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aporphine alkaloids (AAs), as an important class of isoquinoline alkaloids, exert a strong anticancer effect
on multiple cancer types.
Aim of review: This review aims to comprehensively summarize the phytochemistry, pharmacokinetics,

Keywords: and bioavailability of seven subtypes of AAs and their derivatives from various plants and highlight their
Aporphine alkaloids anticancer bioactivities and mechanisms of action.
Anticancer Key Scientific Concepts of Review.
PhytOChem.lStry The chemical structures and botanical diversity of AAs are elucidated, and promising results are high-
Pharmacokinetics . . R . . Lo . . .
Application lighted r.egardlng the pot.ent antlcancgr activities of AAs and th.elr derivatives, contrll.)utu?g to thel.r phar-
macological benefits. This work provides a better understanding of AAs and combinational anticancer
therapies involving them, thereby improving the development of functional food containing plant-
derived AA and the clinical application of AAs.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction Natural compounds are considered as promising strategies for

Cancer has become globally public health and economic prob-
lems caused by its serious morbidity and mortality. In 2022,
approximately 4.8 million and 2.3 million new cancer cases, and
3.2 million and 0.6 million cancer deaths occurred in China and
the USA, respectively [1]. Apart from the genetic risks, epidemio-
logical studies showed that lifestyle, including smoking, excessive
alcohol consumption, unhealthy dietary pattern, and physical inac-
tivity, is associated with high cancer risk [2,3]. As the field has
evolved in cancer research and understanding in recent years, ther-
apeutic options for cancer treatment include surgery, chemother-
apy, and radiotherapy, which are accompanied by many side
effects, such as incomplete removal of the tumor, metastasis devel-
opment, recurrence, chronic pain and drug resistance. Researchers
are now focusing on the use of natural phytochemicals, which
show beneficial effects on cancer prevention and treatment with
low toxicity [4-6].
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cancer and inflammatory diseases [7-9]. The discovery of phy-
totherapy dates back to ancient Mesopotamia about 2,600 BCE.
From 1980s, natural product drugs of the global approved antitu-
mor drugs accounts for 33.5 % [7,10]. Notably, alkaloids have
attracted tremendous attention due to their wide clinical applica-
tion. For example, Taxol/paclitaxel, as a diterpene alkaloids derived
from the bark of the yew tree Taxus brevifolia Nutt., was approved
as chemotherapy drug in 1993 for treatment of various cancers
including breast, ovarian, pancreatic and prostate cancer [10-12].
Besides, natural alkaloids such as vinblastine and vincristine, and
their derivatives vindesine and vinorelbine are anticancer drugs
in clinic, showing bioactivities against neoplasms, chorio carci-
noma hodgkins disease and non small cell bronchial carcinoma
[10,13].

Aporphine alkaloids (AAs, also called aporphinoids) are a class
of isoquinoline alkaloids generally characterized by a tetracyclic
aromatic basic N-containing skeleton (shown in Fig. 1) [14]. AAs
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are secondary metabolites found common throughout the plant
kingdom, including Nymphaeaceae, Ranunculaceae and Annona-
ceae [15-17]. The applications of AAs in clinic dates back to the
Qin and Han Dynasties, known as preventing fevers and insomnia
with dietary herbal medicines such as lotus leaf, as recorded in
“Shennong Bencao Jing” [18]. Actually, different active AAs has been
identified and explored (shown in Table 1). AAs significantly inhib-
ited the initiation, development and metastasis of tumor by regu-
lating cellular functions and immune response, such as
perturbation of cell cycle, programmed cell death and pro-
inflammatory cytokines [2,19-21]. AAs also play the key role in
inhibiting the cancer cell proliferation through glycolytic pathway
[22].

The relationship between the structure and bioactivities, espe-
cially anticancer effects, as well as the potential mechanisms of
AAs are not well summarized because of the diversity of their
chemical structures. This review summarizes the basic information
of AAs, including their structures, botanical origins, and pharma-
cokinetics, as well as their anticancer activities and the mecha-
nisms of action, to provide a theoretical basis in the application
of AAs in clinical practice and food industry.

All available information on AAs was collected from scientific
databases, including PubMed, Web of Science, ScienceDirect, Sco-
pus, Springer, ACS, Wiley, and Google Scholar. The search terms
used for this review included aporphine alkaloids, phytochemistry,
pharmacokinetics, toxicity, anticancer, antitumor, and mechanism.
The screening process of all papers primarily relied on reviewing
their titles and abstracts and only articles in English were consid-
ered for inclusion in this review. Inclusion criteria were phyto-
chemical property, clinical, in vivo, and in vitro researches on
pharmacokinetics, toxicity, anticancer activities and mechanism.
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Exclusion criteria encompassed studies that focused on synthetic
products or did not directly address the topic.

The phytochemistry of AAs
Structural diversity of AAs

AAs are mainly classified into seven subtypes based on various
substitution and planar conformations, such as simple aporphines,
oxoaporphines, oxoisoaporphines, dehydroaporphines, proapor-
phines, aristolactams, and phenanthrene-type alkaloids (Fig. 1).
Simple aporphines are the most common subclasses of AAs, with
a 5,6,6a,7-tetrahydro-4H-dibenzo|de,g]quinoline core, accompa-
nied by various substitution groups at various positions (including
hydroxyl, methoxy, methylenedioxy, and carbonyl group) [16].
Nitrogen is actively substituted with groups, including methyl or
aldehyde, or cyanide (Fig. 1A). Among them, the N-methyl and
N-(2-hydroxypropyl) substitution groups on the basic skeleton of
simple aporphines, such as nuciferine and (+)-N-(2-
hydroxypropyl) lindcarpine, are beneficial groups in terms of cyto-
toxicity on cancer cells [23]. Apomorphine, a semi-synthetic drug
currently used to treat Parkinson’s disease, has one tertiary amine
(aliphatic) and two aromatic hydroxyls, which is produced by
reacting morphine with ZnCl, or hydrochloric acid. Moreover, the
structural modifications of simple aporphines have attracted
researchers’ attention and new lead molecules containing a C10
nitrogen motif are synthesized and acting as the neurotransmitter
serotonin receptors to resolve neuropsychiatric conditions [24].

Oxoaporphines and oxoisoaporphines are the derivatives of 1-
azabenzanthrone that is composed of an aromatic quinoline ring
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Fig. 1. The basic skeleton of AAs, involving simple aporphines (A), oxoaporphines (B), oxoisoaporphines (C), dehydroaporphines (D), proaporphines (E), aristolactams (F), and

phenanthrene (G) alkaloids.
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Table 1
Natural sources of AAs with anticancer activity.
Botanical family Plant name Aporphine type Compound name Parts Content (mg/kg) Ref.
Nymphaeaceae Nelumbo nucifera Simple aporphines anonaine leaves 33 [41]
Gaertn (called lotus) asimilobine 2.7
caaverine 2.7
N-methylasimilobine 10.7
nuciferine 133
nornuciferine 113
roemerine 4.0
oxoaporphines liriodenine 2.7
lysicamine 10.0
dehydroaporphines 7-hydroxydehydronuciferine 8.0
cepharadione B 10.0
simple aporphines nuciferine flower buds 422 [34]
nornuciferine 7.7
N-methylasimilobine 17.5
asimilobine 9.7
proaporphines pronuciferine 15.2
simple aporphines nuciferine leaves and flower buds 74.8 ~ 92.2; 148 ~ 203.3 [42]

Ranunculaceae

Thalictrum wangii

Thalictrum foetidum

Thalictrum cultratum

oxoaporphines
proaporphines
dehydroaporphine

simple aporphines

oxoaporphines

proaporphine
simple aporphines

oxoaporphines

dehydroaporphine

dimeric aporphine alkaloids

N-nornuciferine

N-methylasimilobine

N-methylasimilobine N-oxide

nuciferine N-oxide

asimilobine

(-)-lirinidine

lysicamine

pronuciferine

dehydronuciferine
2-hydroxy-1-methoxy-6a,7-dehydroaporphine
(+)-8-(4'-formylphenoxy)glaucine
(+)-8-(4'-hydroxymethylphenoxy)glaucine
(+)-3-methoxy-8-(4’-formylphenoxy)glaucine
1,2,3,9,10-pentamethoxy-11-(4’-formylphenoxy)-7-oxoaporphine
1,2,9,10-tetramethoxy-11-(4’-formylphenoxy)-7-oxoaporphine
10-0O-acetyl prodensiflorin A

(-)-9-(2’-methoxycarbonyl-5’, 6'-dimethoxyphenoxy)-1, 2, 3, 10- roots
tetramethoxy aporphine

(-)-2’-methoxycarbonyl thaliadin

(-)-9-(2’-methoxyethyl-5', 6’-dimethoxyphenoxy)-1, 2, 3, 10-

tetramethoxy aporphine

(-)-3-methoxy hydroxyhernandalinol

thaliadine

9-(2'-formyl-5’, 6'-dimethoxyphenoxy)-1, 2, 3, 10-tetramethoxy
oxoaporphine

3-methoxy-2'-formyl oxohernandalin

9-(2'-formyl-5’, 6'-dimethoxyphenoxy)-1, 2, 3, 10-tetramethoxy
dehydroaporphine

3-methoxydehydrohernandaline

thalicultratine roots
thalifaronine

thalifaberine

thalifabatine

dehydrothalifaberine

thalibealine

whole plants

2.6;11.2 ~ 1344
313.3; 6.6 ~ 40

3.7; -

24.6 ~ 45.2; -

165.6; -

8.0; 3.3

3.3 ~464; 36.5 ~ 102
9.2; 25.6 ~ 56

4.3; -

3.2; -

25 [134]

6.0 [93]

04 ~ 175 [36]
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Table 1 (continued)

Botanical family Plant name Aporphine type Compound name Parts Content (mg/kg) Ref.
Annonaceae Fissistigma glaucescens simple aporphines (+)-nornuciferine stems 1.4 [43]
(Hance) Merr norisocorydine 1.5
laurotetanin 1.8
oxoaporphines Aporaloid 1.2~13
oxoxylopin 15.3
micheline B 23
dehydroaporphines norcepharadione 8.6
Enicosanthellum oxoaporphines liriodenine roots 80 [25]
pulchrum (King)
Heusden
Pseuduvaria trimera oxoaporphines 8-hydroxyartabonatine C (6a,7-dehydro-1,4,5-trimethoxy-7- leaves and twigs 52.0 [135]
(Craib) oxoaporphine)
dehydroaporphines ouregidione 12.6
Xylopia laevigata simple aporphines (-)-Roemerine stems 2.7 [101]
(+)-Anonaine 5.0
(+)-Glaucine 0.7
(+)-Xylopine 9.6
(+)-Norglaucine 5.9
Asimilobine 0.5
(+)-Norpurpureine 3.1
(+)-N-methyllaurotetanine 3.9
(+)-Norpredicentrine 5.1
(+)-Calycinine 1.1
(+)-Laurotetanine 5.9
oxoaporphines Lanuginosine 3.6
Oxoglaucine 5.9
Goniothalamus laoticus simple aporphines (—)-nordicentrine flowers 17.9 [136]
Lauraceae Ocotea acutifolia (Nees) simple aporphines (+)-6S-ocoteine N-oxide leaves and trunk barks 50.0 [137]
Mez. norocoxylonine 13.0
(+)-6S-dicentrine N-oxide 10.0
(+)-ocoteine 42.0
(+)-ocoxylonine 14.0
O-methylcassyfiline 14.0
(+)-dicentrine 20.0
leucoxine 14.0
(+)-thalicsimidine 8.0
(+)-isodomes ticine 12.8
neolitsine 10.6
oxoaporphines halicminine 30.0
Dehaasia simple aporphines boldine barks 5.0 [138]
longipedicellata norboldine 5.0
papaveraceae Dicranostigma simple aporphines Isocorydione whole plants 1250 [35]

leptopodum (Maxim)
Fedde

(continued on next page)
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Table 1 (continued)

Ref.

