modify its structure to obtain a large number of cytotoxic
compounds. From the structure of the designed target
compounds, it can be seen that the they retain the chemical
structure of pityriacitrin, and different amide groups were
introduced at the C-6 position of the tricyclic pyrido [3,4-b]
indole ring to obtain marine alkaloid b-carboline analogues. In
this work, they combined the pharmacophores of b-carboline
with biologically functional amide groups, thus synthesizing
target compounds 147–162 with the structure of the b-carboline
analogues. For the synthesis of the compounds, they selected
the route shown in Scheme 7. Compounds 147–162 were
prepared via a four-step reaction using tryptophan (compound
143) as the starting material. In the rst step, compound 143
was added to anhydrous methanol and then reacted with sulf-
oxide chloride to obtain the crude product methyl tryptophan

R

Scheme 7 Synthesis of the marine alkaloid oriented b-carboline analogu
1-(1H-indol-3-yl) ethanone, I2, DMSO; (c) NaOH, MeOH, r.t.; (d) NH2(CH

This journal is © The Royal Society of Chemistry 2020

RET

hydrochloride (compound 144), without separation. In the
second step, iodine and 1-(1H-indol-3-yl) ethanone were added
to dimethylsulfoxide (DMSO) for the reaction, then compound
144 was added to continue the reaction, and 1-(1H-indole-3-
carbonyl)-9H-pyrido [3,4-b] indole-3-carboxylate (compound
145) was generated via a simple condensation ring reaction. In
the direct nucleophilic substitution compound 145, it was
found that the reaction could not be carried out, so the reaction
pathway was changed. The third step was to add 145 to a solu-
tion of sodium hydroxide. Hydrolysis readily occurred, and the
intermediate 146 was obtained. In the nal step, 146 was reac-
ted with different substituted amines. DMF was used as the
reaction solvent and HOBt/EDCI/Et3N as the reaction catalyst to
obtain the target compounds 147–162. This synthesis uses
inexpensive and readily available reagents, and the yields of the
target compounds weremoderate to good, obtained via a simple
synthetic route, which lays foundation for its future industri-
alization. However, there are some problems in terms of the
environmental friendliness of this route. Reagents such as
chlorinated sulfoxide were used in the experiment, and some
polluting gases were generated in the reaction process, which
means that the route does not meets the requirements of green
chemistry, and the subsequent process conditions therefore
need to be optimized. In the course of the biological activity
study, the cytotoxic effects of the marine alkaloid b-carboline
analogue compounds 147–162were tested in vitro. The SGC-790,
A875, HepG2 andMARC145 cell lines were used as test subjects.
In vitro cytotoxicity test results showed that the target
compounds exhibited moderate to good inhibitory activity
against all four cell lines. The activities of 159 and 160 with
aromatic groups directly on their amides were lower than those
of the benzylamine (153–158) and phenylethylamine (147–152)
substituted compounds. The compound containing a 3-
hydroxyl group (151) showed signicantly better biological
activity than the compound containing a 3-methoxy substituent
(148). In order to further study the biological activity of these
target compounds and to screen out the more active
compounds, the IC50 values of the target compounds were also
tested in vitro. The results showed that the target compounds
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e compounds 147–162. Reagents and conditions: (a) SOCl2, MeOH; (b)

2)nR, HOBt, EDCI, Et3N, DMF, r.t.
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Table 7 Cytotoxic activities of the target compounds

Compounds

IC50 (mM)

SGC-7901 A875 HepG2 MARC145

151 17.65 � 5.84 11.91 � 0.80 8.63 � 3.31 13.77 � 3.75
158 16.18 � 2.31 8.47 � 2.96 11.08 � 3.33 21.77 � 6.94
161 6.82 � 0.98 8.43 � 1.93 7.69 � 2.17 7.19 � 1.43
162 14.30 � 2.57 10.46 � 1.34 9.99 � 1.82 16.27 � 0.07
5-FU 53.58 � 1.99 62.12 � 17.83 66.42 � 12.99 115.54 � 8.30
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151, 158, 161 and 162 showed good inhibitory activity (Table 7).
The IC50 values of the target compound 161 were 6.82 � 0.98,
8.43 � 1.93, 7.69 � 2.17 and 7.19 � 1.43 mM, respectively. The
SAR results showed that benzylamine substituted compounds
usually had better activity than phenylethylamine substituted
compounds, and the activities of these two target compounds
were obviously better than those of aromatic amine substituted
compounds, which demonstrated the importance of the link
chain between the aromatic rings and amides. In addition, the
biological activities of most of the target compounds were better
than those of b-carboline and b-carboline B, which indicated
that the presence of amide groups in the compounds was
benecial to the anti-tumor activity of the target compounds. In
addition, hydroxyl phenyl substituted compounds (158 and 151)
have signicantly higher activity than other corresponding
compounds, possibly because the polarity of the hydroxyl
phenyl group is favorable for binding to the target protein. The
target compound 161 contains a special sulfonyl group and has
the highest inhibitory activity. The special properties of the
hydroxyphenyl and sulfur groups help to improve the biological
activities of the target compounds. On the basis of the dose
response analysis of 151, 158, 161 and 162 the results showed
that these target compounds had a concentration-dependent
inhibitory effect on cell lines. In general, these target
compounds have good cytotoxic activity and can be used as
potential cell agents.

R

2.2 Anti-malarial activity

In 2008, the World Health Organization released the world
malaria report, which showed that malaria kills about one
million people worldwide each year.169–173 Malaria is more
serious in countries or regions that have poor living conditions
and medical conditions, especially in Africa.174 There is no
effective vaccine to control malaria, and control programmes to
reduce the spread of the disease still rely on chemotherapy
(drug therapy) to prevent malaria and treat malaria-infected
people. The existing drugs for the prevention and treatment
of malaria mainly include meoquine and artemisinin
analogues, but new drug-resistant strains appear in the clinical,
resulting in ineffective drug treatment.175 Therefore, it is urgent
to research and develop new and effective anti-malarial drugs
for better prevention and treatment of malaria. In the research
and development of anti-malarial drugs, medicinal chemists
have focused on the research of marine alkaloids and their

