
Pharmacological Research 177 (2022) 106126

Available online 10 February 2022
1043-6618/© 2022 Elsevier Ltd. All rights reserved.

Review 

Natural isoquinoline alkaloids: Pharmacological features and multi-target 
potential for complex diseases 

Erika Plazas a,*, Mónica C. Avila M a, Diego R. Muñoz b, Luis E. Cuca S a,* 
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A B S T R A C T   

Complex diseases such as neurodegenerative disorders and cancer constitute a growing public health problem 
due to the rising incidence and lack in effective therapies. Since pharmacotherapy based on a single target has 
been insufficient for drug development in complex diseases, the emerging multi-target approach is a promising 
strategy for the search of new drug candidates. Plant-derived isoquinoline alkaloids comprise a vast source of 
multimodal agents with unique structural diversity, and variated range of pharmacological activities. This review 
offers an exhaustive compilation of the pharmacological relevance and multi-target potential of natural iso-
quinolines, emphasizing their features and promising activity in complex diseases such as Alzheimer, Parkinson, 
and Cancer. Selected examples were discussed in depth to illustrate the most relevant structural motifs and their 
possible relationship with the multimodal activity offering a comprehensive baseline in the search and optimi-
zation of isoquinoline scaffolds with polypharmacological potential for complex diseases.   

1. Introduction 

Complex diseases comprise a varied group of medical conditions 
characterized by having multifactorial etiology linked to several envi-
ronmental and genetic factors [1]. Multifactorial pathologies such as 
neurodegenerative disorders, chronic inflammation, heart conditions, 
infective diseases, diabetes, and cancer, constitute a lurking threat to the 

global public health due to their rising incidence and lack of proper 
effective therapies [2]. For instance, the World Health Organization 
(WHO) has been warning about the increasing burden of neurodegen-
erative disorders (NDs) mainly by their prevalence, morbidity and 
disability rates [3,4]. Furthermore, considering that the incidence of 
neurological conditions increases with age, a substantial rise of cases is 
expected with the progressive ageing of the global population, which 
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might be a critical challenge for the health systems around the world 
[4]. Parkinson’s disease (PD) and Alzheimer’s disease (AD) are the most 
common and prevalent neurodegenerative disorders, both are chronic 
and pathophysiologically characterized by the progressive loss of neu-
rons linked to the aggregation of misfolded proteins [5–7]. Given their 
chronic degenerative nature, the disease progression leads to the 
gradual and irreversible decline of the patient’s quality of life. Indeed 
the acute stages of PD and AD are totally disabling, the patients require 
special care which entails a huge emotional and economic impact [6,8]. 
Although neurodegenerative diseases are a growing challenge to global 
public health, cancer is the complex disease that has caught all the 
attention of the scientific community in the last decades [9], which is not 
surprising, considering the overwhelming world’s cancer rates, just in 
2020 about 19.3 million new cases and 10.0 million deaths were re-
ported worldwide [10]. Therefore, new strategies and prioritization 
programs are still required in order to reduce the global cancer incidence 
and morbidity. 

Undoubtedly, the discovery of new effective and safe drugs is one of 
the critical points in the research and management of complex diseases. 
Despite the ongoing developments in drug discovery, with the bur-
geoning approval of biologics and permanent advances in gene therapy, 
there is still a bleak landscape in the treatment of multifactorial diseases 
[11–13]. Perhaps the main drawback to the effective pharmacotherapy 
for multifactorial pathologies has been the search for single-target drugs 
that have proven to lack sustained efficacy [14]. For this reason, me-
dicinal chemistry has been exploring different strategies to overcome the 
limitations of the traditional paradigms and improve the success of new 
therapeutic agents [15,16]. In this context, the search or design of 
multi-target drugs has been showing an accelerated breakthrough, in 
fact, this approach has set the enthusiasm of both scientific community 
and pharmaceutical industry allowing to position some multimodal 
agents currently on the market [2,14]. 

Natural products (NPs) constitute a unique source of privileged 
compounds with high scaffold diversity and vast multi-target potential 
for the treatment of complex diseases [17,18]. Among multi-target NPs, 
alkaloids have demonstrated a wide variety of pharmacological prop-
erties as anti-inflammatory, anticancer, cardio protective and neuro-
protective that support their potential in the treatment of chronic 
multifactorial diseases [19,20]. Recently, different studies have sug-
gested the multimodal capacity of isoquinoline alkaloids (IAs), encour-
aging an increased interest in the polypharmacological research of these 
small molecules, especially in the field of neurodegenerative diseases 
and cancer [21–23]. 

At the sight of the rising interest in the pharmacology of isoquinoline 
alkaloids, their varied structural diversity and wide distribution in na-
ture, this review aims to make a discussion of the multimodal activity of 
natural isoquinolines focused on neurodegenerative disorders and can-
cer. For this purpose, a bibliographic compilation of the distribution, 
structural diversity, in vitro or in vivo activity, molecular targets, and 
structural motifs was made. In this way, we intend this revision serve as 
an interesting reference point in the search for new sources of multi- 
target therapeutic agents for complex diseases. 

2. Importance and plant distribution of isoquinolines 

Isoquinoline alkaloids (IAs) are one of the largest and diverse group 
of nitrogenous metabolites widely distributed in living organisms, pre-
dominantly in the plant kingdom [24]. At the chemotaxonomic level, 
isoquinolines are recognized as highly conserved metabolites in ancient 
vascular plants, indeed biochemical and molecular phylogenetic studies 
have suggested an evolutionary monophyletic role of these alkaloids in 
basal angiosperms [25]. 

The evolutionary function of IAs is presumed to be linked with the 
chemical defense mechanism against predators and pathogens, being the 
oldest survival and conservation strategy. Nonetheless, as defense me-
tabolites have been losing their effectiveness, plants have adapted their 

metabolism to synthesize other allelochemics, leading to the chemical 
differentiation among major taxonomic groups [26]. In fact, some 
studies have proposed the intrinsic biochemical and evolutive biosyn-
thetic relationship between AIs and phenylpropanoid derivatives such as 
tannins and lignans in plants, explaining the preferential biosynthesis 
and accumulation of one of these compounds in subclass Magnoliidae 
species [27]. 

Accordingly, isoquinoline alkaloids are mainly present in primitive 
angiosperms among the order Ranunculales, particularly in Ranuncu-
laceae, Berberidaceae, Papaveraceae, and Fumariaceae families, that in 
turn do not accumulate phenylpropanoid derivatives. Nevertheless, it 
have been reported the sporadic presence of AIs in some modern clades, 
specifically in the Lauraceae, Rutaceae and Cornaceae families, in which 
a few genus synthesize selectively certain isoquinolines, while other 
species seem to have greater diversification towards metabolites derived 
from phenylpropanoids [27,28]. 

3. Structural diversity and plant-biosynthesis 

Morphine is the oldest isoquinoline reported and also the first 
nitrogen-containing natural product with basic properties (alkaloid) 
isolated from Papaver somniferum at the beginning of the 19th century. 
Nowadays, more than 2500 new structures have been described, turning 
the isoquinolines in one of the most complex and diverse group of al-
kaloids [25,28]. Due to their vast chemical versatility, IAs have been 
grouped in 13 major subclasses according to their distribution, common 
biosynthetic pathways, common scaffold and oxidation degree (Fig. 1) 
[28]. 

Isoquinoline sub-classes comprise a varied chemical space ranging 
from simple scaffolds such as pavines to complex dimeric structures like 
bis-benzylisoquinolines. As shown in Fig. 1, bisbenzylisoquinolines, 
pavines, cularines, aporphines, promorphinans and protoberberines are 
derived directly from simple-benzylisoquinolines. Whereas protropines, 
benzophenanthridines, phthalides, rhoeadines and morphinans are ob-
tained from previously synthesized isoquinolines, thus, it is assume that 
its biosynthesis requires more complex and advanced metabolic path-
ways [28]. Some authors have proposed that the more primitive 
biosynthetic origin of AIs, the wider distribution in the plant kingdom. 
In fact, simple isoquinolines and aporphines that are extensive dispersed 
in plants could be seen as the basal biogenetic groups. While proto-
berberin derivatives (benzophenanthridines and protopines) which have 
restricted distribution and scaffold specialization could be considered 
biosynthetically more developed [27]. 

The elucidation of the biosynthetic pathways of isoquinoline alka-
loids in plants has come a long way in the last hundred years. Initially, 
biosynthetic studies were based on hypothetical-empirical proposals 
characterized by their lack of scientific evidence [25]. Nevertheless, 
constant scientific advances and the incorporation of new technological 
tools in synthetic biology have allowed to establish and correct different 
pathways to the obtention of isoquinoline alkaloids. In this context, 
several biosynthetic routs of isoquinolines in plants are well character-
ized at the biochemical and genetic level, however, it is still important to 
delve into the some complex isoquinoline scaffolds, as well as in meta-
bolic regulation and compartmentalization [28,29]. 

In spite of the AIs structural diversity, these metabolites like other 
natural products, are biosynthesized from single building blocks through 
multistep enzymatic reactions [28]. The aromatic amino acid tyrosine is 
the biosynthetic precursor of the isoquinoline alkaloids and their 
obtention can be summarized in three major phases (Fig. 3). In the first 
stage, the benzylisoquinoline alkaloid (S)-norcoclaurine is synthesized 
through the condensation and cyclization of two tyrosine derivatives, 
Dopamine and 4-hydroxyphenylacetaldehyde (Fig. 2A) [29]. Subse-
quently, (S)-reticuline is obtained from (S)-norcoclaurine via a series of 
aromatic hydroxylation and methylation enzymatic reactions (Fig. 2B). 
The above is the key step that leads to the structural diversification 
phase, since (S)-reticuline is the common intermediate in the 
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biosynthesis of most isoquinoline scaffolds [30]. As shown in Fig. 2C, the 
transformation of (S)-reticuline by C–C or C–O coupling enzymatic re-
actions is the branch point that drives to the formation of simple ben-
zylisoquinoline, protoberberine, protopine, benzophenanthydrine, 
promorphinan, morphinan and phthalideisoquinoline subclasses. Af-
terward, the main scaffold of each subclass undergoes different func-
tionalization reactions such as oxidations, N and O-methylations or 

methylenedioxy bridge formation, yielding the vast structural diversity 
that characterizes these alkaloids [30]. Depending on the diversification 
pathway, between ten and twenty enzymes will be required to yield an 
alkaloid as a final product. However, the biochemical studies have 
shown these enzymes belong to three main groups: oxidoreductases, 
transferases and lyases [27]. It should be standout that part of the oxi-
doreductases involved in the IAs biosynthesis are cytochrome P450 

Fig. 1. Subclasses of isoquinoline alkaloids derived from benzylisquinoline precursor unit.  

Fig. 2. Representative biosynthetic pathways of benzylisoquinoline alkaloids divided in three major phases. A. (S)-norcoclaurine obtention through the condensation 
of dopamine and 4-HPAA. B. (S)-reticuline synthesis from (S)-norcoclaurine C. Exemplification of isoquinoline scaffold diversification by multistep enzymatic re-
actions starting from the intermediate (S)-reticuline. 
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(CYP) dependent and are usually part of oxidative couplings and 
methylenedioxy bridge formation, e.g., berberine bridge enzyme, BBE. 
Besides, the biosynthesis of IAs includes stereo selective enzymes lead-
ing the formation of the (S)-enantiomers, such is the case of (S)-norco-
claurine synthase (NCS) which catalyzes the norcoclaurine formation 
[31]. The presence of different chiral centers in some isoquinoline al-
kaloids have significantly limited their total synthesis on laboratory 
scale. Therefore, in-depth understanding of biosynthetic pathways, 
through the identification of genes and enzymes involved, constitutes a 
cornerstone in the implementation of biocatalytic or biotechnological 
strategies focused on the efficient production of isoquinoline alkaloids 
with therapeutic or commercial applications. 

4. Ethnobotany and pharmacology relevance 

The use of plants containing isoquinoline alkaloids for therapeutics 
purposes dates to ancient times, many of those herbs constitute a 
fundamental part of the ethnobotany in different cultures around the 
world due to their medicinal, magic, and toxic uses [27]. For instance, 
vast archaeological evidence supports that Opium Poppy (Papaver 
somniferum) is one of the oldest herbal medicines used by humans for its 
analgesic properties. In the early 1800 s, morphine was obtained from 
P. somniferum becoming the first plant-alkali natural product and giving 
rise to a new branch of the natural products chemistry [32]. 

Not only opium alkaloids have stood out history in global ethno-
pharmacology, for example tribes in the Amazon region have been using 
for hundreds of years plant alkaloid-extracts, popularly known as 
Curare, for therapeutic and hunting purposes owing its paralyzing ef-
fects. In curare preparations obtained from Menispermaceae species the 
muscle relaxant activity has been associated with the presence of bis- 
benzylisoquinoline alkaloids such as tubocurarine [27]. These iso-
quinoline alkaloids are competitive inhibitors of nicotinic acetylcholine 
receptor (nAChR) leading muscle weakness and paralysis. Moreover, it 
has been established that high doses of these bis-benzylisoquinolines can 
generate paralysis of the diaphragm causing death by asphyxia. 
Although the toxicity, the traditional use of curare alkaloids have 
opened an interesting field in the search of nondepolarizing 
neuromuscular-blocking agents, thus today a vast number of 
bis-benzylisoquinolines and analogues have been approved for this use 
[33]. 

Other examples of medicinal plants containing isoquinolines and 

their ethnopharmacological relevance are presented in Table 1. Arge-
mone mexicana popularly known as Mexican Poppy is considered a sa-
cred plant in India and Central America because of its medicinal 
properties. Its different organs including roots, leaves, and latex have 
been used in the treatment of infectious diseases, pain, inflammation, 
diarrhea, ulcers, neurological conditions, and skin diseases [34]. 
Mexican Poppy contains a wide variety of isoquinoline alkaloids, such as 
benzophenanthridines (sanguinarine), protoberberines (jatrorrhizine 
and columbamine), and protopines (protopine and cryptopine), this 
high chemical complexity has been associated with its multiple tradi-
tional uses. In fact, phytochemical studies of A. mexicana have led to the 
isolation of bioactive isoquinoline alkaloids which have proven biolog-
ical activities correlated to the folk medicinal properties. [34]. 

Berberis vulgaris is one of the most important plants of traditional 
Chinese medicine, its therapeutic uses date back over 3000 years. Roots, 
bark, and fruits of B. vulgaris have been used to prevent and relieve 
different illness, like inflammatory conditions, infections, diabetes, hy-
pertension, hyperlipidemia, depression, among others [35]. Roots and 
bark of B. vulgaris are characterized by a high protoberberines content, 
being berberine the most prominent active alkaloid. Hundreds of studies 
have shown the pharmacological potential of berberine, consequently, 
the medicinal properties of B. vulgaris and other plants belonging to 
Berberis genus have been attributed to this alkaloid [41]. 

Ipecac is a legendary herbal preparation in Brazil obtained from the 
roots of Carapichea ipecacuanha, the ethnopharmacological uses of 
Ipecac were initially established by indigenous communities in Brazil 
and Colombia. Then, during the colonization its medicinal properties 
were transmitted to European pioneers who extended this knowledge to 
other continents. C. ipecacuanha root extracts have been used as an 
emetic, expectorant, antiprotozoal, to treat amoebic dysentery, coughs, 
and bronchitis, interestingly the therapeutic properties of Ipecac have 
been associated with the high content of isoquinoline alkaloids. Thus, 
some chemical and pharmacological studies have been undertaken to 
identify the active alkaloids present in this plant allowing the identifi-
cation of two major constituents emetine and cephaeline [36]. 