Content (mg/kg)

1.2

Parts

Compound name

Aporphine type

Plant name

Botanical family

[127]

leaves

oxostephanine

oxoaporphines

Stephania dielsiana Y.C.

Wu

Menispermaceae

[139]

40.2
52

leaves

simple aporphines crebanine

oxoaporphines

Stephania venosa

oxostephanine
thailandine

(Blume) Spreng

26.2

11.0

8.9

4,5-dioxo-dehydrocrebanine
dehydrocrebanine (2)

stephanine 3
crebanine 4

dehydroaporphine

[140]

375

tubers

simple aporphines

Stephania venosa
(Blum) Spreng

58.3

91.7

O-methylbulbocapnine 5
dehydrocrebanine 1
magnoflorine

55.8

dehydroaporphine

[40]

388.8

stems and rhizomes

simple aporphines
oxoisoaporphines

Sinomemium acutum

dauriporphine
bianfugecine

dauriporphinoline
menisporphine

[40]

0.2

stems

(+)-laurelliptinhexadecan1-one

simple aporphines

Formosan Cocculus

orbiculatus

0.2

(+)-laurelliptinoctadecan-1-one

magnoflorine
anonaine

[39]

33
2.2

leaves

simple aporphines

Magnolia grandiflora L.

39
22

lanuginosine
liriodenine

oxoaporphines
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attached to a tetralone unit. Unlike simple aporphines, oxoaporphi-
nes, and oxoisoaporphines have an aromatic N-containing ring and
a carbonyl group at C7 position in the tetracyclic skeleton (Fig. 1B
and C) [16]. According to studies on oxoaporphines activity, both
liriodenine and dicentrinone have strong anti-protozoal and anti-
cancer activities, suggesting that the oxo-group and 1, 2-
methylenedioxy group are the key factors in the action of alkaloids
[25]. Although the oxo-group highly improves the conjugation sta-
bility of oxo-AAs, a series of new derivatives, which contain a sub-
stitution of various amide groups at C4 and C5 position, are
synthesized to enhance their cytotoxicity and inhibit bioactivity
of topoisomerase [26]. Besides carbonyl substitution at the C7
position, hydroxyl or methoxy groups are sometimes present,
known as 7-oxygenated aporphines.

Different from the precedent subtypes, dehydroaporphines
have a 5,6-dihydro-4H-dibenzo [de, g] quinoline core with a dou-
ble bond between C6a and C7 obtained through dehydrogenation,
which provides sufficient nucleophilicity to dehydroaporphines for
the introduction of carbon substituents (Fig. 1D) [16]. Interestingly,
the study of the compounds didehydroglaucine and dehydrocreba-
nine revealed that the double bond at C6a and C7 plays a critical
role in increasing cytotoxicity besides of the 1,2-methylenedioxy
group [16]. Moreover, the substitution of the methyl (C1, C2),
methoxy (C9, C10), and aldehyde group (nitrogen) at various posi-
tions of the dehydroaporphines forms an amidic dehydroapophine,
which possesses wide pharmacological activity in vivo and in vitro.

Proaporphines are the biogenetic precursors to some specific
AAs and are characterized by a new skeleton of an isoquinoline
part fused to a pentacyclic ring and then sequentially connected
to a benzyl part through a spiro carbon. Proaporphines generally
show a substitution by hydroxyl, methoxy and methyl group at
C1, C2, C10 position, and the methyl at N-atom occasionally forms
double bonds through dehydrogenation, as shown in Fig. 1E by a
dotted line. The naturally occurring proAA stepharine, which pos-
sesses antihypertensive activity and sedative effect, has 1,2-
methoxy and carbonyl groups at C10 position, double bonds at
C8 and (9, as well as C10 and C12 [27]. Nowadays, more natural
proaporphines are consecutively extracted and identified from
the plant kingdom, such as cissamaline, cissamanine, and cis-
samdine, isolated from the leaves and stems of Cissampelos capen-
sis, consisting of three ring systems with various substitution
groups at C1, Cla, C2, and nitrogen [28].

The basic skeleton of aristolactams (also called aristololactams)
shows similarity to that of simple aporphines but with a unique
structure in the N-containing ring (Fig. 1F). As a variety of aris-
tolochic acid analogues, aristolactams have a phenanthrene chro-
mophore and exert more potent bioactivities than aporphines
due to the presence of the lactam group (typical -CONH- structure)
at the N-containing ring [29]. It is well known that aristolactam
alkaloids are not confined to the Aristolochiaceae, such as com-
pounds identified in Fissistigma species (Annonaceae), including
aristolactam All, BII, and FII, which are substituted by a methoxy
group at C1 and/or C2 position, and by a hydroxyl group at C2
and/or C9 position. Aristolactam alkaloids are further classified
into four categories according to the difference in oxygenation pat-
tern: dio- (such as 10-Amino-2,4-dimethoxy-phenanthrenel-car
boxylic acid lactam 1), trio- (such as 10-Amino-1-carboxy-3,4-di
methoxy-6-hydroxyphenanthrene lactam N-B-D-
glucopyranoside), tetrao- (such as aristolamide-N-hexoside), and
pentao-xygenated (such as 7-Methoxyaristolactam IV) aristolac-
tams. Most of these compounds possess antitumor activities
against human cancer cells [29].

Fig. 1G shows the basic skeleton of phenanthrene-type alka-
loids, which have an N-containing side chain with various substitu-
tions. The phenanthrene-type alkaloids are generally replaced by
hydroxyl and methoxy groups in the aromatic rings (known as
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electrophilic substitution reaction). The phenanthrene alkaloid
atherosperminine is characterized by a methoxy substitution in
C1 and C2 position, and two methyl groups in the N-atom, confer-
ring the ability to strongly inhibit arachidonic acid-induced plate-
let aggregation [30]. The phenanthrene-type alkaloids originated
from the same plants may have a similar structure, such as the
compound atherosperminine, 2-hydroxyathersperminine, and
noratherosperminine, which are isolated from the bark of Crypto-
carya nigra and consistently presenting a substitution by methoxy
groups at C1 and C2, although they are distinguished by the pres-
ence of a hydroxyl group at C3, and methyl groups at the N-atom
[31].

However, the basic skeletons of AAs are not limited to those in
Fig. 1A-G, for example, compound taspine that has a dilactonic, ter-
tiary amine structure and dimethylaminoethyl side-chain, Besides
carbonyl substitution at the C7 position, hydroxyl or methoxy
groups are present, known as 7-oxygenated aporphines [32].
Besides, Ali et al. obtained a set of dimeric AAs, which consist of
two aporphinoid units through either an ether or less frequently
a C-C bond, such as dehatriphine with isocorydine and N-
methyl-laurotetanine units with an ether linkage [33]. Therefore,
AAs exhibit structural diversity, which is helpful in developing
clinical drugs to combat various cancers based on the original nat-
ural compounds (Fig. 2).

Botanical sources of AAs

AAs are primarily distributed within the families of Annona-
ceae, followed by Ranunculaceae, Nymphaeaceae, Lauraceae,
papaveraceae, Menispermaceae and Magnoliaceae, which include
various Chinese medicinal plants such as Nelumbo nucifera Gaertn
[34], Thalictrum foetidum [35], and Thalictrum cultratum [36,37].
Notably, AAs, such as nuciferine, pronuciferine, and dehydronu-
ciferine, are potential characteristic ingredients in Nymphaeaceae
(especially in lotus), while isocorydione is exclusively detected in
Papaveraceae compared to other families. This indicates variations
in compound distribution among different botanical families
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(Table 1). Furthermore, the content of compounds isolated from
various plants or plant parts differs significantly. For instance, liri-
odenine, as an 0xoAA, is more abundant in the roots of Enicosan-
thellum pulchrum (King) Heusden (80 mg/kg) than in other plants
(<11 mg/kg) [25,38,39], and magnoflorine as a simple AA is richer
in the stems and rhizomes of Sinomemium acutum (388.8 mg/kg)
than in the leaves of Magnolia grandiflora L. (3.3 mg/kg) [39,40].
Table 1 shows that the simple AA nuciferine is present in higher
content in the flower buds (42.2 mg/kg) than that in the leaves
(11.3 mg/kg) of N. nucifera Gaertn (called lotus), and the results
are consistent with those of Nakamura et al. (148 ~ 203.3 mg/kg
in flower buds and 74.8 ~ 92.2 mg/kg in leaves) [34,41,42]. To date,
the structural compositions of new AAs from different plant parts
have been widely reported, providing sufficient information for
the identification and the discovery of new drugs, highlighting
the biological diversity and pharmacological value of these natural
products.

Extraction, purification, and identification of AAs

Considering the promising pharmacological effects of AAs from
different plants, efficient extraction, purification, and identification
of AAs are critical for research and application. Many strategies
have been established not only classical approaches, but also green
extraction techniques (Fig. 2).

The classical approach for AA extraction from the plants usually
use organic solvents. Plant grounds into powder and macerated
with organic solvents including methanol, ethanol, n-hexane or
ethyl acetate. Macroporous adsorption resin is employed to enrich
the crude extracts followed by dissolving in acidic solution, nor-
mally hydrochloric acid or acetic acid, to solubilize the alkaloids
[43]. The extraction efficiency of AAs with organic solvent is
impacted by parameters, such as solvent, temperature, pressure,
and extraction time. Considering that AAs are a group of com-
pounds sensitive to both light and heat, these factors present nota-
ble challenges during the extraction procedure [37]. Following
extraction using acidic and basic solutions, the crude AAs extracts

* Organic solvent extraction assisted with
novel technologies (ILMAE, UAE-SPE,
NADES)

* Removing the water-soluble substances

Evaporation ,
i [ﬁ

e

» Dissolving in acid solution, subsequently ACidiﬁcationi Alkalization
basifying with NH,OH to pH 8-10

* Removing fat and protein

* Improving the extraction yield of AAs

'

<

* Purifying by column chromatography
with  CHCl;, methanol, (Et),NH,
petroleum ether or EtOAc, n-hexane,
H,O gradient system

)

NMR, HR-ESI/MS, FT-IR spectrum

Novel technologies: [ISCCC

Fig. 2. The plant species and schematic representation of the extraction, purification, and identification of AAs. ILMAE: ionic liquids-based microwave-assisted extraction;
UAE-SPE: ultrasonic-assisted extraction-solid phase extraction; HSCCC: high-speed counter-current chromatography; NADES: natural deep eutectic solvents.
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are subjected to silica gel column chromatography with gradient
elution, commonly involving CH,Cl,-MeOH, CHCl3-MeOH, CHs-
COOCH3-MeOH, MeOH-H,0 and petroleum ether-CH3COOCH3 gra-
dient system [25]. The choice of eluents in chromatography is
determined by the polarity of AAs. Identification is performed by
using semi-preparative high-performance liquid chromatography
(HPLC) in combination with spectroscopic assays, such as hydro-
gen nuclear magnetic resonance (H NMR), carbon-13 nuclear mag-
netic resonance (>C NMR), high-resolution electrospray ionization
mass spectrometry (HR-ESI/MS), and fourier-transform infrared
spectroscopy (FT-IR).