RET
31922 | RSC Adv., 2020, 10, 31909–31935
analogues in recent years, hoping to nd effective anti-malarial
drugs based on these compounds. In the process of screening
the anti-malarial activity of marine alkaloids, makaluvamine A
(2) was the rst molecule to be studied for anti-malarial
activity.176,177 Makaluvamine A is a complex alkaloid with
a heterocyclic structure separated from marine resources.
However, this marine alkaloid was found to have a very low
therapeutic index in an in vitro anti-malarial activity test, which
means that it is not an ideal candidate as an anti-malarial drug
for clinical treatment. Alkaloids containing piperidine and
pyridine structures are widely distributed in marine sponges of
different genera, and 3-alkyl pyridine alkaloids have been
separated sponges.178 In 2004, Volk and Kcck reported a visco-
saline (1) alkaloid separated from a marine sponge, and found
that the compound showed high anti-microbial activity towards
a variety of bacteria.179,180 In 2007, the Shorey team rst reported
the total synthesis of viscosaline, and described the key inter-
mediate theonelladin C (2) in the synthesis method. The study
found that theonelladin C is also a natural product compounds
found in sponges.181 The chemical structures of viscosaline and
theonelladin C are relatively simple, with viscosaline showing
the highest anti-microbial activity. Hilario et al.182 used visco-
saline as a lead compound to modify in order to prepare marine
alkaloid viscosaline analogues. These 3-alkylpyridine analogues
have a viscosaline pyridine ring in the alkyl chain, and oxygen-
containing groups were introduced to alter the biological
activity of the analogues. To synthesize compounds 177–178,
a relatively simple total synthesis method was chosen. The
specic route for the synthesis of the new 3-alkylpyridine
compounds is shown in Scheme 8. 1,9-Nonanodiol (compound
163) and 1,12-dodecandiol (compound 164) were used as
starting materials in the reaction. In reuxing toluene, the
reactants were selectively brominated with hydrobromic acid to
obtain the corresponding brominated alcohol compounds 165
(yield 70%) and 166 (yield 80%). Compounds 165 and 166 were
converted to their corresponding azides 167 and 168 in
dimethyl sulfoxide via SN2 substitution. Then, 167 and 168 were
treated with methyl sulfonyl chloride inmethylene dichloride to
obtain the intermediate compounds 169 and 170. Using tetra-
butylammonium bromide as a phase transfer catalyst,
compounds 171 and 172 were etheried with 3-pyridine-
propanol, in good yields. The amine-containing compounds
173 (72% yield) and 174 (79% yield) were obtained by reducing
terminal azides 171 and 172 in THF with lithium aluminum
hydride. Compound 173 and methyl acrylate were reuxed in

ACTE
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Scheme 8 Synthesis of the oxygenated 3-alkylpyridinemarine alkaloid analogue compounds 177 and 178. Reagents and conditions: (a) HBr (aq),
toluene, reflux; (b) NaN3, DMSO, r.t., 12 h; (c) MsCl, Et3N, methylene chloride, stirring, 3 h; (d) NaOH, Bu4N

+Br�; (e) LiAlH4, THF; (f) methyl acrylate,
toluene, reflux; (g) Boc2O, methylene chloride; (h) BnCl, reflux.
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toluene to form 175 (yield 70%). Compounds 174 and 175 were
treated with ditert-butyl carbonate in methylene dichloride to
obtain 176 (yield 94%) and 178 (yield 75%). Compound 176 was
alkylated with benzyl chloride to obtain another target
compound, 177. The synthetic enables the total synthesis of the
target products, where the raw materials and reagents used are
cheap and easy to obtain, and the yield of each step is relatively
high, laying a solid foundation for its future industrialization.
During the study of anti-malarial biological activity, the anti-
malarial effect of the 3-alkylpyridine marine alkaloid
analogues in vitro using a [3H]-hypoxanthine doping method

TR
Table 8 In vitro anti-plasmodial activities of the oxygenated 3-alkyl-
pyridine marine alkaloid analogues

Compounds IC50 (mM) � SD LC50 (mM) � SD SI

172 4.33 � 0.87 45.52 � 2.71 10.51
173 17.96 � 3.59 98.43 � 3.77 5.48
174 6.24 � 0.31 67.54 � 1.92 10.82
175 8.50 � 0.14 105.12 � 5.73 12.36
176 43.04 � 4.30 120.00 � 8.15 2.78
177 <3.38 52.67 � 2.25 >15.58
178 <4.76 46.78 � 4.65 >9.82
Chloroquine 0.625 � 0.003 >100 >160

This journal is © The Royal Society of Chemistry 2020

RE
(Table 8) was established. On this basis, the cytotoxic effects of
seven marine alkaloid analogues (compounds 172–178) were
tested using the MTT method to evaluate the safety of the target
compounds. The seven tested marine alkaloid analogues were
evaluated for their anti-malarial activity at half the maximum
inhibitory concentration (IC50) and half the lethal drug
concentration (LC50). In vitro anti-malarial results showed that
the compounds tested were all active versus chloroquine against
the plasmodium falciparum clone W2. Drug SAR studies have
shown that the alkyl chain lengths of these tested compounds
(compounds 173 and 174) have an impact on their anti-malarial
and cytotoxic properties. As the length of the alkyl chain
increased from 9 to 12 carbon chains, the anti-malarial activity
and selectivity index of the compounds were increasingly
improved (compound 174 SI ¼ 10.82). The length of the alkyl
chain of compound 175 was also extended, signicantly
reducing its IC50 value compared with that compound 173, and
signicantly increasing its selectivity index from 5.48 to 12.36.
However, aer the amino group of compound 175was protected
with a Boc group, the IC50 value of product 176 was signicantly
increased, and the selectivity was also signicantly reduced (SI
¼ 2.78). These results suggest that the position of the amine
plays an important role in the anti-malarial activity of the
compounds. At the same time, the target compound 177 of the
quaternary ammonium reaction had a signicantly reduced
RSC Adv., 2020, 10, 31909–31935 | 31923
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IC50 value, and its selectivity was improved, making it the
compound with the highest selectivity index (SI > 15.58) among
the tested compounds. Preliminary in vitro anti-malarial activity
studies showed that 3-alkylpyridine marine alkaloid analogues
have ideal anti-malarial activity and cytotoxicity. Among the
synthesized compounds, compound 177 had the best anti-
malarial activity and the highest selectivity index, thus
making it a promising candidate for the development of novel
anti-malarial drugs and deserving of further study.