In general, the examples in Table 1 show that plants containing 
isoquinolines have mainly been used in the folk medicine of different 
communities around the world for the treatment of inflammatory con-
ditions, infectious diseases, and central nervous system (CNS) afflic-
tions. As mentioned in the previous examples, the ethnobotanical 
knowledge has been used as a fundamental approach to target the 

Table 1  
Selected examples of representative plants containing isoquinoline alkaloids and their ethnopharmacology relevance.  

Plant Common 
name 

Uses Active alkaloids Reference 

Argemone mexicana 
(Papaveraceae) 

Mexican 
poppy 

Treatment of infectious diseases, pain, inflammation, diarrhea, 
ulcers, among others. 

benzophenanthridines, protoberberines, protopines 
and benzylisoquinolines. 

[34] 

Berberis vulgaris 
(Berberidaceae) 

Barberry Anti-inflammatory, antidiabetic, hypoglycemic, hypotensive, 
and hypolipidemic. 

Protoberberines such as berberine, berberrubine, 
columbamine, among others. 

[35] 

Carapichea ipecacuanha 
(Rubiaceae) 

Ipecac Emetic, antidiarrheal, antiprotozoal, also to treat coughs and 
bronchitis. 

The major constituents of ipecac roots are emetine 
and cephaeline. 

[36] 

Corydalis yanhusuo 
(Papaveraceae) 

Yanhusuo Tubers used in traditional Chinese medicinal as analgesic, pain 
relief, antidepressant, and antitumor. 

Benzophenanthridines, protoberberines and 
Yanhusanines a particular class of isoquinolines 

[37] 

Duguetia pycnastera 
(Annonaceae) 

“envira 
preta” 

Used in the Brazilian Amazon as anti-inflammatory and 
antiparasitic (trypanocidal, leishmanicidal) 

Aporphine and oxoaporphine alkaloids, such as 
anonaine, And liriodenine. 

[37] 

Fumaria officinalis 
(Papaveraceae) 

Fumitory Treatment of rheumatism, skin disorders, digestive and 
metabolic problems, hypertension and to cleanse blood. 

Protopines, protoberberines, 
spirobenzylisoquinolines and benzophenanthridines 

[38] 

Galanthus nivalis 
(Amaryllidaceae) 

Snowdrop Bulbs are used for treatment of neurological conditions such as 
dementia, Alzheimer. 

Amaryllidaceae alkaloids (galantamine) [39] 

Incarvillea delavayi 
(Bignoniaceae) 

hardy 
gloxinia 

Traditionally used to treat dizziness, anemia and as 
antiinflammatory 

Isoquinoline terpene alkaloids [37] 

Nigella glandulifera 
(Ranunculaceae) 

Black cumin Used in the folk medicine of central Asia to treat amnesia, 
nervous system disorders, kidney deficiency, alopecia, and 
bronchial asthma. 

Isoquinoline terpene alkaloids and protoberberines 
(berberine) 

[40] 

Thalictrum foliolosum 
(Ranunculaceae) 

Meadow- 
Rue 

Traditionally used in the Himalayas for eye disorders and 
rheumatism, also as diuretic, febrifuge, purgative. 

Protoberberines, aporphines and 
bisbenzylisoquinolines. 

[37] 

Unonopsis stipitata 
(Annonaceae) 

“Carguero” In Amazon region leaves are used for the treatment of cognitive 
disorders. 

Benzylisoquinoline and aporphine alkaloids, mainly 
reticuline, glaucine, oxoglaucine, stepharine 

[37]  
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subsequent pharmacological studies which have led the identification 
and characterization of a wide range of bioactive isoquinoline alkaloids. 
Most of them have shown noteworthy antitumoral, antimicrobial, anti- 
inflammatory, analgesic, and neuroprotective potential [42,43]. Table 2 
provides a comprehensive view of the pharmacological potential of 
isoquinoline alkaloids, it is divided in two sections, in the upper 
(Table 2a) representative examples of the pharmacological activity of 
IAs are presented, while in the second segment (Table 2b) are described 
AIs that achieved the approval to be marketed for the treatment of some 
ailment. 

Aporphine alkaloids such as boldine (Table 2a), magnoflorine, 
glaucine and oxoglaucine have shown potent anti-inflammatory prop-
erties in different in vitro models. For instance, magnoflorine down- 
regulates the production of proinflammatory cytokines (IL-6, IL-1β, 
and TNF-α) in both in vitro and in vivo models after lipopolysaccharide 
stimulation [44]. As well, boldine is an antioxidant and 
anti-inflammatory agent used for the treatment of multi-system disorder 
myotonic muscular dystrophy. Boldine exerts its anti-inflammatory ac-
tivity by inhibiting cyclooxygenase (COX) enzymes, blocking prosta-
glandins synthesis, and downregulating the expression of 
proinflammatory cytokines (TNF-α, IL-6). Recent studies have suggested 
its neuroprotective effects in ischemic brain damage in mice, as well as, 
anti-inflammatory activity in colitis models by down-regulation of 
proinflammatory cytokines production [45]. 

In Table 2a, it is also possible to analyze that within the pharma-
cology of IAs the anti-inflammatory potential is crosswise to different 
isoquinoline scaffolds such as aporphine, morphinans, protoberberines, 
benzophenanthridines, among others. In fact, some of these subclasses 
possess a significant therapeutic potential related to their ability to 
modulate inflammatory signaling pathways [42]. For example, the 
antiviral, anti-atherosclerotic, hypolipidemic, and antidiabetic activities 
exerted by berberine have been linked to its anti-inflammatory and 

antioxidant properties. Particularly, the antidiabetic potential of 
berberine has been attributed to the modulation of multiple therapeutic 
targets, including several involved in inflammatory pathways such as 
TLR4/TNF-α, AMPK activation, and FXR modulation, which would lead 
to the stimulation of insulin receptor expression in the liver. Moreover, 
hypercholesterolemia and obesity that play a key role in the pathology 
of diabetes can also be modulated by berberine through 
anti-inflammatory pathways decreasing pro-inflammatory markers, like 
prostaglandins (PGs), tumor necrosis factor-α (TNF-α), interleukins 
(ILs), and cyclooxygenases (COXs) [41]. Likewise, IAs like sinomenine, 
protopine, sanguinarine, nitidine, columbamine, among many others, 
have demonstrated a broad spectrum of pharmacological activities by 
modulation of markers and targets involved in inflammatory process 
[46]. Consequently, given these anti-inflammatory characteristics of 
some isoquinoline alkaloids, they will represent an attractive alternative 
source of agents for the treatment of complex diseases since inflamma-
tion is usually a common feature in some of those pathologies. Never-
theless, preclinical, and clinical studies are still required to determine 
the potential druggability and safety profile of several isoquinoline al-
kaloids. On the other hand, even though it is known that several classes 
of AIs present similar mechanisms of action, the key structural charac-
teristics to exert certain pharmacological activities are still not clear. 
Therefore, structure-activity relationship studies are also needed to 
elucidate the fundamental structural motifs of AIs linked to their phar-
macological potential. In this way, for example, pharmacophoric models 
could be built, which might provide further structural information to be 
used for the search of new active compounds by pharmacophoric simi-
larity, as well as, for the rational design of innovative molecules with 
superior pharmacokinetic and pharmacodynamic characteristics. The 
above would also allow enlarging the chemical space for the develop-
ment of new drugs for complex diseases. 

Although there is a long history in the pharmacological research of 

Table 2  
Structure, source, and pharmacological effects of some representative natural isoquinoline alkaloids.  

Alkaloid (class) Botanical 
source 

Pharmacological potential Mechanism and targets References 

Peumus boldus Anti-inflammatory agent used for dystrophic myotonia. 
Cytotoxic and antiproliferative 

Inhibit the expression of proinflammatory cytokines 
(TNF-α, IL-6) 
↓ Janus kinase 2 (JAK2) phosphorylation 

[47,48] 

Sinomenium 
acutum 

Anti-diabetic, anti-inflammatory, antioxidant, and 
immunomodulatory 

Regulate the production of prostaglandin E2 (PGE2) 
and pro-inflammatory cytokines (IL-1β, IL-6 and TNF- 
α) 
Inhibition of Toll-like receptor 4-mediated NF-κB and 
MAPK signaling pathways 

[44] 

Sinomenium 
acutum 

Approved in China for the treatment of arthritis rheumatoid 
and other inflammatory conditions 

Regulation de secretion of several proinflammatory 
cytokines such as, IL-6, IL-12, IL-1α, TNF-α, IL-1β, IL- 
10, M-CSF, among others 

[49] 

Berberis genus Pharmacological potential for the treatment of 
hyperglycemia and hyperlipidemia activity. Antiparasitic, 
antioxidant, and anti-inflammatory activity 

↓ of NADPH oxidase expression and activation of Nrf2 
pathway 
Activation of AMPK, PI3K/Akt pathway 
↓ inflammation blocking AMPK, NF-κB and MAPK 
signaling pathways 

[37,50] 

Argemone 
mexicana 

Antitumoral, cytotoxic, and anti-inflammatory properties Modulation of multiple signaling pathways 
Caspase 3/8/9, PARP, AMPK activation 
Bcl-2, PI3K, Akt, and mTOR downregulation 

[51] 

Papaver genus Antitussive, analgesic, and anti-inflammatory Inhibition of histamine H1 receptors (5HT1) 
↓MAPK phosphorylation, and NF-κB signaling 
pathway. 

[37,52]  
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natural IAs, until today a limited number of isoquinolines have over-
come the drug development process. However, some of those that 
reached the pharmaceutical market have also achieved a milestone in 
medicinal chemistry and in the drug market (Table 2b) [42]. Certainly, 
morphine is the most remarkable example considering that after two 
centuries of its discovery it is still an essential analgesic drug for chronic 
pain. Morphine was isolated from seedpods of opium poppy (Papaver 
somniferum) in 1805, and first marketed to treat pain in Germany about 
then years after (Table 2b). Despite morphine’s murky history of 
addictiveness and abuse, it was approved by the FDA as a drug for the 
treatment of chronic pain in 1942, and currently is marketed under more 
than 15 different brands [53]. Furthermore, a new class of structurally 
related drugs, known as opioids, emerged in the 20th century, and even 
today hundreds of natural and synthetic opioids are being studied for the 
development of analgesics and sedatives. Additionally, since 90 s opi-
oids became the most prescribed analgesic drugs in the United States in 
spite of the controversy related to side effects and high risk of depen-
dence [54]. Other natural opioids such as codeine and sinomenine 
possess fewer analgesic effects but have been proven other beneficial 
properties. Codeine (Table 2b) was originally approved in 1950 as an 
analgesic agent, nonetheless, more recent studies demonstrated its high 
antitussive potential in cough associated with common cold [55]. On the 
other hand, sinomenine (Table 2a) a promorphinan alkaloid isolated 
from the root extract of the Chinese plant Sinomenium acutum. 

Sinomenine is a prescribed drug approved in China for the treatment of 
rheumatic arthritis and other autoimmune-inflammatory conditions 
[49]. Recently was demonstrated that sinomenine exerts the 
anti-rheumatic activity by regulation of multiple proinflammatory cy-
tokines and suppression of immune response mediated by T-helpers 
(Th1 and Th2) [49]. The above show that there is an alternative and 
unexplored field in the search for potential therapeutic applications of 
natural or derived morphinans. 

In addition to opioids, few other natural AIs reached the pharma-
ceutical market, for example galantamine an isoquinoline alkaloid iso-
lated from the bulbs of Galanthus nivalis and widely distributed in the 
Amaryllidaceae family is a reversible inhibitor of acetylcholinesterase 
(AChE) approved in 2001 for the treatment of Alzheimer’s disease [57]. 
Galantamine is used for the treatment of cognitive impairment in 
moderate and middle stages of the disease, however it does not allow to 
slow down or delay the neurodegenerative progression [8,60]. 
Although, the pharmacological action of galantamine yielded palliative, 
its approval at the beginning of the 21st century marked a transition 
point in the development of therapeutic agents for Alzheimer’s disease 
and prompted the study of other natural alkaloids for the treatment of 
complex neurodegenerative diseases. 

Noscapine and colchicine are also two IAs that reached the phar-
maceutical market in the 20th century, these alkaloids were approved 
for the treatment of cough and gout respectively. 

Table 2b 
Structure, source, and pharmacological effects of natural isoquinoline alkaloids approved.  

Alkaloid (class) Botanical source Pharmacological use (Drugbank Code) Mechanism and targets References 

Papaver somniferum Treatment of chronic, moderate to severe pain 
(DB00295) 

Agonist of µ-opioid, κ-opioid and δ-opioid receptors 
Antagonist of GPCR Calcium channels 

[53,54] 

Papaver somniferum Analgesic mild or moderate pain, sedative, and 
antitussive 
(DB00318) 

Selective agonist of µ-opioid receptor [42,55] 

Papaver somniferum Muscle relaxant used in the treatment of muscle 
spasms, impotence and as a vasodilator 
(DB01113) 

Selective inhibitor of phosphodiesterase [56] 

Galanthus genus Treatment of cognitive decline in mild to moderate 
Alzheimer’s disease and other memory disorders 
(DB00674) 

Competitive inhibitor of the acetylcholinesterase 
(AChE) 

[57] 

Papaveraceae 
family 

Used as antitussive in common cold, also being 
investigated for treatment of lymphoma and leukemia 
(DB06174) 

Agonist of σ-non-opioid receptor 1. 
↓ proinflammatory markers (IL-1β, IFN-c, IL-6) 

[58] 

Menispermaceae 
species 

Neuromuscular blocking agent used as an adjunct in 
anesthesia 
(DB01199) 

Acetylcholinesterase (AChE) inhibitor 
Acetylcholine receptor antagonist 
5-hydroxytryptamine receptor 3A (5HTR-A3) 
antagonist 

[33] 

Colchicum 
autumnale 

Anti-mitotic drug used in the treatment of gout and 
inflammatory conditions such as Familial 
Mediterranean Fever (FMF) 
(DB01394) 

Microtubule polymerization inhibitor by binding to 
tubulin. 
↓ The inflammasome complex downregulating the 
interleukin-1β 
Inhibition of superoxide anion production, RhoA/ 
Rho effector kinase and the factor κВ (NF-κВ) 
pathways 

[59]  
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Phenethylisoquinolines, like colchicine, are an unusual sub-class of 
isoquinoline alkaloids principally distributed in the Liliaceae family and 
characterized by a non-heterocyclic Nitrogen. Colchicine was originally 
obtained from Colchicum autumnale an ancient plant recognized for its 
pain release and anti-inflammatory properties. Even though this alka-
loid has been identified as one of the oldest natural anti-inflammatories, 
this potential use was officially approved by FDA only in 2009 [59]. 
Recently, there is growing interest in the potential use of colchicine for 
the treatment of acute cases of COVID-19 due to its anti-inflammatory 
effects [61]. Several studies indicate that colchicine inhibits the acti-
vation of NLRP3 inflammasome leading to a potent reduction of IL-1β 
production, which will, in turn, prevent the cytokine storm. Addition-
ally, preclinical studies and clinical trials support the possible effects of 
colchicine both in the initial phase and progression of the inflammatory 
process in COVID-19. However, dosage, safety, and toxicity studies are 
still required [61]. Likewise, within drug repurposing strategy, in the 
last decades, noscapine has been studied as anti-mitotic agent for the 
treatment of cancer conditions like leukemia, lymphoma, multiple 
myeloma, glioblastoma, and colon due to its apoptotic and 
anti-inflammatory effects through modulation of key pathways in 
cellular death [58]. Nevertheless, the effectiveness and safety of the use 
of this alkaloid have not been conclusive, then, more preclinical, and 
clinical studies are decisive to obtain pharmacological approval. 