Moreover, the potential of green extraction techniques as an
alternative to traditional extraction approaches has been exten-
sively explored. One green extraction strategy is the use of non-
toxic solvents, such as natural deep eutectic solvents (NDES) and
supercritical carbon dioxide (Sc-CO,). NDES have gained increasing
attention benefited from their simple preparation, low cost,
biodegradability, sustainability, high solubilization power and
acceptable pharmaceutical toxicity [44-46]. Menthol-camphor
and menthol-thymol NDES mixtures yielded high amounts of che-
lidonine (35 %), berberine (76 %), and coptisine (180 %) compared
with control extractants (water and methanol) in the extraction
of Chelidonium majus plant [45]. Besides, the boldine extraction
with proline-oxalic acid NDES mixture is eight-times more effi-
cient than methanol in Peumus boldus Mol., (Monimiaceae) [46].
Choline chloride-fructose NDES mixture demonstrated a total alka-
loidal extraction capacity of 2.43, 2.25 and 2.38 times than that of
ethanol, methanol and water, respectively [47]. Sc-CO, is com-
monly used in supercritical fluid extraction (SFE) due to its gas-
like and liquid-like properties, selectivity in extracting specific
compounds and can be easily removed by depressurization
[48,49]. In recent years, Sc-CO, extraction is used to obtain the
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alkaloids from plants, such as Sophora moorcroftiana, N. tabacum
leaves and Camellia sinensis (L.) Kuntze [50-52].

Other green extraction strategies are extraction combined with
innovative technologies including ionic liquids-based microwave-
assisted extraction (ILMAE), ultrasonic-assisted extraction-solid
phase extraction (UAE-SPE), and pressurized liquid extraction
(PLE) [52-55]. Ionic liquids have been successfully applied in
two-phase systems extraction due to their unique properties of
negligible vapor pressure and volatility, high thermal stability
and ease of handling. In the alkaloids extraction from lotus leaves,
the application of ILMAE, specially 1-hexyl-3-methylimidazolium
bromide as the ionic liquids, resulted in 26 % enhancement in effi-
ciency and reduction in extraction time (from 2 h to 2 min) com-
pared to the regular MAE technique [56]. UAE has been
frequently assisted with various extraction solvents while UAE-
SPE is successfully applied in production of high purity nuciferine
with a purity over 98.5 % from lotus leaves [57]. Pretreatment such
as concentration or re-dissolving before SPE is not required, and
waste solvents from SPE can be used as UAE extractants without
purification, resulting in significant energy and emission reduc-
tions [57]. Under high temperature and pressure conditions, the
use of PLE effectively improves the compounds solvation and diffu-
sion rates, simultaneously shorts the extraction time and reduce
the solvent consumption [58]. PLE is generally targeted at polar
compounds extraction and has been successfully used to extract
alkaloids, such as caffeine and theobromine from cocoa shell [59].

Pharmacokinetics of AAs

The pharmacokinetics of AAs has attracted considerable scien-
tific attention due to the multiple bioactivities of AAs identified

e Most of AAs have V> 50 L’kg
Widcly distributed in the lung, heart,
splcen, kidney
* Exert various
specific organs

bioactivity targeted
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pathway

Phasc 1T
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pathways

N

Fig. 3. The absorption, distribution, metabolism, and excretion properties of AAs. AAs: aporphine alkaloids; AhR: the aryl hydrocarbon receptor; Cpyax: maximum plasma
concentration; CL: clearance rate; CYP: cytochrome P450; F: oral absolute bioavailability; PXR: the pregnane X receptor; Tnax: time to reach concentration peak; Ty:
terminal elimination half-life; UGT: uridine diphosphate glycosyltransferase; V4: apparent volume of distribution.
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Table 2

Pharmacokinetic parameters of AA in various models.

Name Model Dose Treatment Cmaxng/mL Tmax  Tip2 AUCf)h*ng/mL AUCy h*ng/mL CLL/ Val/kg F/%  Ref
(h)  (h) kg/h
apomorphine PD Patients 2-4 mg/kg oral once daily for 6.9-9.6 (2 mg/kg); 1-2 0.6- - 2.3-2.6 (2 mg/kg); - - - [141]
(no smoking, 30- 1-5 days 12-19.3 (3 mg/kg); 0.7 4.5-7.1 (3 mg/kg);
85 years old, 14.9-28.1 (4 mg/kg) 5.7-8 (4 mg/kg)
BMI = 18-32 kg/m?)  20-30 mg/kg sublingual film 4.3-11.2 0.6- 1.1- 7.2-22.8 7.2-22.8 - - [60]
0.8 1.2
PD Patients (males or  3-5 mg/kg subcutaneous 6 (3 mg/kg); 10.3 03- 1.0- 74-16 7.4-16 - - 98
females > 18 years injection (4 mg/kg); 12.4 0.4 1.2
old) (5 mg/kg)
3-5 mg/kg subcutaneous 7 (3 mg/kg); 11.5 03- 08- 8-16.7 8-16.7 - - 83
apomorphine (4 mg/kg); 16.8 0.4 1.0
prefilled injection (5 mg/kg)
pen
nuciferine Healthy volunteers 1.28-2.56 g Tangzhiqing single-dose oral 1.6 (1.28 g); 2.1 1.8- 13- 53(1.28¢g); 74 54(1.28¢g); 7.5 - - - [61]
(18-45 years old, tablet (nuciferine as its (1.92¢g); 3.8(256g) 2.0 1.6 (1.92¢g); 133 (1.92 g); 13.3
BMI = 19-24 kg/m?)  pharmacokinetics marker) (2.56 g) (2.56 g)
1.92 g Tangzhiqing tablet oral 3 times/day 24 1.6 19 93 10.5 - = -
for 6 days
SD rat (male, 28.8 mg/kg Single dose oral 317.6 3.5 6.18 2069 2142 - - - [64]
250+ 10¢g)
SD rat (male, 250— 0.2 mg/kg I\% - - 0.6 119 119 1.8 1.5 - [62]
300 g) 2-10 mg/kg single dose oral 13.5 (2 mg/kg); 634  05- 0.8- 41.7 (2 mg/kg); 41.7 (2 mg/kg); 52.5- 57.3-  3.8-
(5 mg/kg); 103 0.9 1.5 118.2 (5 mg/kg); 118.2 (5 mg/kg); 58.6 1124 4.2
(10 mg/kg) 207.1 (10 mg/kg)  207.5 (10 mg/kg)
0.2 mg/kg I\Y% - - 6.6  2022.8 2026.3 0.3 0.9 1.9 [63]
10 mg/kg single dose oral 453 1 6.5 280.6 308.2 64.9 616.2
SD rat (male, 4.5 mg/kg \Y% - 0 2.09 2090 2130 22 9.5 58 [66]
200 + 20 g) 22.5 mg/kg single dose oral 1710 0.9 248 6130 6200 2.2 7.9
N-nuciferine SD rat (male, 2 mg/kg v - 0 3.84 7400 8500 2.6 15.2 80 [66]
200 £ 20 g) 10 mg/kg single dose oral 570 1.65 294 3320 3400 2.4 103
O-nornuciferine SD rat (male, 9.36 mg/kg single dose oral 42.1 2.6 6.67 319.8 335.6 - - - [64]
250+ 10 ¢g) with lotus extract
pronuciferine SD rat (male, 9.41 mg/kg single dose oral 210 4.9 444 2031 2096 - - - [64]
250+ 10 ¢g) with lotus extract
liriodenine SD rat (male, 3.6 mg/kg single dose oral 54.7 5.7 3.77 4151 429 - - - [64]
250+10¢g) with lotus extract
magnoflorine SD rat (male, 5 mg/kg v 24534 - 1.5 2430 24504 21 4.5 23 [72]
200 + 20 g) 15 mg/kg single dose oral 181.5 - 13.2 1645.6 2384.9 8 122.9
10 mg/kg v - - 331 1433 162.9 0.1 - - [142]
10 mg/kg v 3948 - 1.27 2510 2517 4.1 7.5 - [68]
15 mg/kg single dose oral 81.7 113 13 321.1 3343 50.6 1026 89
30 mg/kg single dose oral 145.1 121 1.7 534.3 548 57.1 133.9 7.3
60 mg/kg single dose oral 260 1.04 15 787.5 803.5 76.3 170.1 5.3
30 mg/kg single dose oral 139.3 3 3.6 6782 731.7 429 248.1 9.7
with plant
decoction
wistar rat (male, 6 mg/kg v 8517.80 0.1 0.66 2656 2674.70 2.3 - 3.7 [69]
260 +20 g) 40 mg/kg single dose oral 299.2 033 194 6148 651.7 62.4 -
kunming mice (male  12.02 mg/kg single dose oral - - - 14 - - - - [143]
and female) with plant
decoction

(continued on next page)
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Table 2 (continued)

Ref

/%

VqLl/kg

CLL/
kg/h

AUCy h*ng/mL

AUC{h*ng/mL

T2
(h)

Timax
(h)

Craxng/mL

Treatment

Dose

Model

Name

86 18 [86]

38.96
218.26

52.29

47.77
1.2

50
3.73 406

1.67
0.3

0.08
0.47

100.1

v

2 mg/kg

rat (male, 200 + 20 g)

laurolitsine

1207.6

141

single dose oral

1\%

10 mg/kg
10 mg/kg
30 mg/kg
6 mg/kg

(85]

1.4

1.2

SD rat (male,
230+ 10 g)

isoboldine

19.7
3.8
44

0.05
1631

0.05

0.6

0.31

111

single dose oral

I\%

[41]

84

9.4

1.8
1.6
1.2

0.9

1835
1358

SD rat (male,
200 + 20 g)

roemerine

10.2
4.3

4541

0.2

single dose oral

v

20 mg/kg
2 mg/kg

[70]

24 34
7.2

857.4

831.9

0.03
03

1843.3
2496.8

SD rat (male and

female)

isocorydine

9.3

2865.3

2848.1

single dose oral

20 mg/kg

6-

OdemethylmenisporphineSD rat (male, 230 + 10 g)0.1 mg/kgIV15560.14.541174201--52[71]1 mg/kgsingle dose oral22012.85.121,21521,506---: not detected; PD: Parkinson’s disease; IV: intravenous injection; Cyax:
maximum plasma concentration; Tmayx: time to reach Crax; T1/2: terminal elimination half-life; CL: clearance rate, Epoqy = CL/cardiac output, above 0.35, around 0.15, around 0.05 was considered as high, medium and low

+ 100%; AUC: the total area under the plasma concentration-time curve from 0 h to the last measured

AUCE +Dosei.,,
AUCG” +D0S€rq

elimination rate, respectively; V4: apparent volume of distribution; The oral absolute bioavailability: F(%)

: the area to infinite.

o
0

concentration,AUC,
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in clinical practice and in vivo. Among them, the clinical pharma-
cokinetics of apomorphine and nuciferine have been well studied.
The concentration of alkaloids in different biological matrices,
including plasma, tissues, urine, and feces, has been determined,
and the pharmacokinetic parameters, as well as the metabolic
pathways are summarized in Fig. 3, Table 2, and Table 3.

Absorption

The absorption rate of AAs is highly associated with the maxi-
mum plasma concentration (Cp,qy) and time to reach the concentra-
tion peak (Tyu). The clinical absorption of apomorphine and
nuciferine into the bloodstream is shown in Table 2. Clinically,
the oral administration of apomorphine, a plant-derived AA gener-
ally used as an adjunctive medication in Parkinson’s disease
patients, was limited by its first-pass metabolism with low
bioavailability (F%) < 4 % [60]. Therefore, the apomorphine sublin-
gual film, subcutaneous apomorphine injection, and subcutaneous
apomorphine prefilled injection pen were developed and showed
high absorption rate in plasma, with C;,4x > 10 ng/mL and T4« < 0.8-
h [60]. Subsequently, both the subcutaneous apomorphine injec-
tion (3, 4, 5 mg/kg with Cyq of 6, 10.3, and 12.4 ng/mL) and
subcutaneous apomorphine prefilled injection pen (3, 4, and
5 mg/kg with Cpex of 7, 11.5, and 16.8 ng/mL) resulted in a dose-
dependent systemic exposure (Cpq) and high oral absolute
bioavailability (F value, 98 % and 83 %, respectively), while a low
F value (17 %) was found using the sublingual film administration
(Table 2), suggesting that the subcutaneous injection (SC) of apo-
morphine was more suitable for the clinical treatment [60].
Besides, nuciferine, as the pharmacokinetics marker of Tangzhiqing
tablet used in patients, showed a dose-dependent blood absorption
(1.28, 1.92, and 2.56 g Tangzhiqing tablet with G, of 1.6, 2.1, and
3.8 ng/mL) with Ty;,qx < 2 h, which was attributed to its high perme-
able property [61].