Malaria is a serious infection caused by malaria-carrying
parasites and can be transmitted in the blood by female
mosquitoes.183 Malaria is a global public disease that has high
morbidity and mortality.184 According to the World Health
Organization, there are more than 100 species of malaria
parasites that cause malaria.185–188 However, only a few species
of plasmodium have attracted research attention, including
Plasmodium falciparum, Plasmodium malariae, Plasmodium
vivax, Plasmodium knowlesi and Plasmodium ovale. Malaria,
caused by malignant protozoa, is a severe disease and can cause
other syndromes.189 Drug therapy is one of the main strategies
for the treatment and control of malaria.190–192 Because of the
emergence of artemisinin-resistant parasites in the clinic. It is
imperative to nd new antimalarial drugs, especially those that
are lethal to resistant parasites. In the process of developing
new anti-malarial drugs, the target and mechanism of action of
the drugs need to be further determined.193–195 Natural products
are characterized by their complex structure and biological
activity diversity.196 Due to these reasons, research on anti-
malarial drugs has shied to natural products in recent
years.197,198 In the process of screening the activity of natural
products, 3-alkylpyridine marine alkaloids and their analogues
have been found to have anti-malarial activity. On this basis, de
Souza Barbosa et al.199 further modied the structure of the lead
Scheme 9 Synthesis of the fluorinated 3-alkylpyridine marine alkaloid a
DHP, DMSO, hexane, 40 �C, 16 h; (b) MsCl, Et3N, CH2Cl2, r.t., 10 h; (c) 3-p
r.t., 12 h; (e) (COCl)2, Et3N, DMSO, DCM, �60 �C, 25 min; (f) DAST, DCM

31924 | RSC Adv., 2020, 10, 31909–31935
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compound and designed new types of 3-alkylpyridine marine
alkaloid analogues. To improve the anti-malarial activity,
selectivity and safety of the compounds, they selected different
lengths of alkyl chains. The types of functional groups attached
to the ends of the chains were used to further investigate the
SAR of the designed compounds. At the same time, in order to
improve the anti-malarial activity, the selectivity, improve the
safety and enhance the affinity of the compounds, the func-
tional groups at the end of the side chain of the compound were
uorinated. During the synthesis route selection of 3-APA
analogues, the specic synthesis operations were carried out as
shown in Scheme 9. Diols (compounds 179–182) with different
length carbon chains were used as the starting materials of the
reaction, and their single hydroxyl groups were selectively pro-
tected to obtain the corresponding monohydropyronic acetals
(compounds 183–186). Then, the hydroxyl groups of
compounds 183–186 were further protected to obtain the
compounds 187–190. The compounds 187–190 were etherized
with 3-(pyrid-3-yl)propan-1-ol using a phase transfer catalyst to
obtain compounds 191–194, which were then protected using
hydrochloric acid to obtain compounds 195–198. The Swern
oxidation was used to convert the alcohols 195–198 to the cor-
responding aldehydes 199–202, in yields of 60–95%. At the same
time, compound 197 and diethylamine-based sulfur triuoride
underwent a uorine-substituted halogenation reaction in
methylene chloride to obtain compound 203 (yield 17%). This
synthesis is simple to carry out under mild reaction conditions
using cheap and readily available reagents. The yield per step
was generally medium to good, but the uorine substitution
produced a low yield of only 16% (compound 203), which would
increase the costs of this process if it were to be industrialized.
The halogenation reaction will be a key problem in the subse-
quent process optimization, which needs to be further
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nalogue compounds 199–203. Reagents and conditions: (a) NaHSO4,
yridinepropanol, NaOH/H2O, Bu4N

+Br�, Et2O, r.t., 72 h; (d) MeOH, HCl,
, 0 �C, 18 h.
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Table 9 In vitro anti-malarial activities, cytotoxicities and SIs of the 3-
APA analogues

Compounds

IC50 (mM) � SD

SIP. falciparum (W2) WI-26VA4

191 53.7 � 0.7 >300 >5.6
192 37.7 � 0.2 37.8 � 5.0 1.0
193 14.0 � 0.6 6.4 � 0.7 0.4
194 8.9 � 0.4 11.3 � 1.4 1.2
195 210.6 � 12.7 >400 1.9
196 >188 167.7 � 10.5 nd
197 14.7 � 0.2 99.1 � 11.2 6.7
198 15.1 � 0.8 34.1 � 6.5 2.2
199 180.2 � 8.3 nd nd
200 52.4 � 8.9 nd nd
201 20.3 � 0.2 nd nd
202 30.6 � 2.7 nd nd
203 2.5 � 0.1 28.2 � 3.7 11.2
Chloroquine 0.4 � 0.066 >100 >250
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improved to improve the yield and reduce the reaction costs.
Upon in vitro screening of the anti-malarial activity of the
abovementioned compounds, they were screened against Plas-
modium falciparum (strain W2) and were found to be cytotoxic to
human broblasts (WI-26VA4). In vitro anti-malarial activity test
results showed that the compounds tested had moderate
activity against Plasmodium falciparum, with IC50 values ranging
from 8.9 to 210.6 mM (Table 9). The results of the SAR showed
that there was a certain relationship between the anti-malarial
activity and the selectivity index of these compounds. With
the extension of the side chain from 6 to 12 carbon atoms, the
anti-malarial activity of the side chain increased, and the
activity decreased aer the chain exceeded 12 carbon atoms. A
similar SAR was also observed for the selectivity index, with the
length of the carbon chain also affecting the selectivity index of
the compounds. At the same time, the compounds containing
hydroxyl groups had higher antimalarial activity than those
containing other groups. The selectivity index is a key factor in
determining whether or not an anti-malarial drug can be used
in treatments. Compound 197 had one of the lowest IC50 values
(IC50 ¼ 14.7 mM) among the compounds tested, but its selec-
tivity index was the highest (SI¼ 6.7). Therefore, compound 197
was selected for further structure optimization, and the its
hydroxyl group was converted to a uoride group to obtain
compound 203. This substitution wasmade to improve the anti-
malarial activity of compound 197. The in vitro anti-malarial
activity of compound 203 was thus signicantly increased (5.8
times) compared to that of compound 197. The IC50 value of the
chloroquine resistant strain W2 of Plasmodium falciparum was
2.5 mM and the SI value was 11.2. The IC50 value of the chlo-
roquine sensitive strain 3D7 was 2.3 mM and the SI value was
12.2. On this basis, the binding ability of the heme group to
compound 203 was further determined. Using an organo-
silicone method, the results showed that compound 203 more
favorably formed stable complexes (hematin/3-APA complex)
with heme molecules in a molecular ratio of 2 : 1 aer uorine

