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Natural products, those molecules derived from nature, have been used by

humans for thousands of years to treat ailments and diseases. More recently,

these compounds have inspired chemists to use natural products as structural

templates in the development of new drug molecules. One such compound is

leonurine, a molecule isolated and characterized in the tissues of Herb leonuri.

This molecule has received attention from scientists in recent years due to its

potent anti-oxidant, anti-apoptotic, and anti-inflammatory properties. More

recently researchers have shown leonurine to be useful in the treatment of

cardiovascular and nervous systemdiseases. Like other natural products such as

paclitaxel and artemisinin, the historical development of leonurine as a

therapeutic is very interesting. Therefore, this review provided an overview

of natural product discovery, through to the development of a potential new

drug. Content will summarize known plant sources, the pathway used in the

synthesis of leonurine, and descriptions of leonurine’s pharmacological

properties in mammalian systems.
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Introduction

Human civilization, across all continents, has a long history of use of natural products

either in the form of plant, fungal, microbial, or animal-derived extracts, preparations, or

isolated compounds. These preparations are being used in the treatment of various

ailments and diseases (Ji et al., 2009). Examples of developments in this field litter the

historical records in various research publications and pharmacopeias. Common

examples include the18th-century description by Europeans of the discovery of

aspirin in the leaves of the willow tree (genus Salix), having properties that reduce

pain, fever, and inflammation (Ugurlucan et al., 2012). Similarly, Paclitaxel, a popular

anticancer drug, that was first isolated from the bark and needles of Taxus brevifolia in

1971, and now approved by the FDA for the treatment of various types of cancer (Zhu and
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Chen, 2019). Even today, natural products derived from various

plants species are still a valuable source of lead compounds, and

this is inspiring a generation of scientists interested in the

development and design of new therapeutic drugs (Katz and

Baltz, 2016). Many of these compounds have various biological

activities (Dutta et al., 2019) including anti-inflammation (Azab

et al., 2016), anti-cancer (Liu et al., 2020), anti-oxidation

(Jaganjac et al., 2021), and anti-viral properties (Thomas

et al., 2021). Here, we draw on some of these examples, and

describe various success stories relating to the development of

natural products as drugs. This review will cover paclitaxel,

artemisinin, aspirin, and camptothecin, and we summarize the

unique aspects of their developmental process. In addition, a

description will be given relating to plant sources, synthetic

pathways, and pharmacological activities of the natural

product, leonurine. Leonurine has gained interest from

scientist due to its therapeutic potential in the treatment of

cardiovascular and neurological diseases.

Extraction and separation

Plants, fungi, microorganisms, and some animal species are

novel sources of natural products, and tissues form these have

been exploited by researchers in their search for new therapeutics

(Sen and Samanta, 2014; Beutler, 2019). Due to the diverse

chemical structures and differences in stability and

physicochemical properties of natural products, extraction and

separation methodologies of natural products have always been a

huge challenge. Indeed, difficulties in extraction procedures are a

common topic of discussion in the early phases of research on

natural products (Sarker and Nahar, 2012; Wang et al., 2022).

This problem has led to the development of numerous forms of

extraction and isolation procedures used by natural product

chemists, ranging from basic solvent extraction procedures

through to supercritical CO2 extraction methods; each has its

challenges. Historically, solvent extract procedures have been

described since the 17th century. Scientists used solvent

extraction techniques to isolated morphine from the milk of

poppies (Brook et al., 2017), quinine from the bark of the

Cinchona tree, and cocaine from coca leaves (Goldstein et al.,

2009; Achan et al., 2011). In addition to extraction methods,

further complexity arises when the compound of interest requires

separation from other constituents present in the tissues of the

natural source. For this reason, separation methods such as

column chromatography have been developed, and these are

often coupled to some form of screening technique to ensure the

molecules of interest are present in separated fractions. For

example, a biological assay or compound confirmation

assessment like nuclear magnetic resonance (NMR) or mass

spectroscopy (Chun-Sheng et al., 2016). Common separation

methods include high performance liquid chromatography

(HPLC) or more informed approaches like liquid

chromatograph mass spectroscopy (LC-MS) that can be

utilized to establish a picture of compound composition. For

example, HPLC has been used to conduct fingerprint analysis of

compounds having free radical scavenging activities in Angelica

sinensis (Yang, 2013).

One of the success stories in natural product chemistry is the

extraction and isolation of the antimalarial drug, artemisinin.