Nuciferine used in vivo also exhibited rapidly absorption into
the blood (Tex < 1 h) and a dose-dependent systemic exposure.
Nuciferine oral administration at the doses of 2, 5, 10, 22.5, and
22.8 mg/kg was rapidly distributed in the plasma, with a maxi-
mum concentration (13.5, 63.4, 103, 1710, and 317.6 mg/kg) after
0.9, 0.6, 0.5, 0.9, and 3.5 h, respectively, indicating the close associ-
ation between absorption rate and administration dose (Table 2)
[62-65]. The oral absolute F value of nuciferine was approximately
4 % with 10 mg/kg and 58 % with 22.5 mg/kg through oral admin-
istration [66], indicating that the F of nuciferine had dose-
dependent effects. And the F value was increased by 3.3 + 0.61-fold
in nuciferine-loaded poly lactic-co-glycolic acid nanoparticles as
compared to nuciferine alone [67]. Another two lotus alkaloids
called N-nuciferine and roemerine were also rapidly absorbed into
the blood and reached the C;q (570 ng/mL and 1358 pg/mlL,
respectively) at 1.65 h and 0.22 h, with a good oral F value
(79.9 %, and 84 %, respectively) [41,66].

The pharmacokinetics of magnoflorine, a naturally occurring
simple AA, has been reported in many studies using rat and mouse
models. Xue et al. [68] found that the F value of magnoflorine
decreased from 8.9 % to 5.3 % as the concentration increased from
15 to 60 mg/kg, but subsequently increased to 9.7 % after the gav-
age of coptidis rhizoma decoction (equivalent to 30 mg/kg of mag-
noflorine), suggesting that the remaining substances of decoction
performed a synergistic effect with magnoflorine absorption. Tian
et al. [69] revealed that the coadministration of magnoflorine
and berberine also enhanced the F value of magnoflorine. Besides,
both simple aporphine isocorydine and oxoisoaporphine 6-O-
demethylmenisporphine underwent rapid (T < 0.3 h and 3 h)
and high absorption rate (F = 33.4 % and 51.5 %) after the adminis-
tration of 20 mg/kg and 1 mg/kg, respectively, which was related to
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Table 3
Main metabolic pathways and related enzymes of natural aporphine alkaloids.
Natural Compound Structure Phase I reaction Phase II reaction Ref.
Apomorphine Oxidation: OH—»=0 Glucuronidation: 10- and 11-0- [76]
monoglucuronides
O-methylation: OH — OCH3; (COMT)
Nuciferine N-oxidation: (CYP 3A4); N-glucuronidation (UGT1A4) [65,144]
Demethylation: OCH; — OH (CYP
1A2, 2A6, and 2C8)Dehydrogenation:
C4-C5 and C6a-C7
(CYP 3A4)
Hydroxylation: C5 — -OH (CYP 3A4)
Magnoflorine O-demethylation: 2,10-OMe O-glucosylation, [68]
N-demethylation 0O-glucuronidationO-sulfation
Dehydrogenation: C4-C5 and C6a-C7,
O-ketonization: 4-OHHydroxylation:
C-3,C4,C-9
Dicentrine N-oxidationN or O or O, O- Glucuronidation [82]
demethylation Glucosylation
(1-OCH,0-2)Hydroxylation: C-3, C-4 O-methylation: OH — OMe (C-4)
Boldine N-demethylation (N-demethyl- Glucuronidation and Sulphation [83]
boldine-O-sulphate) (boldine-O-glucuronide, boldine-O-
sulphate and disulphate, boldine-O-
glucuronide-O-sulphate)
Isoboldine - Glucuronidation [85]
Sulfonation: OH — SO3H
Norisoboldine - Glucuronidation: OH — GluA, [84]
Sulfonation: OH — SO3H
(noriosboldine-1-0-B-d-glucuronide,
norisoboldine-90-o-d-glucuronide
and disulfuric acid-1, 9-norisoboldine
ester)
Thalicarpine N-demethylation - [87]

Aporphine ring oxidation
Benzylic oxidationbenzylic reduction

COMT: catechol-O-methyl transferase; CYP: Cytochrome P450 enzymes; UGT: UDP-glucuronosyltransferases.

their small molecular weight (Mw (400), high lipophilicity and
permeability [70,71].

Distribution

Clinically, apomorphine quickly crossed the blood-brain barrier
(BBB) and both enantiomers of apomorphine equally and uni-
formly concentrated in different brain tissues, showing neu-
rotropic properties. Moreover, apomorphine quickly crossed the
nasal and intestinal mucosa, thus nasal and rectal administration
were used for disease treatment [60].

The distribution of AAs was highly associated with apparent
volume of distribution (Vg). A wide tissue distribution of nuciferine
has been found in vivo, with a V4 > 50 L/kg, mainly accumulated in
the kidney and lung, followed by spleen, liver, brain, heart, and adi-
pose tissue after oral administration, and similar distribution of N-
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nuciferine and roemerine has been found [41,62,63,65,66]. The
high concentration in the lung, kidney, and spleen was possibly
attributed to the high blood flow in these organs, and the presence
of nuciferine in the liver and adipose tissue provided a proof for its
anti-obesity and hypolipidemic effects [62]. The low F-value and
high accumulation of nuciferine in the kidney may be an obstacle
to developing an oral formulation for long-term use, as it presents
a potential risk of kidney toxicity.

Magnoflorine, generally isolated from the herbal medicine Cop-
tis chinensis Franch., was widely distributed in the liver, followed
by spleen and lung, and the lowest in the brain [72]. The significant
difference of V4 values observed in the oral administration of the
coptidis rhizoma decoction (V4 = 248.1 L/kg) and magnoflorine
alone (V4 = 102.6-170.1 L/kg) highlighted the importance of con-
sidering the co-treatment of magnoflorine with other phytochem-
icals for human health [68].
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Taspine was generally used to enhance wound healing and both
taspine solution and taspine liposome demonstrated a wide distri-
bution in the liver, spleen, lung, kidney, heart, and penetrate
through the BBB. The administration through liposome obviously
prolonged the residence time in the systemic circulation, increased
the liver concentration, and decreased the heart accumulation [73].
6-0-demethylmenisporphine, an oxoisoAA extracted from Menis-
permi Rhizoma, was also widely distributed in the kidney, heart,
lung, liver, muscles, spleen, and brain. According to experimental
data from urine, bile, and feces, the prototype drug (6-
Odemethylmenisporphine) was completely excreted at 24, 24,
and 12 h, respectively, suggesting that it was widely metabolized
in vivo and the metabolites were subsequently eliminated [71].

The permeability of compounds from the blood system to the
tissues for their distribution is determined by their physicochemi-
cal properties, especially liposolubility. The brain distribution of
AAs also plays an important role in the regulation of the central
nervous system. Apomorphine, nuciferine, N-nuciferine, and roe-
merine rapidly crossed the BBB due to the simple diffusion related
to the high lipophilicity at physiological pH, contributing to exert
sedative-hypnotic and anxiolytic effects in the brain [66]. Besides,
effective apomorphine-loaded nanoparticles have been designed
for improving the brain accumulation of apomorphine [74]. The
similar structure between isocorydine and apomorphine indicated
that isocorydine effectively crossed the BBB, implying its central
pharmacological activity [70]. 6-Odemethylmenisporphine exerted
a potential therapeutic effect on nervous disorders by enhancing
the cholinergic neurotransmission and reducing acetyl-
cholinesterase aggregation [71]. Due to its weak neuroregulatory
effect, alternative strategies are required to enhance the liposolu-
bility and permeability of magnoflorine, ultimately improving its
neuroprotective activity [75].

Metabolism

AAs are catalyzed by various enzymes in the body, especially
cytochrome P450 (CYP) and uridine diphosphate glycosyltrans-
ferase (UGT), and participate in multiple chemical reactions in
the metabolic process, which commonly include two steps
(Fig. 3). On the first step, oxidation, reduction, and hydrolysis reac-
tions introduce polar groups (for example -OH, -SH, and -NH,) to
the functional groups for enhancing the water solubility of
metabolites. On the second step, the obtained metabolites are
bound to endogenous substances to produce more hydrophilic
compounds, further excreted through the kidney, intestine, and
other ways. Table 3 shows the metabolic pathways of AAs.

Apomorphine was easily and mainly (auto)oxidized, followed
by glucuronidation and sulfation in patients with Parkinson’s dis-
ease [76]. The phase Il metabolites were 10- and 11-O-
monoglucuronides as well as apocodeine, and a small amount of
isoapocodeine was generated through the catechol-O-methyl
transferase, as shown in Table 3. Traditional Chinese Medicine K-
601 has been studied in pharmacokinetics research involving six
healthy males. Magnoflorine, one of the major compounds in K-
601, underwent primarily phase I metabolism (specifically
demethylation) and phase Il metabolism (including glucuronida-
tion, acetylation and sulphation) [77]. Similar results were found
in both in vivo and in vitro studies, showing that 12 metabolites
of magnoflorine have been detected (8 phase I metabolites origi-
nated from N or O-demethylation, O-ketonization, dehydrogena-
tion and hydroxylation and 4 phase II metabolites originated
from O-glucosylation, O-glucuronidation and O-sulfation) (shown
in Table 3) [68]. Gut microbiota and their metabolites enzymati-
cally transform natural products to affect compounds pharmacoki-
netics and bioavailability profiles. Phase [ biotransformation of
magnoflorine is activated by anaerobically incubation mag-
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noflorine with gut microbiota (the supernatant of rats’ fresh feces)
in vitro [68].

A comprehensive metabolic generation mechanism of nucifer-
ine was elaborated in vivo. 55 metabolites were identified from
mice, involving 29 phase I metabolites and 26 phase Il metabolites
[78]. To further examine the metabolic mechanism of nuciferine,
the enzymes’ catalytic activities were evaluated in vitro incubation
systems. As shown in Table 3, the main phase I enzymes including
CYP1A2, CYP2A6, CYP2C8 for demethylation, and CYP3A4 for N-
oxidation, dehydrogenation and hydroxylation, and the phase II
enzymes including UGT1A4 and UGT1A9 for N-glucuronidation,
as well as the sulfated-related enzymes SULT1A1”1 and SULT1A1"2
confirmed high catalytic activities for metabolites formation of
nuciferine [78,79]. The molecular docking analysis was also identi-
fied the interaction between nuciferine and CYP isoforms [78].
Although nuciferine is catalyzed by many enzymes, it competi-
tively inhibited CYP2D6 activity with N-nornuciferine and 2-
hydroxy-1-methoxyaporphine due to their aporphine parent
nucleus, resulting in potential adverse drug interactions in the
clinic, which should be further studied [80]. Meanwhile, the gut
microbiota Akkermansia, Lactobacillus, and Bifidobacterium were
possibly involved in the metabolism of nuciferine in gestational
diabetes mellitus mice, but the understanding of how gut micro-
biota directly and indirectly affect AAs metabolism is limited stud-
ied [81].