The above examples evidence the extensive pharmacological po-
tential inherent to isoquinoline alkaloids making these plant metabolites 
a valuable source of privileged scaffolds for drug discovery. Hence a 
growing interest in the chemistry and pharmacology of isoquinolines has 
been observed in recent decades which has also triggered the rise of 
scientific publications. Analyzing the number of publications related o 
isoquinoline alkaloids from 1955 to 2020 using the Scopus database it is 
observed there has been a virtually exponential growth of the scientific 
documents in the last 10 years. Also, approximately 70% of the total 
publications for IAs arose from 2000 to 2020, with the highest record of 
242 publications in 2020 (Fig. 3A). As depicted in Fig. 3B, the areas of 
chemistry, molecular biology, pharmacology, and medicine account 
more than 80% of the total publications, supporting the impact of iso-
quinoline alkaloids in these research fields. Besides, by 2020, 105 arti-
cles were in the areas of pharmacology, toxicology, and pharmaceutics 
which uphold the growing interest of isoquinolines in the therapeutic 
field. 

Furthermore, structure–activity relationship (SAR) studies, molecu-
lar docking analysis and ligand-target interactions with isoquinoline 
scaffolds have been drawing the attention of medicinal chemist in the 
last years. These emerging strategies have allowed the recognition of key 
structural features linked to a particular pharmacologic response or 
those important for the interactions with therapeutic targets [43,62,63]. 
Likewise, these studies also provide valuable information on binding 

site, molecular interactions, and ligand-protein affinity that can be used 
in optimization stages to improve the pharmacodynamic or pharmaco-
kinetic properties of the active alkaloids. 

More recently, there has been a notable interest in the multi-target 
characteristics of natural products, among polyphenols and alkaloids 
comprise a promising source of multimodal agents for the management 
of complex diseases. Notably, isoquinoline alkaloids have shown 
favorable multimodal profile in targets related to cancer, neurodegen-
erative disorders, and infectious diseases. 

5. Multi-target agents for complex diseases 

In the past century the drug discovery process was based on the “one- 
molecule, one-target” paradigm in the search for fully selective thera-
peutic agents, trying to minimize side effects and increase the success of 
safety drugs. However, single-target drugs were not the expected “magic 
bullets”, they turned out not totally selective, and instead ended up 
inadequate for the treatment of complex diseases [64]. Thus, consid-
ering that complex diseases have multifactorial pathophysiology, it be-
comes rational that drugs capable of regulate different targets involved 
in the pathological process could offer a broader therapeutic option. In 
fact, the multi-target approach is derived from the concomitant use of 
drugs with different mechanisms of action, which showed an improve-
ment in the effectiveness of the treatment of complex diseases compared 
to single therapy [14]. In view of the different drawbacks observed in 
combination therapy, such as formulation challenges, possible 
drug-drug interactions, and higher biotransformation toxicity, this 
strategy evolved towards multi-target therapy [65]. Multi-target 
directed ligands (MTDLs) approach was formally proposed in the early 
2000 s and has shown a rapid progress, particularly in the last decade. 
indeed was listed as one of the hottest topics in drug discovery in 2017 
[2]. Multi-target therapy has become a forefront strategy and one of the 
most promising approach in the drug landscape for complex diseases, 
which had sparked the attention of medicinal chemists in both academia 
and pharmaceutical industry. As a result, a considerable number of 
multi-target molecules have been coming into the Drug Discovery 
pipeline, and some of them have already reached the market [2]. 

According to Ramsay et al., 21% of the new molecular entities 
(NMEs) approved by the FDA between 2015 and 2017 corresponded to 
multi-target drugs, figures that support the growing enthusiasm in 
multimodal small molecules with particular impact in central nervous 
system disorders and cancer [2]. For example, safinamide is a 
multi-target agent for neurodegenerative disorders approved in 2017 for 
the treatment of Parkinson’s disease (PD). Safinamide shown both 
dopaminergic and glutaminergic effects, it is a reversible monoamine 
oxidase-B (MAO-B) inhibitor and blocker of sodium/calcium channels, 
which has allowed to improve the therapeutic spectrum in Parkinson’s 

Fig. 3. A. Number of publications related to isoquinoline alkaloids from 1955 to 2020 by using the Scopus database. B. Distribution of the documents by subject area 
according to Scopus database search. 
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disease by addressing neuroprotective and motor symptoms [66]. On the 
other hand, different multi-target antineoplastic agents have been 
approved in recent years being the multi-kinase inhibitors those with the 
greatest contribution, within them sorafenib, lenvatinib, palbociclib, 
abemaciclib, and ribociclib [67]. Lenvatinib was approved in 2015 for 
the treatment of refractory thyroid cancer, this multi-tyrosine kinase 
inhibitor acts over different grow factor receptors (VEGFR, FGFR, SCFR 
and PDGFR) involved in angiogenesis and tumor progression. While, 
palbociclib, abemaciclib, and ribociclib are dual inhibitors of 
cyclin-dependent kinase (CDK) authorized for the management of 
advanced or metastatic breast cancers [2]. Therefore, those multi-target 
agents have provided a suitable therapeutic option for very aggressive 
types of cancer. 

Currently, multi-target ligands are searched o designed through 
rational strategies, either by screening against different targets involved 
in the pathology or by framework combination of pharmacophores in a 
single molecular entity [65]. Nevertheless, it is important to point out 
that there are still big challenges in the rational design of MTDLs, mostly 
in the correct selection of targets, synthesis strategies, drug-like char-
acteristics, as well as in the target and off-target balance [2]. In this 
regard, it becomes evident that alternative sources of multi-target small 
molecules are required to overcome some of the MTDLs design draw-
backs. Therefore, in the light of the intrinsic traits of Natural Products 
like the scaffold diversity, variety of pharmacophores, 
metabolite-likeness, and multimodal activity, it is plausible to turning 
back to NPs in the search of multi-target leads for drug discovery. 

6. Multi-target potential of natural isoquinoline alkaloids 

Historically, natural products have played a significant role in drug 
discovery providing leads, candidates, or inspiring scaffolds for the 
design of new drugs. Moreover, several bioactive PNs exert varied 
pharmacological properties what is suggested to be related with a 
multimodal mode of action. Certainly, polyphenols and alkaloids are the 
NPs that have been proven profitable multi-target potential, for instance 
isoquinoline alkaloids such as berberine, palmatine and magnoflorine 
present an enormous polypharmacological profile with anti- 
inflammatory, anticancer, and neuroprotective properties [41,44,68]. 
Therefore, below this review is focused on the multimodal anticancer 
and neuroprotective potential of natural isoquinoline alkaloids, 
providing a comprehensive picture that could be a good starting point to 
further studies in the search or design of MTDLs for these complex 
conditions. 

6.1. Multi-target activity for neurodegenerative disorders 

Neurodegenerative disorders include a wide range of clinical forms 
such as Alzheimer’s, Parkinson’s and Huntington’s diseases, stroke, and 
amyotrophic lateral sclerosis [69]. These brain pathologies are charac-
terized by chronic and progressive neuronal death and degeneration of 
the function of the central nervus system (CNS), which lead to the 
decline of different cognitive and motor process gradually deteriorating 
the quality of life of patients [6]. The exact mechanisms triggering the 
abnormal apoptosis in neurodegeneration remain uncertain, however, 
in the last few decades several studies directed to discern the patho-
logical events linked to neuronal death have been carried out, allowing 
to recognize some specific hallmarks and common biochemical path-
ways. Among them, the aberrant aggregation of misfolding proteins is 
the most distinctive biomarker, besides neuronal death has been linked 
to different pathways as oxidative stress, disrupted calcium homeostasis, 
mitochondrial dysfunction, and hyperinflammation [70,71]. From this 
perspective, the ambiguous pathophysiology of neurodegenerative dis-
eases has become a substantial challenge at biochemical, medical, and 
pharmacological level. Indeed, the uncertain disease mechanisms have 
hindered the successful selection of molecular targets for drug discovery, 
as a result, current treatments for neurodegenerative diseases are mostly 

symptomatic and usually a high number of candidates failure in clinical 
phases. Thus, a multidisciplinary effort is required to increase the 
chances of success of therapeutic agents capable of stopping or delaying 
the progression of these diseases. Therefore, the rational exploration of 
the multi-target potential of natural products, in particular alkaloids due 
to their structural similarity with neurotransmitters, constitute a note-
worthy contribution in the initial stages of research and development of 
therapeutic agents for neurodegenerative diseases. Some examples of 
isoquinoline alkaloids with activity against different targets involved in 
Alzheimer’s and Parkinson’s disease are featured bellow. 

6.1.1. Alzheimer’s disease (AD) 
Alzheimer’s disease (AD) is a multifactorial neurodegenerative dis-

order clinically characterized by progressive loss of memory and other 
cognitive abilities. AD is the most common form of dementia affecting 
more than 50 million people worldwide and with an annual incidence 
higher than 6 million new cases. 95% of the total cases correspond to 
sporadic AD which is linked to several exogenous risk factors such as 
aging, sedentarism, obesity, hypertension, diabetes, pollution over-
exposure, etc. [8]. Additionally, AD has a complex physiopathology 
typified by massive loss of cholinergic neurons and abnormal accumu-
lation of amyloid plaque and neurofibrillary tangles [7]. Other patho-
logical events such as neuroinflammation, mitochondrial dysfunction, 
and neuronal atrophy are characteristic during AD progression [72,73]. 
However, there is not a clear clue of the central event to connect those 
pathological hallmarks, thus, different hypotheses have been proposed 
trying to explain neurodegeneration in AD, among them cholinergic 
detriment, oxidative stress, neuroinflammation, Tau and Amyloid pa-
thology [72,74,75]. 

Additionally, recent studies have demonstrated the relationship be-
tween those pathophysiological changes and AD progression (Fig. 4). 
For example, Aβ deposition increases from preclinical to early disease 
stages, reaching a steady state when the first cognitive symptoms 
appear. While Tauopathy is supposed to rise after the amyloid stage and 
spans to mild AD stages. Finally, from moderate to advanced AD phases 
a continue neurotransmitters systems decline and neuronal loss is 
observed [65]. All the above scientific evidence has been useful in the 
prioritization of molecular targets and generation of therapeutic stra-
tegies for the rational search of multi-target candidates (Fig. 4). In this 
regard, it is expected a better success in the search for anti-Alzheimer’s 
agents making a combination of targets based on the pathological events 
associated with the progression of the disease [65]. 

Alkaloids have played a key role in the development of therapeutic 
agents for Alzheimer’s disease, in fact, as mentioned before galant-
amine, an isoquinoline alkaloid isolated from the bulbs of Galanthus 
species was approved for the treatment of cognitive impairment in mild 
and moderate forms [76]. Furthermore, other natural alkaloids such as 
physostigmine, huperzine and rhynchophyllina showed remarkable in 
vitro and in vivo activity, but due to low bioavailability did not over-
come the clinical trials [76,77]. 

Several in vitro studies have suggested the multimodal potential of 
isoquinoline alkaloids lies in their ability to inhibit enzymes catalyzing 
neurotransmitter breakdown, plus neuroprotective and anti- 
inflammatory properties, which would imply these NPs could have 
therapeutic applications in both secondary prevention phase of AD, as 
well as in the development of symptomatic treatments for advanced 
stages of the disease (Fig. 4). In addition, some of those alkaloids have 
also demonstrated modulatory activity against disease-modifying tar-
gets involved in primary and secondary prevention stages, such as am-
yloid aggregation and Tau hyperphosphorylation [20]. The subclasses of 
isoquinolines with a higher number of multi-target reports for AD are 
Amaryllidaceae alkaloids, benzophenanthridines, aporphines, benzyli-
soquinolines and protoberberines, as evidenced by the examples in  
Table 3. 

Heterodimeric Amaryllidaceae alkaloids with galanthindole-core 
such as narcieliine and narcimatuline (Table 3) have proven low to 
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moderate inhibitory activity against cholinesterase (ChEs) and prolyl 
oligopeptidase (POP). These enzymes have demonstrated to play a 
pivotal role in AD progression being involved in the neurotransmission 
balance. During the normal brain function, cholinesterases (acetylcho-
linesterase AChE and butyrylcholinesterase BuChE) are keep the 
cholinergic neurotransmission hydrolyzing acetylcholine (ACh), how-
ever, during AD progression low levels of this neurotransmitter have 
been linked to massive death of cholinergic neurons and cognitive 
decline [78]. Additionally, some BChE inhibitors have shown reduction 
of amyloid precursor protein (APP) levels, which implies regulation in 
the amyloidogenic pathway [79]. Thus, dual cholinesterase inhibitors 
(iAChE and iBuChE) are considered indispensable in the symptomatic 
treatment of AD (Fig. 4). On the other hand, prolyl oligopeptidase (POP) 
is expressed in brain to regulate the levels of neuropeptides and proteins 
involved in neurotransmission through cleavage at the carboxyl of 
proline. Recent studies have shown a close correlation in the over-
expression of this enzyme with neurodegenerative disorders such as AD 
and PD, besides POP is believed to be linked to neuroinflammation 
process and tau pathology in AD [80]. In this regard, the Amaryllidaceae 
alkaloids narcieliine and narcimatuline structurally related to galant-
amine could offer a good starting point for the development of thera-
peutic agents for moderate to advanced AD phases targeting 
neurotransmitters system decline, neuroinflammation and Tau pathol-
ogy. Moreover, worth noting that narcieliine present better cholines-
terase inhibitory activity compared to narcimatuline, and the latter is 
almost inactive against AChE with an IC50 value close to 500 µM. 
Nevertheless, both alkaloids showed preferential activity against BuChE 
with selectivity index (SI) to 13 and 88 respectively (Table 3). These 
findings might be related to the differences in the active site of both 
enzymes, considering that the absence of aromatic residues in the pe-
ripheral anionic site (PAS) of BuChE allows to accommodate bulky li-
gands compare to AChE. In addition, the structural differences between 
narcieliine and narcimatuline favored the inhibitory activity against 
POP and Glycogen synthase kinase-3β (GSK-3β) (Table 3). Therefore, 
given the relation between GSK-3β overactivation and memory 
impairment due to tau hyperphosphorylation and amyloid accumulation 
narcimatuline could have a better therapeutic potential in the preclini-
cal and early stages of AD compared to narcieliine. 