RETR
This journal is © The Royal Society of Chemistry 2020
was used to replace the hydroxyl groups. In summary, they
synthesized a new halogenated 3-APA analogue, compound 203,
with good anti-malarial properties and increased activity
against Plasmodium falciparum as well as an increased selectivity
index. Compound 203 has great development potential as a new
anti-malarial drug, and the mechanism of action and pharma-
cokinetic characteristics of the compound need to be further
determined in follow-up work.
2.3 Anti-bacterial activity

Bacteria are one of the main groups of living organisms and as
the most abundant of all living organisms, have a great inu-
ence on human activities.200 Bacteria are the cause of many
diseases, including tuberculosis, gonorrhea, anthrax poisoning,
syphilis, plague, trachoma and other diseases. In plants,
bacteria cause leaf spots, re blight and wilting.201 Anti-
microbial drugs generally have bactericidal or antibacterial
activity, drugs such as antibiotics, sulfonamides, imidazoles,
nitroimidazoles, quinolones and other chemical synthetic
drugs. Some products obtained from the culture of microor-
ganisms such as bacteria, actinomycetes and fungi, or the same
or similar substances made by chemical semi-synthesis, may
also be synthesized chemically.202–204 Anti-microbial agents have
inhibitory and killing effects towards pathogens at certain
concentrations. 1,3,4-Oxadiazoles are compounds that have
special chemical structures205 and biological activities that
include anti-inammatory, hypoglycemic, anti-depressant, anti-
tumor cell proliferation, anti-bacterial properties. In molecular
docking and pharmacokinetic studies, it was found that the
introduction of a 1,3,4-oxadiazole structure into the drug
molecule could change its polarity, exibility and metabolic
stability. The chemical structure of 1,3,4-oxadiazole plays an
irreplaceable role in drug efficacy.206 Previous work found that
heterocycles containing a pyrrole ring system had diverse bio-
logical activity, with several pyrrolidone analogues showing
obvious anti-microbial activity in the activity evaluation process.
Bromopyrrole marine alkaloid, derived from the secondary
metabolites of marine sponges, has been widely investigated.
These marine alkaloids have a special chemical structure, most
of which are composed of 4,5-dibromopyrrole rings.207,208 In the
evaluation of the biological activity of these marine alkaloids
containing a 4,5-dibromopyrrole ring, it was found that they
have diverse biological activities, including blocking serotonin
receptor antagonists of a-adrenoceptor receptors, acting as anti-
histamines and serotonin receptor antagonists, against myosin
aptase, inhibiting kinase activation, and exhibit anti-tumor,
anti-microbial, anti-tuberculosis, and anti-fungal properties.
On the basis of previous work, Rane et al.209 designed novel
bromopyrrole marine alkaloid derivatives. The chemical struc-
tures of these designed target compounds showed that two
groups could be joined together by splicing to form a hybrid
molecule. Specically, a 4,5-dibromopyrrole ring and 1,3,4-
oxadiazole ring were combined via chemical bonds to form
a new class of target compounds, 208–222 and 224–227.
Different substituents were introduced into the 1,3,4-oxadiazole
ring to change its biological activity. To synthesize the target
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Scheme 10 Synthesis of 2-(4,5-dibromopyrrol-2-yl)-5-substituted-1,3,4-oxadiazole compounds 208–222 and 224–227. Reagents and
conditions: (a) CCl3COCl, anhydrous ether, K2CO3; (b) Br2/chloroform; (c) NH2NH2$H2O, r.t., 1 h; (d) R–COOH, POCl3, reflux; (e) CS2, KOH
ethanol, reflux, 12 h; (f) alkyl/aryl halide, NaOH, ethanol, stirring, 10 h.
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compounds, the synthesis route in Scheme 10 was used. In the
rst step of the reaction, pyrrole (compound 204) was used as
a starting material to conduct an esterication reaction with
trichloroacetyl chloride. In the reaction, anhydrous ethyl ether
was used as the reaction solvent and potassium carbonate as
a base, to obtain a good yield of 2-trichloroacetylpyrrole
(compound 205). In the second step, compound 205 was
brominated with bromine in chloroform to obtain 4,5-dibromo-
2-trichloroacetyl-1H-pyrrole (compound 206) in good yield. The
third step was to stir compound 207 with hydrazine hydrate to
react at room temperature. In the presence of phosphorus
chloride, 2-(4,5-dibromo-1H-pyrrol-2-yl)-5-aryl-1,3,4-oxadiazoles
(compounds 208–222) could be prepared via the reuxing of
compound 207 with aromatic acids containing different
substituents. Meanwhile, 5-(4,5-dibromo-1H-pyrrol-2-yl)-1,3,4-
oxadiazole-2-thiol (compound 223) could be obtained by the
reaction of compound 207 with carbon disulphide in ethanol
under alkaline conditions in the presence of potassium
hydroxide. When compound 223 was mixed with different
halide substituents in ethanol, in the presence of sodium
hydroxide to provide alkaline conditions, an alkylation reaction
took place to obtain the target compound S-alkylation deriva-
tives 224–227. The synthetic route can be used to synthesize 20
derivatives, meaning that it has good universality. The reagents
used in the synthesis process are cheap, easy to get, the
synthesis is simple to carry out and produces compounds in
good yield, laying a good foundation for its future industriali-
zation. During the biological activity study, the anti-microbial

RETR
31926 | RSC Adv., 2020, 10, 31909–31935
activity of the target compounds was evaluated in vitro,
against Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa, and Klebsiella pneumoniae bacterial strains. The
minimum concentration (maximum dilution) required to
inhibit bacterial growth was used as the minimum inhibitory
concentration (MIC) of the target compound to evaluate the
activity of the compound. Meanwhile, the anti-fungal activity of
candida albicans in DMSO was screened using the agar dilution
method. In addition, the synthesized compounds were screened
in vitro against Mycobacterium tuberculosis H37Rv to determine
the minimum inhibitory concentration. The results of the in
vitro anti-microbial activity screening showed that the synthe-
sized compounds have good anti-bacterial, anti-fungal and anti-
tuberculous activities. These spliced compounds showed anti-
bacterial activity against both Gram-positive and Gram-
negative bacteria, showing that they have extensive antibacte-
rial activity. The results of drug SAR showed that the presence of
electric-donating groups on the aromatic rings of the
compounds, such as amino, chlorine, uorine and nitro groups,
was very important in inhibiting the activity of Escherichia coli.
For example, the anti Escherichia coli MIC of compounds 210,
211 and 216–218 was 1.56 mM, and the activity was similar to
that of the positive control. For Gram-positive Staphylococcus
aureus, compounds 208, 211, 216–218 and 220–222 had an
equivalent activity of 1.56 mMatMIC compared with the positive
control. However, the compounds 223–227 containing
mercaptan groups or S-alkyl/aryl groups were less active against
Staphylococcus aureus. All compounds tested had no inhibitory