Table 3 showed that the metabolic profile of dicentrine, a sim-
ple AA rich in a variety of genera in the plant family Lauraceae,
consists of 24 metabolites characterized in pig urine, including 9
phase I and 15 phase Il conjugates, and the phenolic group of
dicentrine underwent glucuronidation and glucosylation while no
sulfation was observed after phase I biotransformation [82]. As
one of the simple aporphines and most potent natural free radical
scavengers, boldine was identified as the main compound bio-
transformed through N-demethylation in phase I and subsequently
through O-conjugation with glucuronic and sulphuric acid in phase
I [83]. The free hydroxyl groups in the boldine were directly avail-
able for conjugation and they were beneficial for performing phase
Il bio-transformation.

Boldine, isoboldine, and norisoboldine have a similar structure,
implying the similar pharmacokinetic and metabolic profiles in rat
plasma, bile, urine and feces, such as the common glucuronidation
and sulphation in phase II bio-transformation [84,85]. Therefore, a
reasonable hypothesis was proposed that isoboldine and noriso-
boldine may also undergo N-demethylation during their phase I
metabolism. As shown in Table 3, the major glucuronidation and
sulphation generally occurred on -OH group of three AAs. The
mentioned metabolic pathways may also be suitable for lau-
rolitsine due to a similar structure of laurolitsine with isoboldine
[86]. Thalicarpine, a dimeric AA consisting of aporphine and ben-
zyltetrahydroisoquinoline units, was metabolized through three
pathways, such as N-demethylation, aporphine ring oxidation,
and benzylic oxidation/reduction (phase I). Only one metabolite
was identified as glaziovine glucuronide found in urine samples
[87].

In summary, it is likely that most AAs shared common charac-
teristics such as the high absorption (generally Cpa.x > 10 ng/L,
Tmax < 3 h) and elimination (generally Ty, < 3 h, CL > 50 L/kg/h)
rate, and the nonspecific biodistribution, which can be attributed
to their small molecular weight, nonpolar hydrocarbon backbones
and hydrophobic functional groups like aromatic rings. The liver
and the gut play an important role in drug metabolism, including
methylation, N- or O-demethylation, O, O-demethylenation, N-
oxidation and reduction for phase I metabolic transformation,
and N- or O-glucuronidation, O-glucosylation, sulphation, and sul-
fonation for phase Il metabolic transformation, which was regu-
lated by CYP and UGT enzymes. Similar metabolites were found
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in both in vivo bio-samples and in vitro incubation systems of AAs
and gut microbiota during AAs metabolism, suggesting a potential
influence of gut microbiota on this process. However, as the meta-
bolic effects of the gut microbiota are rarely studied in AAs phar-
macokinetic research, the contribution of the gut microbiota to
AAs metabolism is probably underestimated. Additionally, while
most studies are now characterizing the metabolites derived from
biotransformation of AAs, these data remain pre-clinical in nature,
and more clinically actionable insights in specific pharmacokinetic
parameters of AAs should be reported in future.

Safety

The toxicities of AAs are tightly linked with the dosage and
administration methods, such as oral, SC, and intraperitoneal injec-
tion (IP). A mixture of Chinese herbal medicines containing
nuciferine (0.9 mg/g), nornuciferine (0.3-0.4 mg/g), and O-
nornuciferine (0.3 mg/g) was administered under the oral treat-
ment of 4.38 g/day Hedan Tablets to patients with hyperlipidemia
for 8 weeks. The levels of the proprotein convertase subtilisin/
kexin type 9 (a circulating protein that is negatively correlated
with drug efficacy) were not altered, and no change was also found
in the levels of alanine aminotransferase and aspartate amino-
transferase, indicating the Hedan Tablets exert beneficial effects
without evident toxicities [88]. The subacute toxicity test con-
firmed the safety of magnoflorine in a certain dose range in mice.
No evident toxicity was observed after 4 weeks of continuous
intragastric administration at a dose of 100 mg/kg and 200 mg/
kg. No significant reaction was observed after the administration
of 40 mg/kg magnoflorine by gavage in cats for 4 h.

The most common administration route for apomorphine is SC
due to its low bioavailability (<4%) in oral therapy. The primary
administration route in Parkinson’s disease includes continuous
subcutaneous apomorphine infusion and intermittent injections.
The usual dose of apomorphine in patients was 2-6 mg/kg, with
a total of 88 mg (range 24-340 mg) as daily clinical application
[89]. The adverse event rate of continuous subcutaneous apomor-
phine infusion, which reduced the duration (-50 %) and the severity
(-45 %) of the dyskinesias, was usually lower than that after inter-
mittent injections, promoting the duration (+33 %) and the severity
(+14 %) of the dyskinesias [90]. The most widespread side effects
were subcutaneous nodules, nausea, and somnolence. Apomor-
phine therapy caused infrequent immune hemolytic hematologic
anemia at the dose of 75 mg/d [91]. Other ways of apomorphine
administration include buccal, inhalation, and pump-patch routes,
which were promising delivery strategies as a substitution therapy
for patients with needle phobia [60].

An IP of 50 mg/kg magnoflorine in mice significantly increased
the plasma levels of IL-6 and IL-1B, and exerted a negative effect on
neuronal Ca?* metabolism, subsequently leading to neurotrans-
mission disorders. On the contrary, no significant changes were
observed in the levels of interleukin (IL) 1B, IL-6 or tumor necrosis
factor o (TNF-at) after a low dosage through IP of magnoflorine (10
and 20 mg/kg) [92]. The median lethal dose of N-nornuciferine
with lower levels of hyperlipemia and cholesterol, was 323 pg/kg
(IP) in mice [93]. Boldine, administered at a dose of 100 mg/kg
through IP to rats for 14 days, resulted in no mortality or any onset
of clinical or toxicological symptoms throughout the study period
[94].

The toxicity of AAs has been studied on normal cell lines in vitro
as well. The cytotoxicity of oxoglaucine, an oxoaporphines origi-
nated from herbal medicine, against two human normal cell lines
HL-7702 and HUVEC was 40.2 £ 1.0 uM (ICsp) and 90.2 + 1.3 uM
(ICs0), respectively, indicating its low toxicity [95]. Besides, two
dehydroAAs isolated from the roots of Thalictrum foetidum, such
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as  9-(2'-formyl-5,6'-dimethoxyphenoxy)-1,2,3,10-tetramethoxy
dehydroaporphine and 9-(2'-formyl-5’, 6’-dimethoxyphenoxy)-1,
2, 3, 10-tetramethoxy oxoaporphine, exhibited an antitumor effect
against glioblastoma stem cells 3 times higher than that on the
human normal cell line (293 T, ICso = 15.5 and 8.2 pg/mL, respec-
tively), suggesting its significant selective cytotoxic effect on differ-
ent cells [93]. Toxicity studies suggested that most AAs had non-
toxic or low-toxicity properties. However, long-term and high-
dose safety tests in clinical practice are still lacking.

Anticancer activities of AAs on cancer

Anti-cancer effects of AAs on multiple cancer types, including
hepatocellular carcinoma, gastric, colorectal, pancreatic, and lung
cancer, have been widely studied (Table 4). Although few clinic tri-
als are reported so far, abundant evidence shows significant anti-
cancer effect after a treatment with AAs alone or a synergistic
treatment with metal/clinical therapeutic drugs.

Anti-cancer effect of AA alone

Nuciferine, the main simple AA present in lotus leaf, was used in
a murine subcutaneous transplantation model with colorectal car-
cinoma CT26 cells and SY5Y cells at a dose of 9.5 mg/kg, IP, and the
results show that the tumor weight is significantly smaller than
that of the control group. Notably, the anticancer activity in the
group of mice treated with nuciferine soon after tumor implanta-
tion is higher than that in the mice treated with nuciferine when
the tumor reached a size of 100 mm?>. [96] Nuciferine (50 mg/ke,
IP) in the presence of nicotine significantly inhibits tumor weight
and size in the murine subcutaneous transplantation model with
lung adenocarcinoma A549 cells, virtually eliminating the prolifer-
ative effect of nicotine in non-small cell lung cancer [97]. Nucifer-
ine significantly inhibits laryngeal squamous cell carcinoma
survival in a concentration-dependent manner by inhibiting the
Tripartite Motif Containing 44 mRNA levels and inhibiting the acti-
vation of Toll-like receptor 4 (TLR4) downstream kinases such as
protein kinase B (AKT) signaling pathway, which is detected in
the murine subcutaneous transplantation model with laryngeal
squamous cell carcinoma TU212 cells [98]. The effect of 1 mg/mL
nuciferine treatment at an early stage of carcinogenesis is superior
to that at a middle stage in the murine subcutaneous transplanta-
tion model with neuroblastoma SY5Y cells [96]. In the transplanta-
tion model with glioblastoma U251 cells, the tumor weight and
size of the 15 mg/kg nuciferine-treated group is significantly smal-
ler than those in the control group, and tumor progression markers
Ki67, CDC2, Bcl-2, HIF1a, and N-cadherin are decreased in the
nuciferine-treated group [75].

The antitumor effect of isocorydine, a simple aporphine with a
5, 6, 6a, 7-tetrahydro-4H-dibenzo quinoline core, was studied in
a liver cancer model induced using hepatocellular carcinoma side
population cells. The treatment with isocorydine (0.4 mg/kg) sig-
nificantly reduces tumor weight by 50 % compared to that of the
vehicle group in side population cell-induced mice, whereas no sig-
nificant difference in tumor size and tumor weight is found
between isocorydine and vehicle treatment in the non-side popu-
lation group, indicating that isocorydine selectively inhibits the
growth of side population cells [99]. The results are confirmed by
a murine subcutaneous transplantation model of hepatoma using
hepatocellular carcinoma Huh7 or SMMC-7721 cells [100].

Boldine, isolated from the bark and leaves of the Boldo tree
(Peumus boldus), also shows excellent antiproliferative and apop-
totic properties on cancer cells. Oral supplementation with boldine
(90 mg/kg) in diethylnitrosamine induced rats of liver cancer sig-
nificantly decreases liver weight as well as the serum tumor mark-
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Table 4

Anticancer activities of aporphine alkaloids on various cancer types.