Benzophenanthridine alkaloids such as chelerythrine, nitidine and 
avicine have shown multi-target activity by inhibition of enzymes 
catalyzing neurotransmitter breakdown like cholinesterases and mono-
amino oxidases (MAO), as well as inhibition of beta amyloid aggregation 
(Table 3). As shown in Table 3, these alkaloids share the main scaffold 
with small differences in substituents in the A ring of the benzophe-
nanthridine core resulting in a similar activity pattern with inhibitory 
values in micromolar range. In fact, chelerythrine and nitidine having 
methoxy groups in the A ring showed close IC50 values against cholin-
esterases, while avicine which instead has a methylenedioxy substituent 
exhibited more potent inhibition against AChE (0.52 µM) and BuChE 
(0.88 µM). These findings indicate that methylenedioxy substituent 
could favor the interactions with the active sites of these enzymes 
compared to vicinal methoxy. Also, comparing the multi-target activity 
of nitidine, avicine and chelerythrine with other benzophenanthridine 
alkaloids, such as dihydrochelerythrine, 6-Acetonyldihydrochelerythr-
ine, 6-hydroxydihydrofagaridine and fagaridine some structural fea-
tures playing a significant role in the inhibitory activity against 
cholinesterases were proposed. For example, the quaternary nitrogen 
and total aromatic scaffold, seeing the lower activity presented by the 
dihydro-benzophenanthridines, besides methoxy or methylenedioxy 
substituents compared to hydroxyl groups could improve the inhibition 
potency [23]. In MAOs inhibition, chelerythrine, nitidine and avicine 
proved inhibition against the isoform A in micromolar concentrations, 
while were inactive against isoform B. This preferred inhibition of 
MAO-A could be driven by the differences in the active site of MAOs, 
since MAO-B has a narrower entrance cavity in the active site MAO-A 
have demonstrated higher affinity for bulkier ligands [84]. Therefore, 
the moderate Aβ1–42 anti-aggregation activity exhibited by these ben-
zophenanthridine alkaloids together with the inhibition of enzymes 
catalyzing neurotransmitter breakdown (AChE, BuChE and MAO-A) 
could offer neuroprotective effects due to the maintenance of neuro-
transmitters levels and modulation of further pathological pathways 
such as amyloid cascade, neuroinflammation and oxidative stress. 

Previous studies have demonstrated the anti-inflammatory and 
neuroprotective potential of nitidine in models related to the central 
nervous system [85]. In fact, nitidine showed protective and repairing 
effects on microglial cells after stimulation with LPS 

Fig. 4. Correlation between AD pathology progression, biomarkers, and therapeutic strategies.  
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Table 3  
Multi-target activity related to Alzheimer’s disease of natural isoquinoline alkaloids.  

Alkaloid (class) Chemical structure AD targets activity Therapeutic potential References 

Narcieliine 
(amaryllidaceae 
alkaloid) 

hAChE IC50 

= 18.7 µM 
hBuChE IC50 

= 1.34 µM 
POP IC50 = 163 µM 

Symptomatic treatment targeting neurotransmission 
and Tau pathology 

[81] 

Narcimatuline 
(amaryllidaceae 
alkaloid) 

hAChE IC50 = 489 µM 
hBuChE IC50 

= 5.90 µM 
POP IC50 = 29.2 µM 
GSK-3β IC50 

= 20.7 µM 

[81] 

Chelerythrine 
(benzophenanthridine) 

hAChE IC50 

= 1.54 µM 
hBuChE IC50 

= 6.33 µM 
MAO-A IC50 

= 0.55 µM 
MAO-B IC50 > 20 µM 
iAβ IC50 = 4.20 µM 

Secondary prevention or symptomatic treatment targeting 
amyloid pathology and neurotransmission 

[23,81] 

Nitidine 
(benzophenanthridine) 

hAChE IC50 

= 1.25 µM 
hBuChE IC50 

= 5.73 µM 
MAO-A IC50 

= 1.89 µM 
MAO-B IC50 

> 300 µM 
iAβ IC50 = 1.89 µM 

[23] 

Avicine 
(benzophenanthridine) 

hAChE IC50 

= 0.52 µM 
hBuChE IC50 

= 0.88 µM 
MAO-A IC50 

= 0.41 µM 
MAO-B IC50 

> 100 µM 
Aβ IC50 = 5.56 µM 

[23] 

Magnoflorine 
(aporphine) 

AChE IC50 > 100 µM 
BuChE IC50 

= 18.1 µM 
iDPPH IC50 

= 4.91 µM 
PTP1B IC50 

= 28.1 µM 
AG IC50 = 3.65 µM 

Primary prevention targeting metabolic and cardiovascular risk factors [44,82] 

Corycavamine 
(protopine) 

hAChE IC50 = 428 µM 
hBuChE IC50 

= 218 µM 
BACE1 IC50 

= 41.1 µM 

Secondary prevention treatment targeting 
amyloid pathology 

[83] 

Liensinine 
(bisbenzylisoquinoline) 

EeAChE IC50 

= 0.34 µM 
EqBuChE IC50 

= 9.96 µM 
BACE1 IC50 

= 16.4 µM 

Secondary prevention treatment targeting 
amyloid pathology and symptomatic treatment targeting neurotransmission 

[20] 

Neferine 
(bisbenzylisoquinoline) 

EeAChE IC50 

= 14.2 µM 
EqBuChE IC50 

= 37.2 µM 
BACE1 IC50 

= 15.5 µM 

[20] 

Palmatine 
(protoberberine) 

AChE IC50 = 0.51 µM 
BuChE IC50 

= 6.84 µM 

Secondary prevention treatment targeting 
amyloid pathology and oxidative stress. Symptomatic treatment targeting 
neurotransmission 

[68,82] 

(continued on next page) 
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(Lipopolysaccharide) by reversing or avoiding morphological damage. 
The same study demonstrated the mechanism implicit in 
nitidine-mediated reactive microgliosis inhibition is the reduction of 
inflammatory cytokines by modulation of ERK (extracellular 
signal-regulated kinase) and NF-κB (Nuclear factor kappa B) signaling 
pathways. Moreover, nitidine was able to promote neuronal survival and 
reduce neural tissue damage after Traumatic brain injury (TBI) in mice, 
as well as allowed locomotor recovery improvement in mice with spinal 
cord injury [85]. All these findings support the pharmacological po-
tential of nitidine since demonstrated its low toxicity, adequate 
bioavailability, and the ability to cross the blood-brain barrier (BBB), 
which are critical characteristics in the development of therapeutic 
agents for neurodegenerative diseases. On the other hand, there are no 
reports of the neuroprotective potential of chelerythrine and avicine so 
far, in this context, complementary studies using cellular and in vivo AD 
or CNS models are essential to deepening the pharmacokinetic and 
pharmacological characteristics of these alkaloids. 

Aporphines is another subclass of isoquinoline alkaloids with sig-
nificant activity related to Alzheimer’s disease, most of them shown 
moderate inhibition of cholinesterases, however, a just few of them have 
additional anti-AD properties [42,86]. Among them, magnoflorine 
(Table 3) stand out by having modest anticholinesterase potential but a 
wide range of pharmacological activities such as anti-diabetic, anti-in-
flammatory, hypotensive, and antioxidant which are important within 
the primary prevention strategy (Fig. 4) due to their relationship as 
common risk factors in the sporadic form of Alzheimer’s disease [20,44]. 
This aporphine alkaloid had proven anti-diabetic activity in vitro and in 
vivo models exerting different mechanisms like stimulation of insulin 
secretion, inhibition of adipogenesis by regulation of adipocyte marker 
proteins (PPAR-γ and C/EBP-α), also inhibition of α-glucosidase (AG) 
and protein tyrosine phosphatase 1B (PTP1B) [44]. Besides, magno-
florine showed anti-inflammatory activity in variety of cellular models 
by downregulation the production of pro-inflammatory cytokines 
(TNF-α, IL-1β and IL-6), which might be linked to the inhibition of NF-κB 
and MAPK (Mitogen-activated protein kinase) signaling pathways. In 
relation to the CNS, magnoflorine showed cognitive-improvement and 

anti-amnesic properties in mice by reversing the scopolamine-induced 
long-term memory impairment and ameliorating memory and learning 
[44]. 

Furthermore, boldine (see structure in Table 2) present promising 
potential for AD with antioxidant, neuroprotective and anti- 
inflammatory properties [20]. Boldine also exhibited mild cholinester-
ases inhibition, against human recombinant AChE and BuChE showed Ki 
values of 372 µM and 321 respectively. Complementary molecular 
docking studies suggested that boldine establishes few interactions in 
the cationic active site (CAS) of these enzymes, dissimilar to other iso-
quinolines, such benzophenanthridines which are capable to span both 
the peripheral anionic site (PAS) and CAS of the cholinesterases through 
variated strong interactions, thus this fact could be directly related to the 
lower activity of aporphines [87]. Despite the weak anticholinergic ac-
tivity, boldine has demonstrated neuroprotective effects in both cellular 
and murine models of AD [45,88]. For example, boldine showed inhi-
bition of connexin hemichannels in cultured astrocytes and also in brain 
hemisphere slices of mice after stimulation with LPS, without affecting 
the gap junctional communication. In addition, the Long-term (12 
weeks) administration of boldine in APP/PS1 transgenic mice prevents 
the connexin hemichannels activation in astrocytes and microglial cells, 
regulate the Ca2+ signal in astrocytes, as well as decreases proin-
flammatory cytokines production (TNF-α) and glutamate concentration 
diminishing the activation of neuroinflammatory and excitotoxity cas-
cades [88]. All above shown that targeting connexin hemichannels with 
small molecules could offer not only protective but also symptomatic 
effects in both in vitro and in vivo AD models, besides these results 
evidenced that boldine present appropriate pharmacokinetic properties 
like bioavailability and capacity to cross the BBB. Perhaps more 
important, the above findings strongly point out that exploration of 
alternative pathways in AD, disregarding traditional hypothesis, might 
represent a promising strategy in the search of new effective therapeutic 
agents. 

Other isoquinolines belonging to the protopine subclass such as 
corycavamine (Table 3) has also shown modest anticholinesterase po-
tency, but instead present modulatory activity against disease- 

Table 3 (continued ) 

Alkaloid (class) Chemical structure AD targets activity Therapeutic potential References 

MAO-A Ki = 78.0 µM 
BACE1 IC50 

> 100 µM 
iTau IC50 = 18.0 µM 
IDO1 IC50 > 100 µM 
iONOO- IC50 

= 28.7 µM 
Epiberberine 

(protoberberine) 
AChE IC50 = 1.07 µM 
BuChE IC50 

= 6.03 µM 
BACE1 IC50 

= 8.55 µM 
iONOO- IC50 

= 16.8 µM 

[20] 

Groenlandicine 
(protoberberine) 

AChE IC50 = 0.54 µM 
BuChE IC50 

= 3.32 µM 
BACE1 IC50 

= 19.6 µM 
iONOO- IC50 

= 0.84 µM 
iROS IC50 = 51.7 µM 

[81] 

Canadine 
(protoberberine) 

AChE IC50 = 12.4 µM 
BuChE IC50 > 100 µM 
POP IC50 > 100 µM 

Moderate symptomatic and effects [81] 

AG: α-glucosidase, hAChE: human acetylcholinesterase, iAβ: inhibition of amyloid beta, hBuChE: human butyryl cholinesterase, BACE1: β-site amyloid precursor 
protein cleaving enzyme, GSK-3β: glycogen synthase kinase-3β, IDO1: indoleamine 2,3–dioxygenase 1, MAO-A/B: monoamine oxidases A/B, iONOO- = scavenging 
activity, POP: prolyl oligopeptidase, PTP1B: protein tyrosine phosphatase 1B, iROS: Inhibition on total ROS Generation. 
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modifying targets. Indeed, corycavamine exhibited inhibitory activity 
against β-site amyloid precursor protein cleaving enzyme 1 (BACE1) 
with an IC50 value in micromolar range [83]. BACE1 has attracted the 
interest in drug discovery giving its strategic role in the amyloidogenic 
pathway of AD, within this process BACE1 start the amyloid precursor 
protein (APP) cleavage leading to the formation of insoluble Aβ pep-
tides, which can subsequently form highly cytotoxic aggregates and 
protofibrils [89]. In this context, BACE1 inhibitors might reduce the Aβ 
production which represent a therapeutic option in the secondary pre-
vention stage of AD. Contrarily to corycavamine, protopine (see struc-
ture at Table 2) presented potent reversible-competitive inhibition of 
AChE (IC50 = 1.8 µM) with high selective index compared to BuChE 
[20]. Additionally, protopine has demonstrated significant antioxidant 
activity in different in vitro models and this trait has been associated 
with its neuroprotective potential. For instance, protopine exhibited 
protective effects in PC12 cells after treatment with a free radical 
inducer (H2O2) by promoting the catalytic activity of antioxidant en-
zymes such as glutathione peroxidase, catalase, and superoxide dis-
mutase. This study also showed that protopine ameliorates the 
intracellular Ca2+ concentration, diminish the mitochondrial membrane 
potential, and down-regulate caspase-3 expression in PC12 cells after 
H2O2 exposition [90]. Other cell studies have proven the 
anti-inflammatory activity of protopine, this alkaloid was able to reduce 
different markers as nitric oxide (NO), cyclooxygenase-2 (COX-2), 
pro-inflammatory cytokines by modulation of the NF-κB pathway [52]. 
Furthermore, in vivo studies support the potential of this isoquinoline 
for the treatment of neurodegenerative conditions, since protopine 
allowed to ameliorate scopolamine-induced amnesia mice and enhance 
learning ability in normal rats [20]. 

Bis-benzylisoquinolines are dimeric alkaloids formed by oxidative 
coupling of benzylisoquinolines units through C-O or C-C bridges. 
Liensinine and neferine (Table 3) are bis-benzylisoquinolines obtained 
from the seeds of Indian lotus (Nelumbo nucifera) which have attracted 
great attention due to their multiple pharmacological activities among 
stand out antineoplastic and neuroprotective. In relation to Alzheimer’s 
disease, these two alkaloids present therapeutic potential as symptom-
atic treatment and non-symptomatic treatment targeting the cholinergic 
neurotransmission and amyloid pathology respectively. In the first case, 
both liensinine and neferine showed potent dual-anticholinesterase ac-
tivity (Table 3) with IC50 values in micromolar range and being most 
active against AChE. Likewise, these alkaloids also presented significant 
inhibitory activity against BACE1 which broadens its pharmacological 
profile in the search for anti-AD agents since they might regulate the Aβ 
production [20]. Interestingly, liensinine and neferine differ structurally 
only in the substituent at the C12 of the bys-benzylisoquinoline scaffold 
where liensinine present a hydroxy (OH) group while neferine a 
methoxy (OCH3) group. Despite this small difference, liensinine showed 
lower IC50 values against cholinesterases, since liensinine was found to 
be about twenty times more active against AChE than neferine, while 
against BuChE liensinine it was only three more potent. These findings 
suggests that the additional hydroxy group could facilitate the in-
teractions in the active site of these enzymes favoring the inhibition 
potency. However, this hypothesis must be validated with molecular 
docking or biophysical techniques to determine the site and mode of 
binding of these alkaloids with the targets. Additionally, it is also 
important to point that the inhibitory activity of those alkaloids against 
ChEs constitutes a particular finding considering that most of the 
bys-benzylisoquinolines have shown preferential activity over BuChE 
[91]. Also, in vitro and in vivo studies have demonstrated other phar-
macological properties of neferine related to AD, such as antioxidant, 
anti-inflammatory and anti-amnesic [92]. This bis-benzylisoquinoline 
showed antioxidant activity in vitro scavenging different free radicals 
(DPPH, NO•, •O2), and by inhibition of lipid peroxidation. In cell models 
(RAW264.7) after stimulation with LPS neferine showed inhibition of 
NO• production (IC50 = 30.54 μM) activating the NF-κB pathway, be-
sides in the scopolamine-induced amnesia model allowed to 

significantly enhance the cognitive impairment in mice [92]. 
Finally, protoberberines are one the most promising sub-class of 

isoquinoline alkaloids as multi-target agents for AD which are charac-
terized by their potent dual-anticholinesterase activity, antioxidant, and 
neuroprotective properties, as well as some examples of modulatory 
activity of targets involved in amyloid and tau pathology. Among the 
most representative multimodal protoberberines are palmatine, groen-
landicine, epiberberine and berberine, which share the same scaffold 
and present small differences in substituents patterns (Table 3). For 
example, palmatine has shown antiaggregant and disaggregate activity 
in the tau-derived PHF6 peptide, and full-length tau protein. This 
alkaloid is capable of inhibit the aggregation and disassemble preformed 
tau fibrils by binding to aminoacidic residues implicated in stabilization 
of the fibrils β-sheet conformation [68]. Also, previous studies had 
shown dual inhibitory activity against cholinesterases with IC50 values 
lower than 10 µM and moderate ONOO- scavenging activity [82]. 
Further studies in animal models endorsed the therapeutic effects of 
palmatine for CNS-related pathologies, indeed this compound adminis-
trated at a dose of 1 mg/kg allowed to improve the cognitive impairment 
in mice with the scopolamine-induced amnesia model, besides oral 
administration of palmatine shown beneficial effects in depression and 
mood disorders in mice increasing neurotransmitters levels which might 
be associated to its inhibitory activity against enzymes catalyzing their 
breakdown [68]. 