A
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Table 10 Anti-microbial test results of the target compounds

Compounds

MIC (mM)

E. coli S. aureus P. aeruginosa K. pneumoniae C. albicans Antitubercular activity

211 1.56 1.56 6.25 100 12.5 9.50
213 12.5 6.25 6.25 100 12.5 1.60
216 1.56 1.56 6.25 100 12.5 6.50
217 1.56 1.56 6.25 100 1.56 9.00
218 1.56 1.56 6.25 100 1.56 3.50
227 3.125 12.5 12.5 100 1.56 1.50
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D

activity against pneumonia bacteria, while compounds 210–219
showed moderate activity against pseudomonas aeruginosa (MIC
was 6.25 mM). In the in vitro anti-fungal activity screening, the
three compounds with the best anti-fungal activity were 217, 218
and 227, and the MIC was 1.56 mM. In the in vitro evaluation of
Mycobacterium tuberculosis activity, it was found that the
compounds 213, 218, 221, 222 and 227 showed obvious Myco-
bacterium tuberculosis activity when the MIC were 1.60, 3.50, 3.50,
2.00 and 1.50 mM, respectively, and the compound 227 showed the
highest anti-tuberculosis activity. The SAR analysis showed that by
introducing S-aryl substitution and free SH or S-alkyl or S-aryl on
the C5 sites of the 1,3,4-oxadiazole ring, the anti-tuberculous
activity of the compound increased. At the same time, when
heterocyclic rings such as 4,5-dibromopyrrole, pyridine-4-yl and
4H-chromen-3yl-vinyl were introduced, the anti-tuberculosis
activities of the compounds were signicantly enhanced. For
example, the MICs of the compounds 218, 221 and 222 were 3.50,
3.50 and 2.00 mM, respectively. In general, the compounds 221
and 216–218 have good anti-bacterial activity, compounds 217,
218 and 227 have good anti-fungal activity, and compounds 213
and 227 inhibitMycobacterium tuberculosis at low concentrations.
These compounds have been developed into new anti-bacterial,
anti-fungal or anti-tuberculosis drugs, which need to be further
developed (Table 10).

R

2.4 Anti-viral (HCV) activity

Hepatitis C is a virus hepatitis caused by a hepatitis C virus
(HCV) infection, mainly as a result of blood transfusion,
acupuncture, drug abuse and other transmissions.210 According
to World Health Organization statistics, the global infection
rate of HCV is around 3%, and there are an estimated 180
million people infected with HCV, with a 35 000 rise in new
cases of hepatitis C each year. The mortality rate associated with
HCV infection will continue to increase in the next 20 years,
which is extremely harmful to the health and life of patients,
making it one of the most serious social and public health
problems.211 Anti-viral drugs that act directly on the replication
cycle of the HCV virus have been developed to a certain extent,
offering signicant promise for treatment and improvement in
patients with HCV infection. At present, the anti-viral drugs that
can directly act include non-structural protease 3/4A inhibitors,
non-structural 5A complex inhibitors and non-structural 5B
polymerase inhibitors. These anti-HCV drugs can act on

RET
This journal is © The Royal Society of Chemistry 2020
different viral targets.212,213 At each stage of virus replication, the
complementary strategy to directly target viral proteins is to
target host cytokines required for the virus life cycle. Targeted
host therapy includes inhibition of virus entry, translation,
replication, assembly and release. In recent years, it has been
found that analogues of marine alkaloid globulin can inhibit
the replication of HCV by interacting with cellular chaperone
heat shock protein 90 (Hsp90). This compound can bind to its
ATP binding site through the N-terminal domain. HSP90 is one
of the most common protein types in cytoplasm and plays an
important role in eukaryotic cells.214 Almost all viruses need the
presence of Hsp90 to successfully spread. Hsp90 inhibitors have
been studied in clinical trials for more than 20 years due to their
benecial role in the cell life cycle.215–217 However, the clinical
development of Hsp90 inhibitors is also hindered to some
extent, mainly because of the untargeted effect of Hsp90
inhibitors and the lack of sufficient specicity and mechanism
of action. Previous studies have shown that HCV replication
could be inhibited by targeting the host cell protein Hsp90.
Preliminary work Lillsunde et al.218 found that compounds with
a pyrrolamide and 4,5,6,7-tetrahydrobenzo[1,2-d] thiazole
structure could inhibit the replication of HCV type 1b. It was
found that compounds containing the unsubstituted 2-amino
group had the most effective biological activity in terms of drug
SAR. Therefore, they further introduced different substituents
on the lead 2-amino compound to change its biological activity.
They designed a series of 4,5,6,7-tetrahydrobenzo[1,2-d]
thiazole-2-amines with the 2-amino group replaced by a basic
group or an N-heterocyclic ring to increase binding to Hsp90,
thereby enhancing the inhibition of HCV replication by the
target compounds 229–240. In the process of synthesizing the
target compounds, they used the route shown in Scheme 11, in
which two steps were used to complete the preparation of the
desired target compounds, and compound 228 was used as the
starting material. The rst step in the reaction, the acylation of
compound 228 with the corresponding carboxylic acids, 1-ethyl-
3-(3-dimethylaminopropyl) carbon diimide (EDC) and 1-
hydroxy benzyl triazole (HOBt) as a catalyst, and N,N-dime-
thylformamide (DMF) as a reaction solvent, the preparation
gave the required amide structures needed for the target
compounds 229–237. Since some of these compounds con-
tained the Boc protection group in their molecular structure,
the second step was performed in order to obtain the
compounds with the protective group. In the second reaction,
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Scheme 11 Synthesis of 4,5,6,7-tetrahydrobenzo [1,2-d] thiazole derivative compounds 229–240. Reagents and conditions: (a) corresponding
carboxylic acids, EDC, HOBt, NMM, DMF, r.t., 18 h; (b) acetyl chloride, MeOH, 0 �C, 1 h, then r.t., 18 h.