Cancer type Constituents Model/Cell Dose Effects Mechanisms Ref
(ICs0)
In vivo Hepatocellular carcinoma Isocorydine Murine Model with SP cells from MHCC-97L cells 0.4 mg/kg (IP)  |Tumor volume; |Tumor weight 1Fas; 1Bax; 1Bim; TBik; 1Bak; Tpuma;|Bcl-2; | [99]
Bcl-xl; |Mcl-1
Isocorydine Murine Model with Huh7 or SMMC-7721 cells 0.4 mg/kg (IP)  |Tumor volume; |Tumor weight 1p-Chk1; 1p-Chk2 [119]
8-acetamino-isocorydine Murine Model with H22 cells 100 mg/kg {Tumor umor volume; |Tumor - [35]
(oral) weight
8-amino- isocorydine Murine model with HCC-LY5 cells 0.12 mg/mice  |Tumor weights; |Tumor volumes 1C/EBPB [100]
(IP)
Boldine Rats model treated by diethylnitrosamine 90 mg/kg TLiver weight 1Bcl2; 1Bax; fcytochrome c; fcleaved caspase 3 [94]
(oral)
Oxoglaucine Murine model of hepatoma with BEL-7402 cells 75 mg/kg (IP)  1Tumor growth inhibition rate - [95]
Chiral platinum (I1)-4-(2,3- Murine model with BEL-7404 and BEL-7402 cells 8 mg/kg (IP) |Tumor growth |hTERT; | c-myc [103]
dihydroxypropyl)-formamide
oxoaporphine
cobalt oxoisoaporphine complexes Murine model with BEL-7402 and T-24 cells 5 mg/kg (IP) |Tumor growth 1ROS; 1Apaf-1; Tcytochrome c; fcaspase-3/9 [145]
Oxoaporphine-Zn complexes Murine model with HepG2 cells 6 mg/kg (IP) |Tumor weights; |Tumor volumes 1p53; 1p21; 1p27; 1Chk1; 1Chk2 [105]
Magnoflorine Murine model with SGC7901 cells 10 mg/kg (IP)  |Tumor cell density LAKT; 1JNK [110]
Colorectal cancer Nuciferine Murine model with CT26 cells and SY5Y cells 1 mg/mL (IP) |Tumor weights |PI3K-AKT and IL-1B levels [96]
Organoplatinum (II) complexes with Murine model with NCI-H460 cells 6 mg/kg (IP) |Tumor weights; | volumes 1Caspase-3/9; |Telomerase [104]
Oxoisoaporphine
Pancreatic cancer Isocorydine murine model with PANC-1 cells 0.4 mg/kg (IP)  |Tumor weights; |Tumor volumes |p-STAT3 [106]
Nuciferine Murine model with PANC-1 cells 30 mg/kg (IP)  |Tumor volume; |Tumor weight |pYAP [107]
Lung cancer Nuciferine Murine model with A549 cells 50 mg/kg (IP)  |Tumor weight; |Tumor size 1Axin; TBax; |p-catenin; |Bcl-2 [97]
Nuciferine Murine model with LA795 cells 30 puM (oral) |Tumor growth |TMEM16A [2]
Nuciferine Murine model with A549/T cells 7.5 mg/kg (IP)  |Tumor growth; |Tumor size |PI3K/AKT [108]
Glioblastoma Nuciferine Murine model with U251 cells 15 mg/kg (IP)  |Tumor size, |angiogenesis; | |p-AKT; |p-STAT3; |SOX2 [120]
hardness index
Breast cancer Boldine Rat model with LA7 cells. 100 mg/kg |Tumor growth Tcaspase-3/7; |NF-kB [111,114]
(IP)
KO-202125 Murine model with MDA-MB-231 cells 1.95 mgkg |Tumor growth |AKT [111]
(oral)
Magnoflorine Murine model with MCF-7 cells. 3 mg/kg (IP) |Tumor volume; |Tumor weight Tcaspase-3; TLC3-II; Tp-p38 [20]
7-hydroxydehydronuciferine Murine model with A375.52 cells 20 mg/kg (IP)  |Tumor size 1PI3k/AKT [121]
Apomorphine Zebrafish transgenic model 50 uM |Vascular formation - [19]
In vitro Hepatocellular carcinoma Magnoflorine HepG-2 (0.4 ng/mL)U251 1-10 pg/mL |Cell viability - [39]
(7 pg/mL)
Lanuginosine HepG-2 (2.5 pg/mL)U251 1-10 pg/mL
(4 pg/mL)
Xylopine HepG-2 (6.31 pM) 5,10 pg/mL TCytotoxicity 1G2/M arrest [101]
Xylopine HepG-2 (9.4 uM) 14 uM 1Cytotoxicity 1G2/M phase arrest; Tp53-independent pathway  [122]
Boldine HepG-2 (55.66 * 1.3 uM) 50 pg/mL |Cell viability 1G2/M arrest, Tcaspase-9 and caspase-3/7 [125]
8-hydroxyartabonatine C HepG-2 (12.9 pM) 60 uM 1Cytotoxicity - [135]
ouregidione HepG-2 (26.3 pM) 60 uM TCytotoxicity -
Platinum (II) complex of Liriodenine BEL-7404 (6.9 pM) 10 uM |Cell proliferation 1S/G2/M phase arrest; |Telomerase [103]
Gastric cancer 7-hydroxydehydronuciferine AGS (62.9 uM) 100 pM |Cell proliferation - [41]
Colorectal cancer Xylopine HCT-116 (6.4 pM) 14 pM TCytotoxicity 1G2/M phase arrest; 1p53-independent pathway  [122]
D-dicentrine analogues COLO 201 (3.9 uM) 10 uM 1Apoptosis |TOP2; 1G2/M arrest [146]
Lung cancer Crebanine A549 (25 pg/mL) 5-15 pg/mL |Proliferation; |Migration 1TNF-o; |NF-xB;|Bcl-2 [147]
Thailandine A549 (0.30 pg/mL) 50 pg/mL 1Cytotoxicity - [139]
Magnoflorine with cisplatin NCIH-1277 (36.5 pg/mL) - |Proliferation; |Migration 1p53; Tcaspase-3; 1LC3-II; 1p-p38;|p-AKT [118]
Laryngeal Squamous Cell Xylopine SCC9 (26.6 uM); HSC3 (15.7 uM) 14 uM 1Cytotoxicity 1G2/M phase arrest; | p53-independent [122]
Carcinoma pathway
Glioblastoma Magnoflorine U251(7 pg/mL) 1.1 mg/mL |Cell viability - [39]
lanuginosine U251 (4 pg/mL) 1.1 mg/mL |Cell viability -
AAs isolated from Thalictrum foetidum GSC-3*, GSC-18* (2.36-5.37 pg/mL) 0.5-60 pg/mL  |Cell viability - [93]
Breast cancer Boldine MCF-7 (160 puM) 63-2000 pM |Proliferation |Telomerase [125]
N-benzylsecoboldine MCF7(16.25 uM); MDA-MB-231 (21.88 uM) - |Cell viability |Telomerase [124]
Crebanine MCF-7 cells (27 pg/mL)MDA-MB231 5-15 pg/mL |Cell viability 1TNF-o;; |NF-xB;|Bcl-2 [147]
(15 pg/mL)
Oxocrebaine MCF-7 (16.66 uM) 4-64 pmol/L |Proliferation; |migration TDNA damage; TAutophagy [126]
Four AAs isolated from Stephania MDA-MB231 (4-40 pg/mL) 1 mg/mL |Proliferation 1G2/M arrest; TApoptosis [139]
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ers alpha-fetoprotein and carcinogen embryonic antigen [94]. The
oxoaporphine 7-hydroxydehydronuciferine inhibits malignant
melanoma in mice subcutaneously transplanted with melanoma
A375.52 cells.

AAs inhibit cancer cell growth in vitro. Magnoflorine and lanug-
inosine, which were separated from the methanol extract of mag-
nolia leaves, exert a significant cytotoxicity on HEPG2 cells, with an
ICso value of 0.4 and 2.5 pg/mL, respectively [39]. Nineteen alka-
loids were isolated from the stem of Xylopia laevigata, and most
of these alkaloids exert a significant cytotoxicity against HepG2
cells, with ICsg values below 15 pg/mlL, indicating the high inhibi-
tion rate. Remarkably, (+)-xylopine shows the strongest cytotoxic
activity, with a ICsq value of 1.87 pg/mL in HepG2 cells [101]. Most
of the studies are based on the separation and purification of apor-
phines followed by cancer inhibition experiments without further
confirmation in vivo studies. The specific AAs tested in vivo and
in vitro are listed in Table 4.

[122]
[139]
[118]
[122]

Ref
[43]
[42]
[25]

1S phase arrest; Tcaspase-3; {caspase-9

THMGB1; 1 NF-kB; 1 miR-410-3p
1G2/M phase arrest; | p53-independent

1G2/M phase arrest; T p53-independent
pathway

pathway
|Tyrosinase; |TRP-1; |TRP-2

Mechanisms

Structure-anticancer activity relationship: Role of the C8 position of
AAs

Previous studies showed that AAs possess a relatively planar
conformation, readily inserted into the DNA double helix, promot-
ing DNA sequence changes, stimulating DNA strand breaks, or
inhibiting DNA topoisomerase II activity [102]. The target modified
product is 8-amino-isocorydine, which is obtained by the replace-
ment of an amide group at C8 on simple AAs to maintain the more
stable planar conjugate configuration, further modified as 8-
acetamino-isocorydine due to its instability in aqueous solution.
The prodrug 8-amino-isocorydine (100 mg/kg) has a significant
antitumor activity by reducing tumor weight by 53.12 % in the
murine transplantation model with hepatocellular carcinoma
H22 cells. Although the inhibitory effect of 100 mg/kg 8-amino-
isocorydine is not stronger than cyclophosphamide used as the
positive group, the average body weight of the cyclophosphamide
group is significantly lower than that of the isocorydine group and
control group, suggesting its dangerous potential effect in clinical
practice.

Besides, a nitric acid group and a weak electron-donating group
were introduced at the C8 position. The compound with a strong
electron-donating group (-NH,) at the C8 position has better anti-
cancer activity than the compound with an electron-withdrawing
group (NO2) and a weak electron-donating group at the C8 posi-
tion [35]. The 8-amino-isocorydine is obtained after reduction of
the amide group at C8, which shows inhibitory effect on tumor size
in hepatocellular carcinoma mice. The treatment with 0.12 mg/kg
8-amino-isocorydine has similar effects compared to those of
0.2 mg/mouse sorafenib treatment, which is used in clinical prac-
tice in liver cancer patients, in the murine subcutaneous transplan-
tation model with hepatocellular carcinoma HCC-LY5 cells [100]. A
Treatment with 250 mg/kg/8-amino-isocorydine significantly
reduces the size and weight of tumors better than that of 40 mg/
kg 5-FU in murine subcutaneous transplantation model with gas-
tric cancer MGC803 cells. Moreover, the body weight is not differ-
ent from that of the control group, indicating the low toxic effect of
8-amino-isocorydine. These results indicate the important role of
the C8 position of aporphines, which may be a target position for
drug design and synthesis.

|Proliferation; |Invasion

|Melanogenesis
|Cell viability
TCytotoxicity

TCytotoxicity
TCytotoxicity
TCytotoxicity

Effects

14 uM

1 mg/mL
3-30 uM
20-40 pM
14 pM

14 uM

Dose

MG-63 (2.05 pM); U-2 osteoma (4.81 puM)
HL-60 (18.5 uM)K562

Melanogenesis 4A5 cells (15.8 uM; 14.5 puM;
(7.8 uM)

MCF-7 (22.2 uM; 23.9 M)
193 uM; 13.3 pM)

Model/Cell

MCF-7 (3.2-8.1 ug/mL)
MCF-7 (12 pM)
CAOV-3 (37.3 uM)

(ICs0)

-lirinidine2-hydroxy-1-methoxy-6a,7-

dehydroaporphine

Four AAs isolated from Stephania
Liriodenine

venosa Spreng
Magnoflorine with cisplatin

N-methylated nuciferine
Xylopine

N-methylasimilobine(-)

Constituents
Xylopine

Two AAs isolated from Fissistigma

glaucescens

Synergistic anticancer bioactivities

Epithelial ovarian cancer

Osteoma cells

Cancer type
Leukemia

Melanoma

Synergy with metals. Since the successful application of
platinum-based anticancer drugs, anticancer metal complexes
have attracted great interest. Oxoaporphine and oxo0isoAAs iso-
lated from traditional Chinese medicines possess antitumor activ-
ity, so these two kinds of aporphines are used as ligands. Over the

kinase; ROS: reactive oxygen species; STAT3: activator of transcription 3; SOX2: sex determining region Y (SRY)-box 2; TNF-o.: tumor necrosis factor o; TMEM16A: the transmembrane protein 16A; YAP: YES-associated protein

CDK1/2: cyclin dependent kinases 1/2; hTERT: human telomerase reverse transcriptase; IP: intraperitoneal injection; IL: interleukin; JNK: stress-activated protein kinases; NF-kB: nuclear factor kB; PI3K: phosphatidylinositol 3-
Ser127.

AKT: protein kinase B; AMPK: AMP-activated protein kinase; Apaf-1: the apoptotic protease activating factor-1;

Table 4 (continued)
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last decades, platinum (II)-based drugs have been widely used in
anticancer chemotherapies. However, they inevitably induce drug
resistance, serious side effects, and they are highly toxic. The tumor
inhibition rate of the 8 mg/kg chiral platinum (II)-4-(2,3-dihydrox
ypropyl)-formamide oxo-aporphine complexes used in the murine
subcutaneous transplantation model with hepatocellular carci-
noma BEL-7404 cells and BEL-7404 cells, reached 46.8 % and
47.1 %, respectively [103]. The organoplatinum (II) complexes with
Oxoisoaporphine (Pt2) (6 mg/kg) treatment results in a dose-
dependent inhibition of tumor growth with an inhibition rate of
38.5 % and less toxicity than cisplatin in a lung cancer mouse trans-
plantation model [104].