Similarly, groenlandicine another protoberberine structurally 
related to palmatine also presented potent dual ChEs inhibitory activity, 
being more active against AChE. Plus, groenlandicine showed marked 
ONOO- scavenging and moderate inhibition of ROS production 
providing it additional antioxidant properties compared to palmatine 
[82]. In view of the structural differences between these two alkaloids, it 
would be expected that hydroxy (OH) substituent in groenlandicine 
would favor the antioxidant attributes that could lead further neuro-
protective effects. 

Undoubtedly, berberine (structure in Table 2) is the isoquinoline 
with the largest number of reports related to AD, several in vitro and in 
vivo studies have demonstrated its multi-target activity and therapeutic 
potential [41,93,94]. Nevertheless, It is noteworthy that berberine has 
also shown a broad pharmacological potential in other complex pa-
thologies such as obesity, diabetes, and cancer suggesting that its 
multi-pharmacological profile could be linked to the ability to target 
multiple transversal pathways like inflammation, oxidative stress, 
cholesterol, and carbohydrate metabolism, among others [22]. In this 
regard, based on the in vivo evidence that support the pharmacological 
traits of berberine in the management of pathologies considered risk 
factors for AD such as obesity, atherosclerosis, hypercholesterolemia, 
and diabetes become evident the essential role that could play this 
alkaloid in preclinical stages of AD as preventive strategy. Berberine has 
also exerted potent in vitro activity against symptomatic and 
non-symptomatic targets directly related to AD, in fact, it showed 
reversible inhibitory activity of both cholinesterases AChE/BuChE with 
IC50 values of 0.44 and 3.44 µM respectively [82]. In addition, 
berberine present antioxidant potential and neuroprotective properties 
by scavenging toxic radical species and enhancing the expression of 
antioxidant enzymes. Besides the neuroprotective potential of this 
alkaloid have also been linked with its anti-inflammatory properties 
considering its capacity to down-regulate the expression of 
pro-inflammatory markers like interleukins (ILs), COX-2, TNF-α, and 
prostaglandins by MAPK activation [41]. In contrast to groenlandicine 
and epiberberine (isomer, Table 3), berberine did not show inhibitory 
activity against BACE1 (IC50 > 100 µM). However, in vitro studies 
indicated that berberine can reduce the amyloid beta production in 
HEK293 cells through inhibition of BACE expression, also complemen-
tary animal models backed the effect of this alkaloid in the amyloid 
pathology since it was able to ameliorates the cognitive impairment and 
gliosis in transgenic mice [94]. 

Furthermore, dozens of in vivo studies with variated animal models 
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support the pharmacological potential of berberine for AD, in general 
this isoquinoline is able to significantly reduce the cognitive deteriora-
tion by modulating multiple apoptotic pathways [94,95]. In spite of the 
remarkable anti-AD properties of berberine some authors suggest that 
the main drawback in its clinical applicability is the poor pharmacoki-
netic profile due to the poor absorption and low oral bioavailability [41, 
96]. Thus, different carriers and drug delivery systems have been testing 
to overcome the pharmacokinetic barriers, in fact recent studies 
demonstrated the favorable effects of using nano-lipid carriers with 
berberine allowing to improve the behavioral and cognitive parameters 
in vivo in Albino Wistar rats [96]. 

All the above evidence indicates that benzophenanthridines and 
protoberberines are the sub-classes of isoquinolines with outstanding 
polypharmacological characteristics for AD targeting both symptomatic 
and non-symptomatic pathways by modulation of cholinesterases, 
monoamine oxidases, neuroinflammation, oxidative stress, as well as 
amyloid and tau pathology (Fig. 5). moreover, the previous reports 
make it possible to deduce some structural motifs associated with the 
multi-target potential of those alkaloids, among stick out the presence of 
quaternary nitrogen, scaffolds with higher unsaturation degree, ortho- 
methoxy or methylenedioxy substituents might be preferred compared 
to hydroxyl at the A ring, as well as methylenedioxy substituents at the D 
ring (Fig. 5). Besides, it is valid to emphasize that some benzophenan-
thridines have evidenced powerful in vitro multi-target activity, which 
in some cases is comparable or even greater than berberine. In this 
context, more in vivo pharmacodynamic and pharmacokinetic studies 
are needed to make any strong their therapeutic potential. In conclusion, 
the structural and electronic features of both benzophenanthridines and 
protoberberines certainly constitute an attractive pharmacophore to 
inspire the design and development of new multi-target agents for Alz-
heimer’s disease. 

6.1.2. Parkinson’s disease 
Parkinson’s disease (PD) is a complex and chronic neurodegenera-

tive disorder clinically characterized by the gradual deterioration of 
both motor and cognitive systems. PD progression can extend over a 
long period of time and leads to decline of almost all brain function 
compromising critically the quality of life of the patient which 

ultimately entails a huge economic and emotional burden. By 2020 it 
was estimated that the worldwide incidence of PD reached 9.4 million 
cases, with an alarming increase in the incidence and prevalence 
compared to the 2016 report [97]. This growing threat has sounded the 
alarms for both medical and scientific community worldwide to estab-
lish preventive measures, early detection strategies and the search of 
disease-modifying therapies for PD. 

The pathologically hallmarks of PD include massive loss of dopa-
minergic neurons in the substantia nigra (SN) and in striatum, as well as 
intraneuronal aggregates of misfolded α-synuclein (α-syn) called Lewy 
bodies (LBs) [98]. Recent studies have also evidenced the correlation of 
various molecular events during LB formation and the neurodegenera-
tive progression in PD, among them oxidative stress, mitochondrial 
dysfunction, neuroinflammation, excitotoxicity, and dysregulation of 
signaling pathways (ERK) play a strategic role in dopaminergic and 
non-dopaminergic neurons simultaneously [99]. Although the precise 
mechanism that leads to Lewy bodies formation and aberrant apoptosis 
remains ambiguous, the current progress in the molecular basis of PD 
provided a suitable pool of therapeutic targets for the search of multi-
modal agents directed to the symptomatic or disease-modifying ap-
proaches. In recent years, the disease-modifying approach has been 
positioned as the most promissory strategy and highly challenging 
strategy considering that it focuses on the search for molecules that can 
act at any phase of the fibrillation of α-synuclein, which could lead to 
prevent or reverse the LBs formation. 

Former studies indicated that some sub-classes of natural isoquino-
line alkaloids present multimodal activity related to Parkinson’s disease 
in both symptomatic and non-symptomatic targets. Most of the active 
IAs act on the restoration of dopamine (DA) transmission, either by in-
hibition of enzymes catalyzing neurotransmitter breakdown or modu-
lating Dopamine receptors. Moreover, as shown previously several 
isoquinolines present neuroprotective potential linked to their antioxi-
dant or anti-inflammatory properties, which could influence the α-syn-
uclein cascade. Natural isoquinoline alkaloids with multi-target 
potential against Parkinson’s disease mostly belong to three mayor 
subclasses (benzophenanthridines, protoberberines, and aporphines), as 
exemplified in Table 4 with selected examples for each type. 

Benzophenanthridine alkaloids like acetylcorynoline and nitidine 

Fig. 5. Structural features and plausible multi-target mechanisms of protoberberines and benzophenanthridines associated with therapeutic potential for Alz-
heimer’s disease. 

E. Plazas et al.                                                                                                                                                                                                                                   



Pharmacological Research 177 (2022) 106126

14

have shown activity on molecular pathways related to PD. For example, 
acetylcorynoline (Table 4) a tetrahydro benzophenanthridine isolated 
from the aerial parts of Corydalis bungeana (Papaveraceae) has proven 
remarkable pharmacological properties as anti-inflammatory, hep-
atoprotective, and regulation of lipid peroxidation [100]. Considering 
that such characteristics ameliorate some potential risk factors in 
neurodegenerative conditions, this pharmacological potential could 
provide preventive useful effects in Parkinson’s disease. Additionally, 
acetylcorynoline at a concentration of 10 mM showed neuroprotective 
activity in dopaminergic neurons of a transgenic Caenorhabditis elegans 
strain (BZ555) after treatment with the neurotoxin 6-Hydroxydopamine 
hydrochloride (6-OHDA). This isoquinoline also was capable to reduce 
about 46% of the α-synuclein aggregation, regulate the lipid levels, and 
restore the level of dopamine in the transgenic strain OW13 of C. elegans 
[100]. All the above findings using the C. elegans in vivo model suggest 
the acetylcorynoline may also present anti-PD potential in the 
disease-modifying pathway targeting the α-synuclein cascade. On the 
other hand, nitidine besides the neuroprotective properties previously 
described in relation to AD (Table 3), has also exhibited anti-
parkinsonian effects through the regulation of neuroinflammatory 
cascade in both in vitro and in vivo models [101]. Indeed, this benzo-
phenanthridine showed neuroprotective activity in sub-micromolar 
concentrations (0.1 µM) using BV2 cells, by suppressing the microglial 
activation and reducing the morphological changes after neurotoxin LPS 
stimulation. This study also demonstrated that nitidine inhibited the 
production of inflammatory markers such as NOS, COX-2, TNF-a, and 
IL-1β, besides its neuroprotective effect in microglial activation is linked 
to the regulation of Jak2–Stat3 pathway [101]. Furthermore, in two PD 
in vivo models: MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 
in mice and 6-OHDA in rats nitidine drastically inhibited reactive 
microgliosis, was able to protect dopaminergic neurons, and enhanced 
the behavioral function. The above results, together with the in vitro and 
in vivo AD activity, reinforce the outstanding therapeutic potential of 
nitidine related to complex neurodegenerative diseases. 

Some protoberberine alkaloids present antiparkinsonian effects tar-
geting neurotransmitters depletion and inhibiting dopaminergic 

neuronal loss, as well as due to their neuroprotective and antioxidant 
properties. For example, (S)-Stepholidine a tetrahydroprotoberberine 
alkaloid obtained from the tubers of the Chinese herb Sephania inter-
media has shown potent agonist activity in dopamine D1-type receptor 
with Ki value in nanomolar range (Table 4) and partial antagonist ac-
tivity against D2-type receptor using radioligand bindings assays. In 
addition, stepholidine present moderate activity in the serotonin 
depletion through the modulation of 5-HT1A and 5-HT2A serotonin re-
ceptors [103]. Moreover, stepholidine at a concentration of 10 μg/mL 
showed neuroprotective properties in primary neuronal cell cultures 
after treatment with 100 μM of H2O2 increasing the phosphorylated Akt 
(pAkt) concentration. Further analysis demonstrated that protective 
effect against H2O2 could be associated to the modulation of the 
PI3-K/Akt signaling pathway [107]. Several studies in animal models 
support the pharmacological potential of this protoberberine for the 
treatment of SNC conditions [104,108,109]. Interestingly, stepholidine 
showed useful effects in the development of levodopa-induced dyski-
nesia (LID) in rats [110]. Considering that long-term administration of 
L-DOPA leads to the development of the debilitating motor fluctuations 
known as LID, it is a crucial challenge in the current levodopa treatment 
for PD. Thus, these findings showing that co-administration stepholidine 
and L-DOPA ameliorate dyskinesia without affecting the therapeutic 
potency represent a valuable trait that improves the therapeutic po-
tential of this protoberberine alkaloid for the treatment of PD. 

Several in vitro and in vivo studies have been showing the thera-
peutic efficacy of berberine against Parkinson’s disease, likely being the 
natural alkaloid with the largest potential for the prevention or man-
agement of neurodegenerative conditions [111–118]. Berberine has 
demonstrate exceptional antioxidant properties as free radical scav-
enging, Fe2+ chelating activity, inhibition of ROS and NOS production, 
and regulation of endogenous antioxidants [21]. Thus, the neuro-
protective effects of berberine both in vitro and in vivo are partly related 
to its unique capacity to regulate different events linked to the oxidative 
stress cascade, a critical and transversal pathway in neurodegenerative 
conditions. In fact, as regard to cellular models, berberine has exhibited 
neuroprotective potential against different neurotoxins like H2O2, 

Table 4  
Multi-target activity of natural isoquinoline alkaloids related to Parkinson’s disease.  

Alkaloid (class) Chemical structure Mechanism and targets Therapeutic effects References 

Acetylcorynoline (benzophenanthridine) Neuroprotection against 6-OHDA 
↓ (46%) α-syn aggregation 
↓ Dopamine depletion 
↑ Lipid levels 
↓ IkB and MAPK 

Preventive and disease-modifying effects [100,102] 

(S)-Stepholidine (protoberberine) D1 Ki = 13 nM 
D2 Ki = 85 nM 
5-HT1A %I = 89 
5-HT2A %I = 45 
↑ pAkt 
Regulation PI3-K/Akt 
Neuroprotection 

Symptomatic and neuroprotective effects [103,104] 

Glaucine 
(aporphine) 

D1 Ki = 294 nM 
D2 Ki = 366 nM 
5-HT1A Ki = 180 nM 
Antioxidant capacity* 
IC50 = 19 µM 

[105,106] 

Bulbocapnine 
(aporphine) 

D1 Ki = 15 nM 
D2 Ki = 610 nM 
TH inhibition 
Neuroprotection 

[105,106] 

Akt: protein kinase B pathway, 6-OHD: neurotoxin 6-hydroxydopamin, IkB: Inhibitor of κB, MAPK: mitogen-activated protein kinase, D1 and D2: Dopamine receptors 1 
and 2, 5-HT1A and 5-HT2A: serotonin receptors 1A and 2A, PI3-K: phosphatidylinositol 3-kinase pathway. 
*Rat brain homogenate auto-oxidation model, iTH= Tyrosine hydroxylase 
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rotenone, 6-Hydroxydopamine and glutamate, through ROS inhibition 
and activation of key cell cycle signaling pathways (PI3k/Akt) [21,115, 
117]. Likewise, berberine has exerted neuroprotective and rescue 
properties in induced-PD animal models such as MPTP and 6-hydroxy-
dopamine. Indeed, Kim et al. demonstrated that oral administration of 
50 mg/kg berberine for 5 weeks allowed to improve motor and cognitive 
dysfunction in mice, blocking the dopaminergic neuronal loss [114]. 
Recently, Huang et al. reported that the neuroprotective activity against 
MPTP could be also associated to the regulation of NLRP3 inflamma-
some activation [111]. All the previous findings reaffirm the high 
multimodal potential of this alkaloid in relation to complex neurode-
generative pathologies. However, it is also important to point out that 
this multi-target performance have also sparked a controversy about the 
possible promiscuity of berberine rather than a positive poly-
pharmacological effect, which would lead to many adverse effects. 
Furthermore, despite such promising neuroprotective characteristics so 
far there is no clear evidence of clinical trials with berberine in 
CNS-related pathologies, therefore more in-depth studies are required to 
support the potential use of berberine as a therapeutic agent. 