Table 11 Replicon inhibitory activities of the target compounds and
control in HCV genotype 1b and 2a replicon models

Compounds

HCV replicon genotype

1b IC50 (mM) CC50 (mM) IS 2a IC50 (mM)

229 2.5 � 0.25 154 � 2.9 62 1.52 � 0.15
233 5.5 � 1.8 204 � 4.9 37 nd
234 21 � 2.2 86 � 5.2 4.1 nd
237 1.3 � 0.23 128 � 6.6 98 0.49 � 0.06
238 22 � 2.8 67 � 2.0 3.0 nd
239 1.2 � 0.41 48 � 2.5 40 1.32 � 0.1
240 7.2 � 0.46 72 � 4.2 10 nd
17-DMAG 0.06 � 0.01 1.7 � 0.25 28 0.04 � 0.006
Ribavirin 64 � 7.0 >300 nd nd
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the compounds 230–232 and 236 were placed in acetyl chloride
to protect them, and nally the target compounds 237–240 were
obtained. Twelve target compounds were prepared according to
the synthesis route, showing that it has good universality. The
synthetic route is relatively short and relatively easy to use.
However, a major disadvantage of this route is that the yield of
the reactions was generally low, except for the yields of target
compounds 237 and 238, which were high. The yield of the
second deprotection reaction was relatively high, while the yield
of the rst step amide reaction was relatively low, which would
bring great difficulties for the future industrialization of this
process. Therefore, in the subsequent process optimization, the
process should be further improved to increase the yield of the
reaction and reduce the synthesis cost. During the biological
activity study, a HCV replication cell model was used to assess
the anti-viral activity of the marine alkaloid analogue
compounds 229–240. The target compounds 229–240 were rst
tested in a HCV genotype 1b replicator model to preliminarily
evaluate the anti-viral activity of the target compounds in vitro.
In the initial test results, the inhibition rates of the target
compounds 229, 231 and 237–240 on HCV replicons exceeded
90%, and the inhibitory activities of the target compounds 230
and 233–236 were low, ranging from 30% to 87%, while the
target compound 232 showed no inhibition. It was found from
the SAR that the anti-viral activities of the target compounds
containing chain substituents were better than those contain-
ing rings. The alkyl chain of the compounds containing the
chain substituents was increased from one to two carbon
atoms, and it was noted that the anti-viral activity was
improved. At the same time, the anti-viral activity of the ve-
membered heterocyclic substituent was higher than that of
the six-membered heterocyclic substituent, and the anti-viral
activity of the six-membered heterocyclic azacyclic was higher
than that of the benzene ring. Based on in vitro tests, the target
compounds 229, 233, 234 and 237–240 were further studied to
determine the dose-response (IC50) and cytotoxicity (CC50) of
the target compounds to the HCV genotype 1b replication
subsystem (Table 11). The results showed that all the selected
target compounds inhibited the HCV replicons in a dose-
dependent manner and had no toxicity at the replicon-

RETR
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inhibiting concentration. At the same time, the SI results
showed that the selectivities of the target compounds 237, 229
and 239 were relatively high, with SI values of 98, 62 and 40,
respectively. The selectivities of these target compounds were
higher than that of the positive control. To determine whether
the target compounds were also effective in inhibiting full-
length virus replication, the target compounds were evaluated
for their ability to inhibit HCV genotype 2a replicons. The
results showed that the target compounds 229, 237 and 239 had
anti-viral activity against HCV, with IC50 values ranging from
0.49 to 1.52 mM, while other target compounds had no inhibi-
tory activity. The inhibitory activity of the target compounds 229
and 237 against genotype 2a was even slightly higher than that
against genotype 1b. HCV transmission in hepatocytes could be
interacted with cellular partners in a variety of ways. Hsp90
could assist in protein maturation, folding, and stabilization
and it was used for the replication of HCV. Relevant studies
have shown that the target Hsp90 could effectively inhibit the
replication of HCV. In order to evaluate the inhibition of Hsp90
as a potential mechanism of action, the binding ability of the
target compounds to Hsp90 was evaluated by microscale ther-
mophoresis (MST). The results of the evaluation indicate that
Hsp90 is indeed a potential target for the target compounds and
may provide important guidance for the further development of
anti-viral drugs targeting the progenitor of this cell. The
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replication and infectivity of different viruses is the key to the
successful development of anti-viral Hsp90 inhibitors. In
general, compound 237 has good anti-viral activity and high
selectivity, which needs to be further studied.
2.5 Other types of activity

Natural products from the sea have been paid much attention,
especially the compounds with rich biological activity separated
from marine sponges.219 In the process of activity screening, the
diversity biological activity of these compounds was observed,
and these marine natural products were also found to have
diverse chemical structures.220 The abundant metabolites
produced by marine organisms offer a promising contribution to
the discovery of new drugs for the treatment of diseases, or to the
development of lead compounds for structural modication.
Among these marine natural products, a class of marine alka-
loids containing 2-aminoidazolidone structures have been widely
studied.221 This chemical structure is an attractive structure with
the potential for further structural modication, which can be
used as a starting point for the development and research of
similar drugs with diverse chemical structures biological activi-
ties. These target compounds modied on the basis of the 2-
aminoidazolidone structure constitute a huge candidate drug
screening library, which can be fully researched and devel-
oped.222,223 Dispacamide is a marine alkaloid with anti-histamine
activity. Polyandrocarpamine A (7) is selectively cytotoxicity to
SF268 cell line (central nervous system) with a GI50 value of 65
mM. These marine alkaloids obtained from marine organisms
were found to contain a 2-aminoidazolone structure by chemical
analysis. At the same time, leucettamine B (9) is also a marine
alkaloid separated from marine sponges, which has been ob-
tained by chemical synthesis224 However, no biological activity
related to this substance has been reported so far. These marine
Scheme 12 Synthesis of the leucettamine B analogue compounds 253–
25 �C, 1 h; (b) 105 �C, 2 h; (c) MeCOCl, MeOH, MeCN, 25 �C, 24 h; (d) E