Cobalt, one of the main trace elements in cells, shows anti-
cancer effects. The therapeutic effect of 5 mg/kg cobalt oxoisoapor-
phine complexes in the murine subcutaneous transplantation
model with hepatocellular carcinoma BEL-7402 and T-24 cells is
similar to that of cisplatin treatment, with an inhibition ratio of
65.7 %. Zn (II) complexes are synthesized by oxoaporphine deriva-
tive (0.03 mmol, 0.0109 g), methanol (1.5 mL), and chloroform
(0.5 mL). A total of 6.0 mg/kg oxoaporphine-Zn to the murine sub-
cutaneous transplantation model with hepatocellular carcinoma
HepG2 cells is able to control tumor growth with a volume reduc-
tion of 55.57 %, and a tumor weight inhibition rate of 32.8 % [105].
It is worth noting that the above-mentioned complexes have a
much lower body weight inhibition rate than the drug cisplatin
used as a positive sample, indicating a lower toxicity in vivo.

Synergy with clinical therapeutic drugs. AAs have synergistic
effects with drugs, reducing drug resistance or increasing sensitiza-
tion. Gemcitabine is widely considered as a preferential treatment
option for locally advanced and metastatic pancreatic cancer. Iso-
corydine reduces the expression of p-signal transducer and activa-
tor of transcription 3 (STAT3) in pancreatic cancer cells induced by
gemcitabine, down-regulates the expression of transcription fac-
tors and proteins related to epithelial-to-mesenchymal transition
(EMT), and inhibits the migration and invasion of tumor cells.
The combination of isocorydine (0.4 mg/kg) and gemcitabine
(100 mg/kg) significantly inhibits tumor growth in the murine sub-
cutaneous transplantation model with pancreatic cancer PANC-1
cells, with a significantly greater effect than isocorydine or gemc-
itabine alone [106]. Nuciferine has also anticancer activity when
used in synergy with gemcitabine, and it significantly reduces
the resistance to gemcitabine. Nuciferine (30 mg/kg) in the murine
transplantation model with pancreatic cancer PANC-1 cells reduces
the resistance to 20 mg/kg gemcitabine by activating the AMP-
activated protein kinase (AMPK)-mediated down-regulation of 3-
hydroxy-3-methyl-glutaryl-coA reductase (HMGCR) in pancreatic
cancer cells associated with an increase in YES-associated protein
Ser127 (YAP) phosphorylation [107].

Although cisplatin is frequently used in the clinical treatment of
lung cancer, high dosage is associated with a strong toxicity. The
tumor size of a murine subcutaneous transplantation model with
lung adenocarcinoma LA795 cells treated with 30 puM nuciferine
is significantly reduced, with an inhibition rate of 40.1 %. Notably,
the cotreatment of nuciferine (30 pM) and cisplatin significantly
increases the tumor inhibition rate (15 mg/kg, 80.4 %), which is
higher than that of the treatment of cisplatin alone (15 mg/kg,
72.9 %) [2]. Besides, the resistance to the drug paclitaxel, doxoru-
bicin, docetaxel and daunorubicin in A549/T and HCT-8/T cell lines
is reduced by the combination therapy with nuciferine. The inhibi-
tion of the phosphatidylinositol 3-kinase (PI3K)/AKT/ extracellular
signal-regulated kinases (ERK) pathway, the activation of the
nuclear factor E2-related factor 2 (Nrf2) and hypoxia-inducible
factor-1o0 (HIF-1at), and the decrease of the expression of P-
glycoprotein (P-gp) and breast cancer resistant protein (BCRP)
may contribute to the sensitization of nuciferine to multidrug
resistance in various cancers [108]. A stronger tumor suppression
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effect is associated to the cotreatment of doxorubicin (3 mg/kg)
and magnoflorine (3 mg/kg) compared with the effect of doxoru-
bicin (3 mg/kg) alone, achieved by the regulation of the AKT/
mechanistic target of rapamycin (mTOR) and p38 signaling path-
ways. Notably, magnoflorine alone has no significant anticancer
activity and no evident toxicity in vivo, suggesting that mag-
noflorine has the potential to be used as a sensitizer of doxorubicin
in clinical practice [20].

Strategies of AA-delivery system for application

Designation of AAs-loaded nanoparticles as carriers to improve
the pharmacological activities of AAs in food and medicine applica-
tion has paid attention over the last two decades. For example, the
nuciferine-loaded poly lactic-co-glycolic acid nanoparticles were
constructed for sustainable targeted release of nuciferine. Com-
pared with free nuciferine, the nuciferine-loaded nanoparticles sig-
nificantly decreased the levels of serum total cholesterol,
triglycerides and low-density lipoprotein cholesterol and increased
high-density lipoprotein cholesterol, which exhibited improve-
ment of potential bioactivities against hepatocarcinogenesis on
high-fat diet-induced hyperlipidemia rat [67]. The magnoflorine-
loaded chitosan collagen nanocapsules significantly decrease the
level of pro-inflammatory cytokines, including IL-1B, IL-6, and
TNF-o, more than free magnoflorine administration in cognitive
deficit rats, indicating a great role of nanocapsules on magnoflorine
delivery and enhancement of bioactivities against inflammation-
driven cancer progression [109].

Mechanism of action of AAs against cancer

The mechanism of the anticancer action of AAs mainly involves
target pathways, including PI3K/AKT, Mitogen-activated protein
kinases (MAPKs), Wnt/B-catenin, and nuclear factor kB (NF-kB)
and they induce cell autophagy, apoptosis, and cell cycle arrest
(Fig. 4).

PI3K-AKT signaling pathway

The activation of the PI3K-AKT signaling pathway is considered
as a key factor for cell survival, growth, and resistance to
chemotherapy, resulting in cancer development. Particularly, the
activated PI3K catalyzes the conversion of PIP2 to PIP3, which
results in the activation of AKT by the phosphorylated PIP3, further
promoting various biological effects such as cell proliferation and
apoptosis by activating downstream effector molecules.

Nuciferine inhibited the metastasis and migration of lung can-
cer cells by targeting sex determining region Y (SRY)-box 2
(SOX2), a transcription factor that positively associated with the
drug-resistant property. Subsequently, nuciferine inactivated the
AKT and STAT3 pathway, inhibited EMT while promoted
mesenchymal-to-epithelial transition (MET) through down-
regulating the expression of Slug and up-regulating the expression
of N-cadherin and vimentin [2]. Nuciferine was also found to inhi-
bit angiogenesis through downregulation of the expression of the
CD133 (stemness marker), Bcl-2, hypoxia-inducible factor-1
((HIF1a), an angiogenesis marker) and vascular endothelial growth
factor A (VEGF-A) [2]. The co-treatment of isocorydine (0.4 mg/kg,
IP) and gemcitabine also downregulated the expression of EMT-
related transcription factors and STAT3, an upstream mediator of
EMT, ultimately inhibiting metastasis, migration, and viability of
breast cancer cells [106]. The analysis of the Traditional Chinese
Medicine network pharmacology revealed to Qi et al. [96] that
nuciferine (9.5 mg/mL, IP) works against human neuroblastoma
and mouse colorectal cancer through inactivating of the PI3K-
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AKT signaling pathway and inhibiting the expression of IL-1p.
Nuciferine (7.5 mg/kg, IP) inhibited p-AKT and p-ERK and subse-
quently down-regulated the downstream targets, including Nrf2,
HIF-1a, P-gp, and BCRP, indicating a positive linkage with the mul-
tidrug resistance to paclitaxel [108].

Magnoflorine (10 mg/kg, IP) was found to be effectively pro-
moting autophagy of diverse tumor cells through inactivating the
PI3K/AKT/mTOR signaling and up-regulating autophagy proteins,
including the p62, beclin-1 and LC3-II [110]. Besides, the co-
treatment of magnoflorine (3 mg/kg, IP) and doxorubicin has been
shown not only to reduce the cardiotoxicity of doxorubicin, but
also to promote autophagy in tumor progression [20]. An aristolac-
tam analogue named KO-202125 (0.078-1.95 mg/kg, intragastric
administration) inhibited the activity of epidermal growth factor
receptor (EGFR), a marker of poor prognosis in many types of can-
cer, and downregulation of the PI3K/AKT pathway as well as its
downstream signals in breast cancer cells, such as glycogen syn-
thase kinase 3B (GSK-3B) and p27 [111].

MAPK signaling pathway
MAPKs signaling pathway is one of the most important cellular

mechanisms responsible for cell proliferation and mainly includes
three subfamilies: ERK1/2, p38, and stress-activated protein
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kinases (JNK). As an ion channel protein overexpressed in various
cancers, the R515, L522, and E624 amino acid residues of the trans-
membrane protein 16A (TMEM16A) proposed by molecular dock-
ing experiments was inhibited by nuciferine (30 puM, oral). And
the phosphorylation of MEK1/2 and ERK1/2 (MAPK signaling)
was also inhibited by nuciferine in LA795 Cells [2]. Additionally,
the expression of p38 MAPK was markedly activated by the treat-
ment of nuciferine, which induced cell cycle arrest (decreased
cyclin dependent kinases 1/2 (CDK1/2) and cyclin B1, increased
p53 and p21 expression), apoptosis (decreased Bcl-2 and increased
cleaved caspase-9 and 3) and autophagy (increased beclin-1 and
LC3) [20,112].

In the gastric cancer mice model, magnoflorine (10 mg/kg, IP)
remarkably activated JNK phosphorylation through the regulation
of reactive oxygen species (ROS), while had no influence on p38
and ERK1/2, and further induced cell cycle arrest (increased p21
and p27, and decreased cyclin-A and cyclin-B1) and apoptosis (in-
creased cleaved caspase-3 and cleaved poly-ADP-ribose poly-
merases), inhibiting human gastric cancer progression [110].
However, magnoflorine inhibted lipopolysaccharide-induced
macrophages inflammatory responses via blocking the MAPK sig-
naling pathways (attenuated the phosphorylation of p65, ERK,
JNK, and p38). At present, the interaction between magnoflorine,
macrophage and immune response is still not clear, whereas



J. Sun, X. Zhan, W. Wang et al.

lipopolysaccharide-induced inflammation was indeed inhibited by
the inactivation of the MAPK signaling pathways [113]. Further-
more, numerous studies demonstrated a crosstalk between various
pathways, for example, both the phosphorylations of JNK and p38
were activated by boldine (90 mg/kg, oral) in a dose-dependent
manner and maintain a dynamic balance. The inhibition of mouse
mammary carcinoma by boldine was associated with the proapop-
totic effect of JNK and p38 kinases and antiapoptotic action of
ERK1/2 [114].

Wnit/B-catenin signaling

The abnormal regulation of the transcription factor B-catenin in
the canonical Wnt signaling pathway induces diverse physiological
processes such as cellular proliferation and differentiation. B-
catenin regulates apoptotic proteins such as Bcl-2 and/or Bax and
B-catenin is also regulated by a multiprotein complex, including
Axin, adenomatous polyposis coli, and GSK-3pB. Of note, several
AAs perform their therapeutic effect by targeting the Wnt/B-
catenin signaling in cancer. A previous work showed that nucifer-
ine (50 mg/kg, IP) degraded B-catenin through Axin (a vital scaffold
protein) accumulation and stabilization, and further suppresses
Wnt/B-catenin signaling pathway through the downregulation of
the targeted factors including c-myc, cyclin D and VEGF-A. In addi-
tion, it exerted pro-apoptosis effects through downregulating Bcl-2
and upregulating Bax, consequently resulting in the suppression of
proliferation, metastasis, and growth of non-small cell lung cancer
cells [97].