Additionally, it should be noted that both benzophenanthridines and 
protoberberines (chelerythrine, avicine, nitidine, berberine, palmatine, 
coptisine, jatrorrhizine) have also shown inhibitory activity against 
monoamine oxidases with higher affinity and specificity towards the 
isoform A [23,68,119,120]. Although both isoforms of MAOs play an 
essential role in mood and motor control by catalytic oxidative degra-
dation of monoamine neurotransmitters, they present differences in the 
brain regions distribution, active site, and substrate specificity [121]. 
MAO-A present a higher affinity for serotonin, followed by noradrena-
line and dopamine mainly in the hypothalamus and striatum. Moreover, 
recent studies have demonstrated that MAOs activation induces ROS 
imbalance by increased H2O2 production, resulting in a pro-oxidative 
response, neuroinflammation and neuronal death [122]. Therefore, 
these isoquinoline alkaloids that displayed potent MAO inhibition could 
present significant therapeutic potential in the maintenance of the 
monoaminergic synapse through the regulation of neurotransmitter 
levels, as well as neuroprotective effects by regulation of oxidative stress 
and mitochondrial dysfunction. 

Concerning to aporphine alkaloids their pharmacological potential 
against Parkinson’s disease resides in their ability to modulate neuro-
transmitter levels targeting neuronal receptors. In fact, different natural 
aporphines have shown agonist or antagonist activity against dopamine 
and serotonin receptors in nanomolar range, what have inspired the 
design and synthesis of non-natural molecules in order to improve the 
pharmacological characteristics of the aporphine scaffold [105,123]. 
For example, glaucine, bulbocapnine (Table 4), boldine (Table 3) among 
others natural have presented agonists affinity with both D1 and D2 
receptors. Also, as shown in Table 4 bulbocapnine present more potent 
and selective activity compared to glaucine, what have been suggested 
to be related with the key interactions between the hydroxyl group at 
C11 and these receptors [123]. Even though glaucine has exhibited 
moderate in vitro activity against DR, in animal models at a concen-
tration of 40 mg/Kg showed antidopaminergic effects and was able to 
displaced about 50% of [3H]SCH 23390 and [3H]raclopride radioligands 
[124]. Besides, this aporphine alkaloid has exerted potent antioxidant 
properties in rat brain homogenate auto-oxidation model preventing the 
oxidative damage with an IC50 in the micromolar range (Table 4). Other 
aporphines such as boldine, plus the dopaminergic and antioxidant ac-
tivities, present potential neuroprotective effects due to their significant 
anti-inflammatory properties (Table 2). Lastly, it should be stated that 
the aporphine scaffold is considered a key motif in the design of new 
antiparkinsonian agents due to the useful potential of apomorphine (a 
semisynthetic aporphine) in the treatment of Parkinson’s disease [125]. 

Furthermore, matching the multi-target activity of natural iso-
quinoline alkaloids for both AD and PD is observed that protoberberines 
and benzophenanthridines are the subclasses with more reports, and at 
the same time with the most promising results. It is also evident that 

there is a larger contribution and higher potential against targets related 
to Alzheimer’s disease. Also, regarding the structural motifs, it is 
possible to infer some major differences among the most promising 
multimodal alkaloids, in fact for PD, the most active alkaloids neither 
have quaternary N, nor fully aromatic structures unlike discussed above 
for AD. Therefore, it might be roughly suggested that the multi-target 
activity of isoquinolines in PD is favored by dihydro or tetrahydro 
scaffolds, with basic nitrogen, and substituted by hydroxy methoxy 
groups. 

6.2. Multi-target activity for cancer 

Cancer is one of the most leading causes of mortality in the world. 
The global burden of cancer added to the high toxicity and resistance to 
chemotherapeutic drugs, has been resulted in a high-cost disease for the 
public health system [10]. Cancer cells are developed due to a variety of 
genetic and epigenetic alterations that change the natural cycle cell 
balance. Usually, these changes lead to the evasion of programmed cell 
death, which added to uncontrolled cell growth and angiogenesis has 
been considered some of the distinctive hallmarks of cancer [126]. 
Apoptosis is the principal form of programmed cell death, that maintain 
normal homeostasis and involve a variety of signaling cascades with 
defined molecular effector mechanisms and various morphological 
changes, including chromatin condensation, nuclear fragmentation, 
blebbing, cell contraction and apoptotic body formation [127]. 
Apoptosis can occur through two main pathways: the extrinsic or death 
receptor pathway, and the intrinsic or mitochondrial pathway (Fig. 6). 
The extrinsic pathway is activated by specific ligands of the tumor ne-
crosis factor (TNF) superfamily, that binds to the cell surface death re-
ceptors (Fas or TNFR), prompting the recruitment of cytosolic factors 
such as FAS-associated death domain (FADD) and caspase 8, resulting 
finally in the activation of the effector caspases 3, 6 and 7. The intrinsic 
pathway is activated by an internal stimulus, such as DNA damage or 
internal cellular stress. These internal stimuli activate the pro-apoptotic 
Bcl-2 family members (Bax, Bak, Bcl-XS, Bid, Bad, Blk, Noxa, Puma) and 
down-regulate the anti-apoptotic factors (Bcl-2, Bcl-XL, Bcl-W, Mcl-1, 
XIAP). The apoptotic stimulus in the mitochondria triggering the 
translocation of Bax and Bak to the outer mitochondrial membrane, to 
lead to mitochondrial outer membrane polarization (MOMP), release 
cytochrome c and other apoptogenic factors such as apoptotic protease 
activating factor-1 (Apaf-1) to the cytosol, favoring of the apoptosome 
complex formation, and the subsequent activation of the initiator cas-
pase 9 and the effector caspases 3, 6 and 7 [128]. 

Since scape from apoptosis is a hallmark of cancer, in last decades 
substantial advances have been made in many anticancer drugs, tar-
geting intrinsic and extrinsic apoptosis pathways, either with the stim-
ulation of proapoptotic molecules or with the inhibition of antiapoptotic 
molecules [128–130]. The discovery of cytotoxic molecules from diverse 
natural products, has been historically the principal tool for the devel-
opment of different anticancer agents used to fight against cancer [131, 
132]. 

Natural alkaloids have depicted a decisive role in anticancer drug 
development. In fact, the discovery of the anti-mitotic vinca alkaloids in 
the 1950 s ushered in the golden age of Natural products-based drug 
discovery which was largely driven by the plant research program of the 
United States National Cancer Institute. This project was highly suc-
cessful, promoting the discovery and development of new cytotoxic 
agents such as camptothecin, an indolizinoquinoline alkaloid isolated 
from the bark of Camptotheca acuminata, that later gave rise to a series of 
synthetic derivatives inhibitors of topoisomerase approved for the 
treatment of different types of cancer [132]. 

IAs are one of the most important groups of natural compounds with 
a wide range of biological activities and play an important role in cancer 
research, with a potent arsenal of proapoptotic, antiproliferative and 
cytotoxic effects in a variety of human cancer cells (Table 5). To this 
extend, it is worth highlighting the important contribution of the 
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Amaryllidaceae alkaloids whose anticancer uses go back to the ancestral 
medicine of different cultures around the world. Amaryllidaceae species 
such as Lycoris radiata, Hymenocallis littoralis, Amaryllis belladona are 
widely recognized in the Chinese, Mayan, and South African folk med-
icine for their properties in the treatment of cancer conditions [133]. 
This traditional knowledge prompted several pharmacological studies in 
the search of natural anticancer agents leading to the identification of 
hundreds of Amaryllidaceae alkaloids with in vitro and in vivo cytotoxic 
activity [133]. For example, narciclasine a phenanthridone-type alka-
loid obtained from the bulbs of Narcissus species has shown marked 
mitosis-blocking activity in various cancer cell lines (Table 5). Mecha-
nistic studies have demonstrated narciclasine inhibited the human cer-
vix carcinoma cells proliferation and blocked obstructed the protein 
synthesis in nanomolar concentrations through the inhibition of peptide 
elongation by binding to the 60 S tRNA A-site [134]. Besides narcicla-
sine presented strong cytotoxic activity against melanoma, prostate 
(PC3), breast (MCF-7), human oral cavity squamous carcinoma (HSC-2) 
cells lines, triggering pro-apoptotic cascades by activation of effector 
caspases (8 or 3). Recent studies have found this alkaloid inhibit the cell 
proliferation in triple-negative breast (HCC-1937, MDA-MB-231) and 
gastric (BGC-823, SGC-7901, MGC-803 and MKN28) cancer cells 
inducing autophagy apoptosis through the regulation of key signaling 
pathways [135,136]. Therefore, given the outstanding chemothera-
peutic profile of narciclasine and other phenanthridones, innumerable 
studies with Amaryllidaceae plants have been carried out in search of 
new anti-cancer candidates, as well, the design, synthesis, and 
semi-synthesis of analogs have been promoted in order to improve their 
pharmacodynamic and pharmacokinetic characteristics [133]. 

Benzophenanthridines and protoberberines are the second sub-
classes of isoquinolines with marked cytotoxic effects in a variety of 
human cancer cells (Table 5). For example, the quaternary benzophe-
nanthridines chelerythrine, nitidine, and sanguinarine have shown 
strong anticancer activity with IC50 values in the micromolar range, 
besides it have been proven these alkaloids induce cell death mainly by 
triggering apoptosis or autophagy [62,137,141,146,149,159]. Sangui-
narine is not only the most active benzophenanthridine, also it has 
shown the largest spectrum of anticancer activity on several in vitro 
models including colon, prostate, cervical, epidermal, breast, leukemia, 
gastric, liver, lung, glioblastoma, among others [160]. Different studies 

have concluded that sanguinarine, nitidine and chelerythrine induce 
apoptosis either by mitochondrial pathway or death receptor pathway. 
In fact, sanguinarine has shown the activation of caspase 3, subsequent 
of PARP cleavage and down-regulation of anti-apoptotic factors (Bcl-2, 
clAP2, and XIAP). Also, this alkaloid evidenced the reduction of the 
anti-apoptotic genes expression (NOL3, BCL2, and HRK), as well as, 
alterations in the cycle cell, activation of NF-κB induced by tumor ne-
crosis factor, and anti-metastasis properties [149,151,153,154,160]. 
Apoptosis induced sanguinarine, nitidine and chelerythrine have also 
been linked with ROS production inducing a reduction in the mito-
chondrial membrane potential [137]. Additionally, some studies suggest 
that the highly aromatic and planar structure of the quaternary benzo-
phenanthridines play a decisive role in intercalation with nucleic acids, 
establishing interactions in the β-form double helical region of DNA, 
affecting the replication and transcription process which lead apoptosis 
in cancer cells [137]. To this extend, additional toxicologic studies with 
quaternary benzophenanthridines are necessary to evaluate the selec-
tivity and safety profile of quaternary benzophenanthridine alkaloids 
and their potential applications in drug discovery and development. 

Given that sanguinarine present the highest anticancer potential, 
followed by nitidine and chelerythrine, which differ from sanguinarine 
in the presence of ortho-methoxy substituents at A ring, some possible 
structure-activity relationships of benzophenanthridines could be pro-
posed. For example, the fully aromatic scaffold and the quaternary ni-
trogen might be key structural motifs for the anti-cancer effects of these 
alkaloids. Likewise, ortho-methoxy or methylenedioxy substitution 
patterns at the ring A might contribute positively to the activity, 
compared to ortho-dihydroxy or ortho-hydroxy methoxy [62]. Never-
theless, considering that the previous proposals are entirely qualitative, 
it would be pertinent to implement quantitative studies of the 
structure-activity relationship to determine the most relevant pharma-
cophoric characteristics within the benzophenanthridine sub-class in 
order to contribute to rational design and optimization of alkaloids with 
anticancer potential. 

On the other hand, protoberberine alkaloids such as berberine, 
coptisine, and scoulerine have also demonstrated noteworthy anticancer 
properties (Table 5). Indeed, berberine is one of the most potent anti-
tumor IAs with cytotoxic effects in diverse human cancer cells [157]. 
Multiple studies have demonstrated that berberine promotes apoptosis, 

Fig. 6. Extrinsic and intrinsic pathways in apoptosis, targets, stimulus, and effectors.  
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Table 5  
Multi-target activity of natural isoquinoline alkaloids related to cancer.  