This journal is © The Royal Society of Chemistry 2020

RETR
alkaloids containing 2-aminoidazolidone structures have been
found to have abundant biological activity in activity studies.
Based on previous work, Debdab et al.225 designed derivatives of
the marine alkaloid leucettamine B. From the chemical structure
of the designed target compounds 253–260, it could be seen that
these target compounds are derivatives of N-functionalized leu-
cettamine B, in which aryl methyl groups are linked to the 2-
amino structure via a short amino-alkyl chain. During the
synthesis of the target compounds, they selected the method
described in Scheme 12 to synthesis the marine alkaloid
Lucettamine B derivatives. The target compounds were synthe-
sized in ve steps, the starting material with commercial ethyl-
enediamine (compound 241). The rst step was to prepare
a single N-Boc protected diamine (compound 242) in methanol
with ethylenediamine and di-tert-butyldicarbonate according to
a method in the literature, in a yield of 65%. The second step of
the reaction is the key step to compounds 242 and (5Z) 5-[(1,3-
benzodioxo-5-yl) methylene]-3-methyl-2-ethylsulfanyl-3,5-
dihydroimidazol-4-one with a microwave irradiation synthesis
used to generate the intermediate compound 243 (yield 69%).
The reaction was carried out for 2 h at 105 �C to achieve good
conversion. In the third step, the protection group of compound
243 was removed, meaning that the N-Boc group was cracked.
Compound 243 was treated with acetyl chloride and methanol in
acetonitrile at room temperature, and a high yield of compound
244 (yield 98%) could be obtained by effective deprotection. In
the fourth step, compound 244 was reacted with substituted
benzaldehyde in methanol, and triethanolamine was used as the
catalyst for the reaction. Compounds 245–252 were obtained
aer reaction at 50 �C for 24 h, reaching yields of 63–81%. In the
nal step, compounds 245–252 were reacted with NaBH4 in
methanol at 50 �C for 24 h to obtain the target compounds 253–
260 (yield 72–97%). According to this method, the target
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260. Reagents and conditions: (a) (Boc)2O, MeOH, 0 �C, 10 min, then
t3N, MeOH, 50 �C, 24 h; (e) NaBH4, MeOH, 50 �C, 24 h.
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Table 12 The kinases inhibition values

Compounds

IC50 (mM)

CK1 CDK5/p25 GSK-3a/b

244 >100 >100 1.4
245 >100 >100 7.0
246 >100 >100 0.86
247 >100 >100 15.0
248 >100 >100 38.0
249 >100 >100 7.3
253 >100 >100 15.0
254 >100 >100 >10
255 >100 >100 >10
256 >100 >100 >10
257 >100 >100 >10
Leucettamine B >100 >100 >10
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compounds 253–260 were prepared in ve steps with a total yield
of 24% to 31%. This synthesis route is relatively simple to use, the
reagents used are cheap and easy to obtain, and the yield is
moderate to good, laying a foundation for its future industriali-
zation. At the same time, the new method of microwave irradia-
tion synthesis used in this synthesis route greatly reduced the
reaction time and increased the reaction yield. During the bio-
logical activity study, the group tested the target compounds 253–
260, intermediate compound 244 and 245–252 in vitro for three
protein kinases associated with Alzheimer's disease (Table 12).
The protein kinases include casein kinase 1a/b (CK1a/b), cyclin-
dependent kinase 5 (CDK5)/p25 and glycogen synthase kinase 3a/
b (GSK-3a/b). In vitro biological activity test results showed that
some marine alkaloid lucettamine B analogues have moderate to
strong inhibitory activity of GSK-3a/b, with IC50 values of between
0.86 and 38 mM. The intermediate compound 246 with an IC50 of
0.86 mM, which inhibited GSK-3a/b, was the most active of the
compounds tested. These compounds showed poor CK1a/b and
CDK5/p25 inhibitory activity compared with GSK-3a/b inhibitory
activity; obviously the good selective inhibition of GSK-3a/
b exists. The target compounds 253–257 were product obtained
from the addition reaction on the basis of the intermediate
compounds 245–249, but it was found in the activity test results
that with the addition of the imine group, the inhibitory activity
on GSK-3a/b was lost. Aer the comparison of the activity test
results of compounds 253–257, a drug SAR was established. The
results of SAR showed that the types of substituents and the
positions of the substituents on the phenyl groups had certain
effects on the biological activity. At the same time, the interme-
diate compound 244 showed high inhibitory activity to GSK-3a/b,
with an IC50 of 1.4 mM, and a good selective inhibitory effect. The
amino group in the aminoalkyl chain of compound 244 was
replaced, and it retained good inhibitory activity, meaning that it
can be further modied as a skeleton structure (the lead
compound) for the discovery of novel selective GSK-3a/b inhibi-
tors. In general, according to the available data, compound 246
could be used as a selective GSK-3a/b inhibitor for further in vivo
activity evaluation and pharmacokinetic property studies.

RETR
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3. Conclusions and prospects

Many types of compounds with biological activity have been
extracted and separated from marine organisms, with marine
alkaloids being some of the earliest compounds studied. In
vitro or in vivo biological activity screening of marine alka-
loids has shown that these compounds have diverse biolog-
ical activities, including anti-tumor, anti-fungal, anti-viral,
anti-malaria, anti-osteoporosis, and other biological activi-
ties, with the anti-tumor activity being studied in depth. With
the increasing interest in the research of marine drugs,
marine alkaloids have a promising future and may be further
converted into anti-tumor, anti-viral, and anti-fungal clinical
drugs or lead compounds. The amounts of these compounds
that can be separated are limited, and it is easy to damage the
marine organism environment. In addition, these lead
compounds have the disadvantages of high cytotoxicity and
low selectivity, which limit their clinical research potential
and their industrial development. Therefore, marine alkaloid
derivatives or analogues with new structures have been
designed by applying modern drug design concepts to the
structural modication of lead compounds, and these
compounds were obtained via efficient classical or modern
methods of chemical synthesis. In the activity screening,
these marine alkaloid derivatives or analogues also show
biological activity diversity and could make up for the short-
comings of natural marine alkaloids. This has become a focus
of research. This work systematically reviewed the recent
advances in marine alkaloid derivatives and analogues in the
eld of medical chemistry over the last 10 years (2010–2019).
In the review process, we divided marine alkaloid derivatives
and analogues into ve types from the perspective of biolog-
ical activity, including research into anti-tumor, anti-
malarial, anti-bacterial, anti-viral (HCV), and other types,
and specically elaborated on these activities. We discussed
the optimization process, chemical synthesis, biological
activity evaluation and SAR of each type of compound. On this
basis, we evaluated the synthesis route of each type of
compounds, so as to provide a necessary reference for the
future optimization of these processes. The SAR may provide
a reasonable approach for the design and development of
novel marine alkaloid derivatives or analogues. It is an
important way to obtain lead compounds from marine alka-
loids and it is very promising to obtain a large number of
derivatives and analogues via structural modication. These
derivatives and analogues have diverse biological activity,
which, combined with the SAR, provides a good research
platform for the discovery of new drugs in the future.
Researchers should take advantage of the complex and
special chemical structures and diverse biological activities of
natural marine alkaloids. We should use modern drug design
and synthesis methods to obtain more derivatives and
analogues for activity screening and clinical research. As
a result, the earlier these marine alkaloid derivatives and
analogues enter the market, the better they will serve the
public to prevent and treat diseases.
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A. Montalbano, P. Barraja, L. Tesoriere, M. A. Livrea,
P. Diana and G. Cirrincione, Mar. Drugs, 2015, 13, 460–492.