NF-kB signaling pathway

The NF-kB plays a well-known role in controlling inflammation,
immunity, proliferation, and cell death, and growing evidence sup-
ports that NF-kB signaling pathway is activated in many cancers.
The regulation of NF-kB signaling pathway is generally accom-
plished by the key protein p65, and TLR4, a member of the toll-
like receptor family, assisting in the initiation of the innate
immune response [115,116]. As a hopeful natural product used
for dietary adjuvant therapy, nuciferine (50 mg/kg, oral) inhibited
melanoma cell growth by reducing p65 phosphorylation and
downregulating TLR4 expression in a dose-dependent manner,
ultimately inhibiting the NF-kB signaling pathway [117]. Mean-
while, good binding ability of magnoflorine with inflammation
cytokines, like TNF-a, IL-6, IL-1B8, and MCP-1, was identified by
molecular docking analysis. The inactivation of NF-kB signaling
induced by magnoflorine was also identified in rencent study
[113].

Cell autophagy, apoptosis, and cycle arrest

Autophagy eliminates cytotoxic materials to exert cytoprotec-
tion through the lysosomal degradation pathway and plays an
important role in limiting cancer initiation. Apoptosis is generally
triggered by the intrinsic (mitochondrial) or the extrinsic (death
receptor) pathway to induce cell death and guarantee normal cell
turnover. The induction of cell cycle arrest is a valuable strategy
in tumor inhibition, which can be regulated by CDKs and cyclins.

The cotreatment with magnoflorine and doxorubicin induced
breast cell death in vivo by upregulating Beclin-1 and LC3-II and
downregulating p62, ultimately leading to autophagosome forma-
tion. Additionally, this cotreatment inhibited cell proliferation by
upregulating the expression of p53 and p21, resulting in the
decreased expression of CDK1, CDK2, and cyclin B, ultimately acti-
vating the mitochondrial apoptosis pathway [20,118]. Isocorydine
(20 mg/kg, SC or 0.4 mg/kg, IP) inhibited hepatocellular carcinoma
cell growth by upregulating the programmed cell death 4 (PDCD4,
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a tumor suppressor protein). Besides, isocorydine induced cell
cycle arrest and intrinsic apoptosis through downregulating CDKs
and antiapoptotic proteins, such as Bcl-2, Bcl-xl, and Mcl-1, and
upregulating proapoptotic protein expression, such as Bax, Bim,
Bik, and Bak [99,119]. Indeed, the excellent anticancer activity of
d-isocorydine (100-250 mg/kg, IP), highlights the significance of
the C8 position on the basic skeleton of simple aporphines as a
key modifying site, such as amino, carbonyl, and acetyl amino
group, described in the section 5.2 [35,100]. It suggests that further
exploration and modification of this particular position may lead to
the development of even more potent anticancer agents within the
AA class.

The anti-cancer mechanism of action for many AAs involves up-
regulating the apoptotic protease activating factor-1 (Apaf-1), cas-
pase 9 and 3, as well as the poly ADP ribose polymerase (PARP, an
apoptotic protein), all of which play significant roles in apoptosis
and programmed tumor cell death. Many AAs exerted anticancer
activities by regulating these factors, including boldine (50-
100 mg/kg, IP or 90 mg/kg, intragastric administration) [94,120],
7-Hydroxydehydronuciferine (20 mg/kg, IP) [121], apomorphine
(50 uM) [19], and d-isocorydine (100-250 mg/kg, IP), as well as
oxoisoaporphine complexes [104,105]. Metal-alkaloid complexes,
such as yttrium (III) and dysprosium (III) oxoglaucine, have been
shown to inhibit the malignant proliferation of HepG2 cells
through the degradation of Cdc25A and subsequent inactivation
of CDK2 [95].

Additionally, the development of topoisomerase inhibitors rep-
resents a hopeful approach to targeting DNA therapy. A chiral plat-
inum complex derivative of oxoaporphine successfully inhibited
the growth of HepG2 cells by interacting with p53 binding protein
1 (53BP1), TRF1, c-myc, TRF2 and human telomerase reverse tran-
scriptase (hTERT), targeting DNA and suppressing topoisomerase |
activity, leading to S-phase arrest and apoptosis via the
mitochondrion-mediated pathway [105]. In addition, the simple
aporphines, such as isocorydine [99], magnoflorine [118], xylopine
[122], dicentrine [123], boldine and its derivates [124,125], and an
0x0AA liriodenine, [25] inhibited DNA topoisomerases, and
induced cell cycle arrest and apoptosis through modulating hTERT,
p53, Bax, Bcl-2 and caspase 3, 9, 8 with intrinsic and extrinsic path-
ways to limit tumor progression. Oxocrebanine, a simple apor-
phine isolated from Stephania hainanensis, was a novel dual
topoisomerase inhibitor of Topo I and Ila.. Oxocrebanine also
induced autophagy by increasing the LC3-II/I ratio, Beclin-1
expression and autophagosome formation. It is a dual topoiso-
merase inhibitor with potential therapeutic applications [126].
Besides, oxostephanine played dual roles in inhibiting aurora
kinase activity and angiogenesis [127]. Both docking and molecular
dynamics simulations indicated that boldine and the derivative (N-
benzylsecoboldine hydrochloride) [124], 4,5-dehydro-9-methoxy
guatterfriesine [128], guadiscine and guadiscidine [129] inhibited
telomerase activity by regulating the transcription of the catalytic
subunit, telomerase reverse transcriptase.

Notably, the inhibition ability of topoisomerases is tightly asso-
ciated with the planar conformations of compounds. Qing et al.
[23] proposed that the conjugation and planar conformation of
simple aporphine ring system should be extended by dihydroxy-
and oxo- groups, enabling dihydroxyaporphine and oxoAAs to
easily intercalate into DNA and inhibiting topoisomerases. Besides,
certain substitution groups, namely 1,2-methylenedioxy, N-
methyl, and N-2-hydroxypropyl groups, were found to be the cru-
cial factor in enhancing the anticancer activity of AAs. Conversely,
the compounds with a ruptured C-ring and a lengthy N-chain, or
those substituted by hydroxyl or methyl group at the C7 position,
and methyl or acetyl group at nitrogen, as well as quaternary nitro-
gen on their skeletons, had an adverse effect [23].
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Regulation of gut microbiota

Preclinical and clinical evidence suggests that gut microbiota is
an important regulator of cancer development, progression, metas-
tasis and treatment response [130]. Accordingly, the microbiota is
gaining increasing attention in cancer diagnosis and treatment.
Oral treatment of berberine improved brain dopa/dopamine levels
through interactions with the gut microbiota, leading to the ame-
lioration of Parkinson’s disease symptoms in patients with hyper-
lipidemia. The fecal transplantation studies in Parkinson’s disease
mice have also revealed that berberine improved the disease by
activating the gut-brain axis [131]. At the genus level, nuciferine
improved colitis by reducing the abundance of Bilophila and Halo-
monas in vivo, which were regared as harmful gut microbes, indi-
cating that nuciferine exerted anti-inflammatory activity through
regulating the gut microbiota [21]. At present, lack of literature
investigating the specific role of gut microbiota in relation to the
anti-cancer activities of AAs. There are tremendous opportunities
to elucidate the causal and molecular interactions between gut
microbiota and AAs in the context of cancer.

Other signaling pathways

AMPK is considered as the regulator of metabolism, modulating
ATP synthesis and consumption to balance body energy level.
Nuciferine shows promise as an adjunctive drug to gemcitabine
for treating pancreatic cancer by activating AMPK, which subse-
quently down-regulates HMGCR and YAP. The latter is a major reg-
ulator of the mevalonate pathway and an overexpressed protein
that contributes to pancreatic cancer progression. Nuciferine
(30 mg/kg, IP) showed promise as an adjuvant drug to gemcitabine
for treating pancreatic cancer treatment by activating AMPK,
which subsequently down-regulated HMGCR and YAP, a major reg-
ulator of the mevalonate pathway and an overexpressed protein in
pancreatic cancer progression, respectively [107].

Besides, apomorphine was used as a pre-metastatic drug to
treat primary tumors before they spread to the brain because of
its ability to inhibit tumor cell migration. [102]. The results showed
that brain metastasis initiating cells (BMICs) possessed a distinct
genetic profile. and apomorphine’s ability to cross the BBB has
demonstrated its efficacy in targeting BMICs, with the potential
to target neural development systems or related disorders at low
ICso. Besides, apomorphine (5 mg/kg, SC) greatly attenuated brain
metastasis development in apomorphine-treated brains both in sil-
ico and in vivo through the downregulation of 3 genes, KIF16B,
SEPW1, and TESK2 [102]. Protein-protein interactions were identi-
fied as novel therapeutic targets. A simple aporphine dicentrine
emerged as the be most effective docked alkaloid against breast
cancer by regulating tumor suppressor protein p53 and breast can-
cer associated protein [132].

Approximately 50 AAs exerted anticancer effects in different
cancer types. Among them, isocorydine, nuciferine, boldine, mag-
noflorine, and their derivates exhibit pharmacological activities
in several cancers, providing a theoretical basis for further in-
depth experiment and clinical trials. These AAs mainly inhibited
cell proliferation and migration, and induce apoptosis through
the PI3K-AKT, MAPK, Wnt/B-catenin, NF-kB pathways to induce
cell autophagy, apoptosis, and cell cycle arrest. However, mecha-
nisms involving the AA treatment with microbial are still largely
unknown. According to the structure-activity relationship, the
strong activity of oxoaporphines, dehydroaporphines and other
AAs are attributed to their stable conjugation and planar conforma-
tion and special substitution groups (1,2-methylenedioxy, N-
methyl and N-2-hydroxypropyl group), which allow their easy
intercalation into DNA and inhibit topoisomerases. However, lack
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of supportin g data from in vivo models and clinical trials con-
firmed the antitumor activity and its mechanisms.

Conclusion

There is an increased interest in the development of AA drugs
targeting various diseases especially cancers. The studies of admin-
istration of the AAs in vivo show their characteristics, such as fast
absorption, poor bioavailability as well as wide tissue distribution,
which can be attributed to their small molecular weight, nonpolar
hydrocarbon backbones and hydrophobic functional groups like
aromatic rings. However, poor oral bioavailability is a major obsta-
cle for the development of AAs. The toxicities of AAs are tightly
linked with the dosage and administration ways. Side effects, such
as subcutaneous nodules, nausea, and somnolence, are reported by
apomorphine treatment with 2-6 mg/kg subcutaneous infusion
administration in Parkinson’s disease patients, whereas most AAs
shows no toxicity with specific models. Strategies on bioavailabil-
ity and systemic toxicity improvement have been reported, such as
changing the ways of administration, developing delivery systems
(nanoparticles, liposomes), and co-administration with absorption
enhancers [133]. Recently, the effects of metabolic enzymes and
gut microbiota on AA metabolism have been identified, therefore,
the improvement of AA absorption, especially their metabolism
in intestine, would be an important direction to be explored.

Undoubtedly, AAs will continue to attract the attention of scien-
tists due to their potential anticancer activity and demand of alter-
native chemotherapeutic drugs. Different AAs showed anticancer
activities in specific tumor models. Thus, it is essential to fully eval-
uate the safety, pharmacokinetics, and molecular mechanisms of
these AAs. Novel chemical structures and the structure-activity
relationship based on the high structural diversity of AAs need to
be more explored as well. In particular, new strategies should be
established to improve AA bioavailability, ultimately enhancing
their therapeutic benefits. Altogether, AAs remain a promising pool
for the discovery of various bioactivities that could be effectively
further developed in cancer therapy based on clinical studies.
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