Alkaloid (Class) Cancer type Mechanism Effects and targets References 

Narciclasine 
(Amaryllidaceae) 

Cervix carcinoma, melanoma, endothelial, and prostate 
Glioblastoma 
Breast 
Gastric 

Apoptosis Mitosis-blocking activity 
Peptidyl transferase inhibition 
Caspase-3 and PARP activation 
GTPase RhoA activation 
F-actin stress fibers formation 
↓ Migratory capacity 
↑ AMPK and pAMPK 
↓ Phospho-mTORS 
Caspase-9 
Regulation of AMPK-ULK1 signaling 
↑ Bax expression 
↑ Cleaved-PARP 
↑ Caspase-3,8,9, and cyto-c, 
↓Bcl-2 expression 

[134–136] 

Sinomenine 
(promorphinan) 

Prostate Apoptosis ↓ Bcl-2, Bcl-XL, XIAP expression 
↑ Bax, Bad, Apaf-1 expression 
↑ cytochrome c and AIF release 
Caspase-3 and PARP activation 

[137] 

Liensinine 
(bisbenzylisoquinoline) 

Colorectal 
Breast 

Cell cycle arrest 
Apoptosis 
Autophagy/ 
mitophagy 

G2/M phase cell arrest 
↑ Cdk1/cyclin B1 activity 
↑ Bax expression 
Block autophagosome-lysosome 
↑ Mitochondrial fission 
DNM1L dephosphorylation 

[138–140] 

Tetrandrine 
(bisbenzylisoquinoline) 

Liver 
Colorectal, lung and 
glioblastoma 

Apoptosis 
Cell cycle arrest 

Suppression of PI3K/Akt 
G1 phase 
↑ p21 
Cyclin D1 inhibition 

[137] 

Noscapine 
(phthalideisoquinoline) 

Colorectal Apoptosis ↓ mitochondrial membrane potential 
Release of cytochrome c 
↑ caspase 3/8/9 
↑ PARP 
↓ Bcl-2 expression 
↑ Bax expression 

[137] 

Chelerythrine 
(benzophenanthridine) 

Gastric 
Lung 
Renal 
Breast, liver, lung, gastric, glioblastome 

Apoptosis 
Autophagy 

Release of cytochrome c 
↑ caspase 3/8/9 
↑ PARP 
↓ Bcl-2 expression 
↑ Bax expression 
↑ caspase 3/8/9 
↑ PARP 
↑ JNK phosphorylation 
Suppression of PI3K/Akt 
↓ ERK and Akt phosphorylation 
↓ Bcl-2 expression 
↑Bax and p53 expression 
↑ LC3-II expression 
↑ AMPK activity 
↓ PI3K, Akt, and mTOR expression 
↑ Beclin-1 

[137, 
141–143] 

Nitidine 
(benzophenanthridine) 

Renal 
Hepatocellular and nasopharyngeal 
Breast 

Apoptosis ↓ Akt and ERK phosphorylation 
↓ MMP-2 and MMP-9 
↓ P53, Bax, 
Caspase-3 and PARP activation 
Bcl-2 regulation 
↓ JAK1 and STAT3 phosphorylation 
↓ Bcl-2 expression 
↓ cyclin D1 and CDK4 
↑ Bax expression 
↓ MMP-2 and MMP-9 
↓ c-Src, FAK, MAPK phosphorylation 
RhoA, Rac1, and AP-1 activation 

[144–148] 

Sanguinarine 
(benzophenanthridine) 

Colorectal 
Breast, liver, lung, glioblastoma 
Cervical 
Leukemia 
Hepatocellular 

Apoptosis 
Autophagy 
Apoptosis 

↓ mitochondrial membrane potential 
Release of cytochrome c 
↑ caspase 3/8/9 
↑ PARP 
↓ Bcl-2 expression 
↑ Bax expression 
↑ LC3-II expression 
↑ AMPK activity 
↓ PI3K, Akt, and mTOR expression 
↑ Beclin-1 
↓ Bcl-2 expression 
↑ Bax expression 

[149–154] 

(continued on next page) 
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inhibits tumor cell proliferation and angiogenesis on varied cancer in 
vitro models, including colorectal, lung, ovarian, prostate, liver, and 
cervical cancer [137,157]. For example, the cytotoxic effects of 
berberine in A549, H1299 and triple-negative breast cancer cells have 
proven to be linked to the induction of apoptosis mediated by caspase 3, 
8, and 9 mediated [137]. Also, berberine has proved to induce apoptosis 
in human breast cancer cells by overproduction of ROS, decreased 
mitochondrial membrane potential, and release of cytochrome, through 
downregulation of endogenous apoptosis inhibitors expression, mainly 
Bcl-2 and XIAP. Furthermore, in some cell models, berberine has also 
been shown to promote cell death by autophagy, affecting the cycle cell 
arrest, or through epigenetic modulation [137,157]. Particularly, at the 
epigenetic level berberine has induced DNA methylation and histone 
alterations in HepG2, U266, and A549 cells directly affecting the cell 

proliferation, invasion, and metastasis in cancer development [161, 
162]. Thus, in the sight of the DNA damage and histone modifications 
observed with berberine treatment, complementary studies are needed 
to determine the selectivity index, safety, and toxicology profile of this 
alkaloid to establish the feasibility potential in cancer treatment. 

6.3. Clinical trials for complex diseases 

Nowadays, there are no active clinical trials with isoquinoline al-
kaloids for complex neurodegenerative conditions such as AD and PD. 
Nonetheless, considering the multimodal neuropharmacological poten-
tial of some isoquinoline alkaloids both in vitro and in vivo models the 
need to deepen in research at toxicological and preclinical level becomes 
evident, since these would allow determining the advantages and lacks 

Table 5 (continued ) 

Alkaloid (Class) Cancer type Mechanism Effects and targets References 

↑ ROS 
Inhibition of STAT3 transcription 
Factor 
Caspase 3 activation 
PARP and phospholipase C-ϒ1 degradation 
↓ Bcl-2 expression 
↑ Bax expression 
HIF-1α signaling inhibition 
↓ EMT markers expression 
Activation Smad and PI3K-AKT pathways 

Liriodenine 
(aporphine) 

Ovarian Apoptosis Caspase 3/9 induction 
↑ Mitochondrial permeability 
↓ Mitochondrial membrane potential 
Cytochrome c release 
↓ Bcl-2 expression 
↑ Bax expression 

[155] 

Protopine 
(protopine) 

Prostate Cell cycle arrest G2/M phase 
Cdk1/cyclin B1 activity 
↓ Bcl-2 phosphorylation 
↓ Mcl-1 

[156] 

Berberine 
(protoberberine) 

Breast, liver, lung, gastric, glioblastoma 
Colorectal 
Breast, lung, prostate, leukemia 
Liver 
Oral 

Autophagy 
Cell cycle arrest 
Apoptosis 

↑ LC3-II expression 
↑ AMPK activity 
↓ PI3K, Akt, and mTOR expression 
↑ Beclin-1 
G2/M phase 
Cdk1/cyclin B1 activity 
↓ Mitochondrial membrane potential 
↑ release of cytochrome c 
Caspase-3/8/9 activation 
↑ PARP 
↓ Bcl-2 expression 
↑ Bax expression 
Apoptotic DNA fragmentation 
PI3K/Akt/mTOR pathway 
↑ JNK phosphorylation 
↑ ROS generation 
↑ Bim expression 
↑ FasL expression 
↓Bcl-2 and Bcl-xL expression 
↑ Bax expression, Bad, and Apaf-1 expression 
Caspase-3/8/9 and PARP activation 
↑ p38 MAPK phosphorylation 

[137,157,158] 

Coptisine 
(protoberberine) 

Liver and colorectal Apoptosis ↑ ROS production 
Caspase-3/8/9 and PARP activations 
ER stress activation 
↑ JNK phosphorylation 
PI3K/Akt pathway inhibition 

[137] 

Scoulerine 
(protoberberine) 

Colorectal Apoptosis ↑ ROS production 
Caspase-3/8/9 and PARP activations 
ER stress activation 
↑ JNK phosphorylation 
PI3K/Akt pathway inhibition 

[137] 

Apaf-1: Apoptotic protease activating factor 1, Bax: BCL2-like X apoptosis regulator, Bcl-2: B-cell lymphoma 2, Bcl-xL: B-cell lymphoma-extra-large, Bim: proapoptotic 
member of the BCL-2 family, Cdk1: Cyclin-dependent kinase 1, DNM1L: Dynamin-1-like protein, ER: Endoplasmic reticulum, FasL: Fas ligand, HIF-1α: Hypoxia- 
inducible factor 1-alpha, JNK: Jun N-terminal Kinase, LC3-II: Microtubule-associated protein light chain 3, MAPK: mitogen-activated protein kinases, MCL-1: 
Myeloid-cell leukemia 1, MMP-2/9: matrix metalloproteinase-2/9 PARP: poly-ADP-ribose polymerase, PI3K: phosphatidylinositol 3-kinase, STAT3: Signal trans-
ducer and activator of transcription 3. 
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these compounds as drug candidates. Besides, the results provided by 
such assays would also promote possible structural optimizations 
improving pharmacodynamic and pharmacokinetic properties to mini-
mize the number of failures in clinical phases, which might thrust the 
most promising alkaloids until advanced stages in drug development. In 
this context, coordinated efforts between natural products research and 
sponsoring entities are required to generate more collaborations focused 
on the advanced stages of drug development since these require large 
budgets and specialized infrastructure which cannot normally be 
afforded by research groups. 

On the other hand, at least six clinical trials on course with berberine 
for the treatment of different types of cancer are reported in the clinical 
trials website (clinicaltrials.gov). These ongoing clinical trials have 
focused on the preventive and therapeutic potential of berberine, either 
alone or as combination therapy, as briefly described in Table 6. For 
example, berberine hydrochloride is being tested in second phase stage 
to determine its effectiveness preventing the development of new ade-
nomas in patients with history of colorectal cancer considering the high 
risk of incidence in this population. The double-blind, randomized study 
was performed different hospitals in China, after two years of data 
collecting no colorectal cancers were detected and minimum common 
adverse effects were reported [163]. Also, berberine sulfate plus gefiti-
nib was evaluated in patients with epidermal growth factor receptor 
(EGFR) mutations to determinate the potential booster effects of this 
combination therapy in non-small-cell lung cancer. Preliminary results 
of this clinical study suggest a promissory effect of berberine in the 
management of this type of cancer [37]. 

Furthermore, according to the clinical trials website at least other 70 
studies with berberine have been completed or are in progress for the 
treatment of different pathologies, most of them related to obesity, 
glucose metabolism disorders, digestive system, dyslipidemia, endo-
crine system, among many others. For example, previous clinical trials 
have proved that berberine present anti-cholesterolase activity and 
safety profile as therapeutic agent for the treatment of type II diabetes in 
patients with dyslipidemia [164]. In recent studies, have been evaluated 
the effects of berberine on intestinal function and inflammatory bio-
markers in patients with acute cases of COVID-19 [165]. Although the 
results of this study were ambiguous and preliminary, considering the 
current pandemic situation, it would be value carrying out further ex-
periments to determine the real anti-inflammatory potential of 
berberine and its possible effects on the cytokine storm. 

As a conclusion of the clinical trials, it should be pointed out that 
despite the remarkable in vitro and in vivo pharmacological potential of 
different isoquinoline the incidence of studies in advanced stages of drug 
development with these compounds are precarious or almost non- 
existent. Therefore, it would be crucial to establish alliances between 
universities, pharmaceutical industries, and government entities to 
finance and promote advanced research in natural products-based drug 

development allowing to take some alkaloid-leads to preclinical or 
clinical phases to discover the real therapeutic potential of this type of 
molecules. 

6.4. Toxicity and safety of natural isoquinolines 

One of the decisive points in the drug discovery process is to ensure 
that candidates have low toxicity, thus as part of modern pharmacology 
have been implemented differently in vitro and in vivo models, as well 
as, in silico tools to have an approximation to the toxicity in the early 
stages of the D&D, in order to minimize failures in clinical phases [17]. 
However, so far it has not been possible to ensure drugs free of potential 
adverse effects, thus, what is usually intended is the balance leans to-
wards the beneficial effects. In the case of IAs, the greatest safety 
concern lies in the possible toxicity associated with their intercalation 
with nucleic acids, since have been demonstrated that some isoquino-
lines such as protoberberines and benzophenanthridines are able to bind 
at specific regions of DNA which could lead to toxic effects due to pro-
longed use of this compounds [161,166]. Structural features such as the 
planarity and presence of coplanar methoxy substituents, which have 
been key to the pharmacological activity, as described before for AD and 
cancer, have also been associated with the ability to strongly bind to 
DNA [167]. Up to now, few isoquinoline alkaloids have toxicity studies 
used at the preclinical level, thus, determining the selectivity and 
toxicity in animal models of those promising alkaloids is decisive to 
know their druglikness potential. 

Protoberberines such as berberine, epiberberine, and palmatine have 
shown moderate to low toxicity in animal models using different routes 
of administration. In fact, LD50 values of berberine on oral and intra-
peritoneal administration in mice are 329 and 23 mg/Kg, respectively. 
Also, different side effects have been reported in dogs and cats after oral 
administration of berberine, such as diarrhea, muscular tremor, nausea, 
salivation, among others [51]. However, according to different clinical 
trials at clinical doses berberine causes minor side effects like gastro-
intestinal discomfort, diarrhea, breath shortness, and flu-like symptoms 
[163]. While other protoberberines, like palmatine has shown higher 
toxicity compared to berberine, which have linked to the methoxy 
substituents at C2 and C3 in palmatine [68]. On the other hand, ben-
zophenanthridines like sanguinarine have proven short-term toxicity 
with oral LD50 of 1658 mg/Kg. Besides, in vivo studies have suggested 
that a single dose of sanguinarine could induce hepatoxicity increasing 
enzymatic activity and decreasing cytochrome P-450 activity [51]. 
Moreover, safety and toxicity studies with benzophenanthridines such as 
nitidine, chelerythrine, and avicine in animal models are still required, 
as a clue of the true therapeutic potential of these alkaloids for the 
management or prevention of complex pathologies such as cancer or AD. 

Table 6 
General description of current clinical trials.  

Alkaloid Drug Title Therapeutic application Stage/ Status 

Berberine Berberine hydrochloride Randomized Trial of Berberine Hydrochloride to Prevent 
Colorectal Adenomas in Patients with Previous Colorectal Cancer 

Preventive therapy of colorectal 
adenomas 

Phase 1 Completed 
Phase 2 Completed 

Gefitinib and Berberine 
sulfate 

An Open-label Phase II Trial of Gefitinib and Berberine in Patients 
with Advanced Non-small Cell Lung Cancer and Activating EGFR 
Mutations 

Multimodal treatment of lung cancer and 
activating EGFR mutations 

Phase 2 Completed 
without data 

Berberine hydrochloride, 
amoxicillin and 
rabeprazole 

Efficacy and Safety of Berberine Hydrochloride, Amoxicillin and 
Rabeprazole Triple Therapy in the First Eradication of Helicobacter 
Pylori 

Eradication of H. Pylori for the treatment 
of chronic gastritis and gastric cancer 
prevention 

Phase I Enrolling by 
invitation 

Berberine, amoxicillin, 
esomeprazole, and 
bismuth 

Rescue Therapy for Helicobacter Pylori Eradication: A Randomized 
and Non-inferiority Trail of Berberine Plus Amoxicillin Quadruple 
Therapy Versus Tetracycline Plus Furazolidone Quadruple 
Therapy 

Eradication of H. Pylori for the treatment 
of chronic gastritis and gastric cancer 
prevention 

Phase I Completed 

Berberine hydrochloride The Effect of Berberine Hydrochloride in Familial Adenomatous 
Polyposis: A Prospective, Randomized, Double Blind, Placebo- 
controlled, Multicenter Clinical Trial 

Chemopreventive effects Berberine 
hydrochloride on the regression of 
colorectal adenomas. 