71 B. Parrino, A. Carbone, G. D. Vita, C. Ciancimino,
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B. Parrino, V. Spanò, A. Lopergolo, S. Sbarra, V. Doldi and
N. Zaffaronil, Curr. Med. Chem., 2014, 21, 1654–1666.

79 V. Stonik and S. Fedorov, Mar. Drugs, 2014, 12, 636–671.
80 D. T. Youssef, L. AShaala, G. AMohamed, J. M. Badr,

F. H. Bamanie and S. R. Ibrahim, Mar. Drugs, 2014, 12,
1911–1923.

81 J. R. Pereira, F. F. Hilário, A. B. Lima, M. L. Silveira,
L. M. Silva, R. BAlves, R. P. Freitas and F. P. Varotti, Prev.
Nutr., 2012, 2, 145–148.

82 P. AMachado, F. F. Hilário, L. O. Carvalho, M. L. Silveira,
R. B. Alves, R. P. Freitas and E. S. Coimbra, Chem. Biol.
Drug Des., 2012, 80, 745–751.

83 G. Iannolo, C. Conticello, L. Memeo and R. Maria, Critical
Reviews in Oncology/Hematology, 2008, 66, 42–51.

84 D. Rossi and G. Gaidano, Haematologica, 2003, 88, 212–218.
85 I. Decordier, L. Dillen, E. Cundari and M. K. Volders,

Mutagenesis, 2002, 17, 337–344.
86 I. Decordier, E. Cundari and M. K. Volders, Mutagenesis,

2005, 20, 173–179.
87 A. M. Gonçalves, A. B. Lima, M. C. Barbosa, L. F. Camargos,

J. T. Oliveira, C. S. Barbosa, J. A. Villar, A. C. Costa,
I. V. Silva, L. M. Silva, F. P. Varotti, F. V. Santos and
G. H. Viana, Mar. Drugs, 2014, 12, 4361–4378.

88 K. H. Khan, M. B. Codesido and L. R. Molife, Critical
Reviews in Oncology/Hematology, 2013, 90, 200–219.

89 M. K. Volders, T. Sofuni, M. Aardema, S. Albertini,
D. Eastmond, M. Fenech, M. Ishidate, S. Kirchner,
E. Lorge and T. Morita, Mutat. Res., Genet. Toxicol.
Environ. Mutagen., 2003, 540, 153–163.

90 R. A. Hill, Annu. Rep. Prog. Chem., Sect. B: Org. Chem., 2005,
101, 124–136.

ACTE
D

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05856d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
4:

20
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
91 Y. Nakao and N. Fusetani, J. Nat. Prod., 2007, 2007(70), 689–
710.

92 M. Chittchang, P. Batsomboon, S. Ruchirawat and
P. Ploypradith, ChemMedChem, 2009, 4, 457–465.

93 S. Mabuchi, T. Hisamatsu, C. Kawase, M. Hayashi,
K. Sawada, K. Mimura, K. Takahashi, T. Takahashi,
H. Kurachi and T. Kimura, Clin. Cancer Res., 2011, 17,
4462–4473.

94 M. Sugumaran and W. E. Robinson, Mar. Drugs, 2010, 8,
2906–2935.

95 H. Fan, J. Peng, M. T. Hamann and J. F. Hu, Chem. Rev.,
2008, 108, 264–287.

96 M. Tsuda, K. Nozawa, K. Shimbo and J. Kobayashi, J. Nat.
Prod., 2003, 66, 292–294.

97 L. V. Frolova, I. V. Magedov, A. E. Romero, M. Karki,
I. Otero, K. Hayden, N. M. Evdokimov, L. M. Y. Banuls,
S. K. Rastogi, W. R. Smith, S. L. Lu, R. Kiss, C. B. Shuster,
E. Hamel, T. Betancourt, S. Rogelj and A. Kornienko, J.
Med. Chem., 2013, 56, 6886–6990.

98 R. Scott, M. M. R. Karki, M. R. Reisenauer, R. Rodrigues,
R. Dasari, W. R. Smith, S. C. Pelly, W. A. Otterlo,
C. B. Shuster, S. Rogelj, I. V. Magedov, L. V. Frolova and
A. Kornienko, ChemMedChem, 2014, 9, 1428–1435.

99 D. J. Newman and G. M. Cragg, J. Nat. Prod., 2007, 70, 461–
477.

100 K. H. Attmann and J. Gertsch, Nat. Prod. Rep., 2007, 24, 327–
357.

101 M. F. Mehbub, J. Lei, C. Franco and W. Zhang, Mar. Drugs,
2014, 12, 4539–4577.

102 S. Nag, D. H. Nadkarni, J. J. Qin, S. Voruganti, T. Nguyen,
S. Xu, W. Wang, H. Wang, S. E. Velu and R. Zhang, Mol.
Cell. Pharmacol., 2012, 4, 69–81.

103 F. M. Deane, E. C. Sullivan, A. R. Maguire, J. Gilbert,
J. A. Sakoff, A. M. Cluskey and F. O. Carthy, Org. Biomol.
Chem., 2011, 11, 1334–1344.

104 G. Lang, A. Pinkert, J. W. Blunt and M. H. Munro, J. Nat.
Prod., 2005, 68, 1796–1798.

105 J. Ponder, B. H. Yoo, A. D. Abraham, Q. Li, A. K. Ashley,
C. L. Amerin, Q. Zhou, B. G. Reid, P. Reigan and
R. Hromas, Mar. Drugs, 2011, 9, 2397–2408.

106 L. M. West, P. T. Northcote and C. N. Battershill, J. Org.
Chem., 2000, 65, 445–449.

107 S. Boucle, C. Melin, M. Clastre and J. Guillard, Mar. Drugs,
2001, 513, 655–665.

108 A. Martins, H. Vieira, H. Gaspar and S. Santos, Mar. Drugs,
2014, 12, 1066–1101.
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