Phase II and III 
Completed without 
data  
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7. Conclusions and perspectives 

At the sight of the rising burden of complex diseases such as neuro-
degenerative disorders and cancer, that threaten global public health, it 
is necessary to explore different options for the discovery and develop-
ment of more effective and safe therapeutic agents. To this extend, 
natural products constitute a cornerstone in drug discovery providing 
leads, candidates, and privileged scaffolds templates. Particularly, iso-
quinoline alkaloids comprise a diverse chemical space from simple to 
complex nitrogenous metabolites, which have demonstrated significant 
polypharmacological potential as anti-inflammatory, neuroprotective, 
analgesic, and anticancer agents. Hundreds of in vitro studies have 
suggested the multi-target potential of isoquinoline alkaloids for the 
treatment of complex pathologies such as, Alzheimer, Parkinson, and 
Cancer, which is based on their capability to inhibit neurological en-
zymes, block key receptors, activate pro-apoptotic cascades, as well as in 
their antioxidant and anti-inflammatory properties. The subclasses of 
isoquinolines with the most promising multi-target profile for the 
management of neurodegenerative conditions and cancer are Amar-
yllidaceae alkaloids, benzophenanthridines, and protoberberines. For 
instance, berberine, nitidine, sanguinarine, boldine, narciclasine, among 
others present a valuable polypharmacological profile. Nevertheless, 
further preclinical, pharmacokinetic, toxicologic, and clinical studies 
are still required to validate the druggability potential of isoquinoline 
alkaloids with promising multimodal activity in vitro those with highly 
planar structures or have shown to induce epigenetic alterations. 
Moreover, it is important to promote targeted chemical and pharma-
cological studies for the search of multimodal isoquinoline alkaloids in 
previously unexplored plant species to have alternative sources of novel 
bioactive molecules. Likewise computational structure-activity rela-
tionship studies are needed to stablish relevant pharmacophoric char-
acteristics within isoquinoline alkaloids to stablish a comprehensive 
starting point for the rational design and optimization of isoquinoline 
molecules with multimodal potential for the treatment of complex 
pathologies. 
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[129] D. Muñoz, M. Brucoli, S. Zecchini, A. Sandoval-Hernandez, G. Arboleda, F. Lopez- 
Vallejo, W. Delgado, M. Giovarelli, M. Coazzoli, E. Catalani, C. De Palma, 
C. Perrotta, L. Cuca, E. Clementi, D. Cervia, XIAP as a target of new small organic 
natural molecules inducing human cancer cell death, Cancers 11 (2019) 1336, 
https://doi.org/10.3390/cancers11091336. 

[130] C. Pfeffer, A. Singh, Apoptosis: A target for anticancer therapy, Int. J. Mol. Sci. 19 
(2018) 448, https://doi.org/10.3390/ijms19020448. 

[131] D.J. Newman, G.M. Cragg, Natural products as sources of new drugs over the last 
25 years, J. Nat. Prod. 70 (2007) 461–477, https://doi.org/10.1021/np068054v. 

E. Plazas et al.                                                                                                                                                                                                                                   



Pharmacological Research 177 (2022) 106126

23

[132] P.G. Grothaus, G.M. Cragg, D.J. Newman, Plant natural products in anticancer 
drug discovery, Curr. Org. Chem. 14 (2010) 1781–1791, https://doi.org/ 
10.2174/138527210792927708. 

[133] J.J. Nair, J. Van Staden, J. Bastida, Cytotoxic alkaloid constituents of the 
amaryllidaceae, in: Stud. Nat. Prod. Chem., Elsevier, 2016, pp. 107–156, https:// 
doi.org/10.1016/B978-0-444-63601-0.00003-X. 

[134] R. Fürst, Narciclasine – an amaryllidaceae alkaloid with potent antitumor and 
anti-inflammatory properties, Planta Med 82 (2016) 1389–1394, https://doi.org/ 
10.1055/s-0042-115034. 

[135] C. Cao, W. Huang, N. Zhang, F. Wu, T. Xu, X. Pan, C. Peng, B. Han, Narciclasine 
induces autophagy-dependent apoptosis in triple -negative breast cancer cells by 
regulating the AMPK-ULK1 axis, Cell Prolif. 51 (2018), e12518, https://doi.org/ 
10.1111/cpr.12518. 

[136] Y. Yuan, X. He, X. Li, Y. Liu, Y. Tang, H. Deng, X. Shi, Narciclasine induces 
autophagy-mediated apoptosis in gastric cancer cells through the Akt/mTOR 
signaling pathway, BMC Pharmacol. Toxicol. 22 (2021) 1–11, https://doi.org/ 
10.1186/s40360-021-00537-3(2021). 

[137] D. Yun, S.Y. Yoon, S.J. Park, The anticancer effect of natural plant alkaloid 
isoquinolines, Int. J. Mol. Sci. 22 (2021) 1653, https://doi.org/10.3390/ 
ijms22041653. 

[138] Y. Shen, R. Bian, Y. Li, Y. Gao, Y. Liu, Y. Xu, X. Song, Y. Zhang, Liensinine induces 
gallbladder cancer apoptosis and G2/M arrest by inhibiting ZFX-induced PI3K/ 
AKT pathway, Acta Biochim Biophys. Sin. 51 (2019) 607–614, https://doi.org/ 
10.1093/abbs/gmz041. 

[139] J. Zhou, G. Li, Y. Zheng, H. Shen, X. Hu, Q. Ming, J. Zhou, G. Li, Y. Zheng, 
H. Shen, X. Hu, Q. Ming, C. Huang, P. Li, A novel autophagy/mitophagy inhibitor 
liensinine sensitizes breast cancer cells to chemotherapy through DNM1L- 
mediated mitochondrial fi ssion, Autophagy 11 (2015) 1259–1279, https://doi. 
org/10.1080/15548627.2015.1056970. 

[140] E.J. Kang, S.K. Lee, K. Park, S.H. Son, K.R. Kim, W. Chung, Liensinine and 
nuciferine, bioactive components of nelumbo nucifera, inhibit the growth of 
breast cancer cells and breast cancer-associated bone loss, Evid. Based 
Complement. Altern. Med 2017 (2017), 1583185, https://doi.org/10.1155/ 
2017/1583185. 

[141] Y. Zhang, A. Bhunia, K.F. Wan, M.C. Lee, S. Chan, V.C. Yu, Y. Mok, Chelerythrine 
and sanguinarine dock at distinct sites on Bcl XL that are not the classic BH3 
binding cleft, J. Mol. Biol. 364 (2006) 536–549, https://doi.org/10.1016/j. 
jmb.2006.09.023. 

[142] A.N. Shemon, R. Sluyter, A.D. Conigrave, J.S. Wiley, Chelerythrine and other 
benzophenanthridine alkaloids block the human P2X7 receptor, Br. J. Pharmacol. 
(2006) 1015–1019, https://doi.org/10.1038/sj.bjp.0705868. 

[143] R. Yu, S. Mandlekar, T. Tan, A.T. Kong, Activation of p38 and c-Jun N-terminal 
kinase pathways and induction of apoptosis by chelerythrine do not require 
inhibition of protein kinase C, J. Biol. Chem. 275 (2000) 9612–9619, https://doi. 
org/10.1074/jbc.275.13.9612. 

[144] Z. Fang, Y. Tang, W. Jiao, Z. Xing, Z. Guo, W. Wang, B. Shi, Z. Xu, Z. Liu, Nitidine 
chloride inhibits renal cancer cell metastasis via suppressing AKT signaling 
pathway, Food Chem. Toxicol. 60 (2013) 246–251, https://doi.org/10.1016/j. 
fct.2013.07.062. 

[145] M. Kang, H. Ou, R. Wang, W. Liu, A. Tang, The effect of nitidine chloride on the 
proliferation and apoptosis of nasopharyngeal carcinoma cells, JBUON 19 (2014) 
130–136. 

[146] Z. Fang, Y. Tang, W. Jiao, Z. Xing, Z. Guo, W. Wang, Z. Xu, Z. Liu, Nitidine 
chloride induces apoptosis and inhibits tumor cell proliferation via suppressing 
ERK signaling pathway in renal cancer, FOOD Chem. Toxicol. 66 (2014) 210–216, 
https://doi.org/10.1016/j.fct.2014.01.049. 

[147] J. Liao, T. Xu, J. Zheng, J. Lin, Q. Cai, D. Yu, J.U.N. Peng, Nitidine chloride 
inhibits hepatocellular carcinoma cell growth in vivo through the suppression of 
the JAK1/STAT3 signaling pathway, Int. J. Mol. Med. 32 (2013) 79–84, https:// 
doi.org/10.3892/ijmm.2013.1358. 

[148] X. Pan, H. Han, L. Wang, L. Yang, R. Li, Z. Li, J. Liu, Q. Zhao, M. Qian, M. Liu, 
B. Du, Nitidine Chloride inhibits breast cancer cells migration and invasion by 
suppressing c-Src/FAK associated signaling pathway, Cancer Lett. 313 (2011) 
181–191, https://doi.org/10.1016/j.canlet.2011.09.001. 

[149] H. Zhang, J. Zhang, P.S. Venkat, C. Gu, Y. Meng, Sanguinarine exhibits potent 
efficacy against cervical cancer cells through inhibiting the STAT3 pathway in 
vitro and in vivo, Cancer Manag. Res 11 (2019) 7557–7566, https://doi.org/ 
10.2147/CMAR.S212744. 

[150] A. Rahman, F. Thayyullathil, S. Pallichankandy, S. Galadari, Free radical biology 
and medicine hydrogen peroxide/ ceramide/Akt signaling axis play a critical role 

in the antileukemic potential of sanguinarine, Free Radic. Biol. Med 96 (2016) 
273–289, https://doi.org/10.1016/j.freeradbiomed.2016.05.001. 

[151] Q. Su, M. Fan, J. Wang, A. Ullah, M.A. Ghauri, B. Dai, Y. Zhan, Sanguinarine 
inhibits epithelial – mesenchymal transition via targeting HIF-1α/ TGF-β feed- 
forward loop in hepatocellular carcinoma, Cell Death Dis. 10 (2019) 939, https:// 
doi.org/10.1038/s41419-019-2173-1. 

[152] H. Fan, W. Chen, S. Peng, X. Chen, R. Zhang, R. Liang, H. Liu, Sanguinarine 
inhibits the tumorigenesis of gastric cancer by regulating the TOX/DNA-PKcs/ 
KU70/80 pathway, Pathol. Res. Pract. 215 (2019), 152677, https://doi.org/ 
10.1016/j.prp.2019.152677. 

[153] W.O.O.Y. Choi, C. Jin, M.I.N.H.O. Han, G. Kim, N.A.M.D. Kim, W.O.N.H.O. Lee, 
S. Kim, Y.H. Choi, Sanguinarine sensitizes human gastric adenocarcinoma AGS 
Cells to TRAIL-mediated apoptosis via down-regulation of AKT and activation of 
caspase-3, Anticancer Res 29 (2009) 4457–4465. 

[154] M. Ho, Y. Hyun, Y. Hyun, Sanguinarine-induced apoptosis in human leukemia 
U937 cells via Bcl-2 downregulation and caspase-3 activation, Chemotherapy 54 
(2008) 157–165, https://doi.org/10.1159/000140359. 

[155] N. Nordin, N.A. Majid, N.M. Hashim, M.A. Rahman, Z. Hassan, H.M. Ali, 
Liriodenine, an aporphine alkaloid from Enico santhellum pulchrum, inhibits 
proliferation of human ovarian cancer cells through induction of apoptosis via the 
mitochondrial signaling pathway and blocking cell cycle progression, Drug Des. 
Dev. Ther. 9 (2015) 1437–1448, https://doi.org/10.2147/DDDT.S77727. 

[156] C. Chen, C. Liao, Y. Chang, J. Guh, S. Pan, C. Teng, Protopine, a novel 
microtubule-stabilizing agent, causes mitotic arrest and apoptotic cell death in 
human hormone-refractory prostate cancer cell lines, Cancer Lett. 315 (2012) 
1–11, https://doi.org/10.1016/j.canlet.2011.09.042. 

[157] D. Liu, X. Meng, D. Wu, Z. Qiu, H. Luo, D. Wang, A natural isoquinoline alkaloid 
with antitumor activity: studies of the biological activities of berberine, Front. 
Pharmacol. 10 (2019) 9, https://doi.org/10.3389/fphar.2019.00009. 

[158] D. Li, Y. Zhang, K. Liu, Y. Zhao, B. Xu, L. Xu, L. Tan, Y. Tian, C. Li, Berberine 
inhibits colitis-associated tumorigenesis via suppressing inflammatory responses 
and the consequent EGFR signaling-involved tumor cell growth, Lab. Investig. 97 
(2017) 1343–1353, https://doi.org/10.1038/labinvest.2017.71. 

[159] X.Z. Dong, Y. Song, Y.P. Lu, Y. Hu, P. Liu, L. Zhang, Sanguinarine inhibits the 
proliferation of BGC-823 gastric cancer cells via regulating miR-96-5p/miR-29c- 
3p and the MAPK/JNK signaling pathway, J. Nat. Med. 73 (2019) 777–788, 
https://doi.org/10.1007/s11418-019-01330-7. 

[160] R. Gaziano, G. Moroni, C. Buè, M. Miele, P. Sinibaldi-Vallebona, F. Pica, 
Antitumor effects of the benzophenanthridine alkaloid sanguinarine: evidence 
and perspectives, World J. Gastrointest. Oncol. 8 (2016) 30–39, https://doi.org/ 
10.4251/wjgo.v8.i1.30. 

[161] J.Ganesh Chandra, Rao, Isoquinoline alkaloid berberine exerts its antineoplastic 
activity by inducing molecular dna damage in hela cells: a comet assay study, 
Biol. Med. 7 (2014) 1–7, https://doi.org/10.4172/0974-8369.1000223. 

[162] V. Graziani, M. Scognamiglio, V. Belli, A. Esposito, B. D’Abrosca, A. Chambery, 
R. Russo, M. Panella, A. Russo, F. Ciardiello, T. Troiani, N. Potenza, A. Fiorentino, 
Metabolomic approach for a rapid identification of natural products with 
cytotoxic activity against human colorectal cancer cells, Sci. Rep. 8 (2018) 1–11, 
https://doi.org/10.1038/s41598-018-23704-9. 

[163] Y.X. Chen, Q.Y. Gao, T.H. Zou, B.M. Wang, S. De Liu, J.Q. Sheng, J.L. Ren, X. 
P. Zou, Z.J. Liu, Y.Y. Song, B. Xiao, X.M. Sun, X.T. Dou, H.L. Cao, X.N. Yang, N. Li, 
Q. Kang, W. Zhu, H.Z. Xu, H.M. Chen, X.C. Cao, J.Y. Fang, Berberine versus 
placebo for the prevention of recurrence of colorectal adenoma: a multicentre, 
double-blinded, randomised controlled study, Lancet Gastroenterol. Hepatol. 5 
(2020) 267–275, https://doi.org/10.1016/S2468-1253(19)30409-1. 

[164] J. Jianqing, L. Jingen, L. Qian, X. Hao, Phytomedicine E ffi cacy and safety of 
berberine for dyslipidaemias: A systematic review and meta-analysis of 
randomized clinical trials, 50 (2018) 25–34. https://doi.org/10.1016/j. 
phymed.2018.09.212. 

[165] B.Y. Zhang, M. Chen, X.C. Chen, K. Cao, Y. You, Y.J. Qian, W.K. Yu, Berberine 
reduces circulating inflammatory mediators in patients with severe COVID-19, Br. 
J. Surg. 108 (2021) e9–e11, https://doi.org/10.1093/bjs/znaa021. 

[166] H. Fan, W. Chen, S. Peng, X. Chen, R. Zhang, R. Liang, H. Liu, Sanguinarine 
inhibits the tumorigenesis of gastric cancer by regulating the TOX/DNA-PKcs/ 
KU70/80 pathway, Pathol. Res. Pract. 215 (2019), 152677, https://doi.org/ 
10.1016/j.prp.2019.152677. 

[167] Y. Zhou, Y. Yu, L. Gao, Y. Fei, T. Ye, Q. Li, X. Zhou, N. Gan, Y. Shao, Structuring 
polarity-inverted TBA to G-quadruplex for selective recognition of planarity of 
natural isoquinoline alkaloids, Analyst 143 (2018) 4907–4914, https://doi.org/ 
10.1039/c8an01561a. 

E. Plazas et al.                                                                                                                                                                                                                                   