Artemisinin is an example of a sesquiterpene lactone and was

first extracted from the plant sweet wormwood (Figure 1) (A.s.r

group, 1977). Isolation and characterization were conducted in

the laboratory of Tu Youyou, who won the Lasker Prize in

Clinical Medicine in 2011, and later the Nobel Prize for

Medicine in 2015. Initial work found that extracts of

Artemisia annua obtained by heating of plant tissues had

minimal antimalarial effects. Therefore, researchers began to

interrogate the earliest historical reference to Artemisia annua

in Ge Hong’s “Elbow Reserve Emergency Recipe”. These records

revealed a more efficient extraction method viz. A. annua

immersed in water to obtain a juice. This method avoided

heating, and yielded extracts with effective anti-malarial

properties. Researchers then modified the extraction process

in view of the historical information and later used low

temperature extraction procedures to isolated the, active

ingredients (Tu, 2016; Wang et al., 2019). Finally, the extracts

were separated to obtain artemisinin and analogues allowing for

further structural confirmation (White et al., 2015; Chang, 2016;

Xia et al., 2020). In addition to antimalarial activity, artemisinin

also has antiviral (Liu et al., 2019), antitumor (Slezáková and

Ruda-Kucerova, 2017), anti-inflammatory (Zhang et al., 2021),

and other pharmacological activities, and has a certain

therapeutic effect on autoimmune diseases (Efferth and Oesch,

2021). This example of the isolation and characterization of

artemisinin draws on the appreciation of historical and

traditional knowledge. And allowed for the optimization of

methods to facilitate the extraction of artemisinin now widely

used in the treatment of malaria.

FIGURE 1
The chemical structures of Artemisinin.
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Advances in analytical chemistry and organic synthetic

routes, extraction and separation techniques have allowed for

new approaches to be used by natural product chemistry that give

higher extraction efficiency and greater yields. For example,

carnosic acid and rosmarinic acid from rosemary were

obtained by supercritical fluid extraction (Lefebvre et al.,

2021), and brassin from Caesalpinia sappan was separated by

high-speed countercurrent chromatography (He et al., 2020).

Artificial synthesis and structural
modification

On occasion, researchers are faced with the problem that they

are unable to obtain plant tissues in large quantities for the

extraction of molecules of interest or that traditional extraction

approaches are not efficient enough to obtain compounds at

usable levels. Therefore, by the middle of the 19th century,

synthetic organic chemistry provided an alternative route to

obtaining natural products, albeit via a synthetic chemical

means. This is exemplified by the breakthrough in production

of the first synthetic drug, chloral hydrate (Jones, 2011). This

breakthrough spawned a new era in drug development and paved

the way for the production of other biological active molecules

with the capacity to produce molecules on an industrial scale

(Crane and Gademann, 2016).

Aspirin, also known as acetylsalicylic acid, exerts an anti-

inflammatory effect by inhibiting the production of

prostaglandins and thromboxanes in mammalian cells and

tissues, and is widely prescribed as an anti-inflammatory, pain

relief and fever reducing medication (Vane, 1971; Montinari

et al., 2019). It is one of the most widely used chemically

synthesized drugs in the world (Montinari et al., 2019).

Interestingly, the origin of aspirin can be traced back

3,500 years ago to the use of willow bark as an ancient pain

reliever and antipyretic drug. The active ingredient salicin is now

chemically synthesized (Mann, 2000; Montinari et al., 2019).

Salicin and other natural derivatives offer examples of how

synthetic approaches can be used to im-prove on the original

molecule. In many instances, therapeutics are developed through

different structural modifications to reduce toxicity, or to

improve the physicochemical traits of compounds such as

poor water solubility; this affording better candidate drugs

(Yao et al., 2017; Solís-Cruz et al., 2021). Chemically

synthesized salicylates are known to cause nausea, stomach

irritation and ringing in the ears as side effects. Therefore, to

solve this problem, sodium salicylate was modified using acetyl

chloride to synthesize acetylsalicylic acid, more commonly

known commercially as aspirin (Figure 2) (Montinari et al.,

2019; Valgimigli, 2019). This simple modification reduced

some of the side-effects attributed to this compound. Aspirin

was patented in the United States in 1900, and it was successfully

marketed 4 years later. The use of synthetic routes of production

show that this approach can have advantages over traditional

methods of extraction from plant tissues. To date, asprin is the

best-selling drug in the world (Montinari et al., 2019; Valgimigli,

2019), that is mainly used as an anti-platelet drug to prevent

cardiovascular and cerebrovascular diseases, such as myocardial

infarction, thrombosis, and cerebral apoplexy (Desborough and

Keeling, 2017).

Other natural products are also worthy of mention. The

quinoline alkaloid, camptothecin is highly cytotoxic and was first

isolated from the bark and branches of Camptotheca acuminata

in China (Figure 3). Camptothecin has significant antitumor

properties and was approved in 1970 for the treatment of gastric

cancer, bladder cancer and some leukemias (Wall et al., 1966;

Chen and Liu, 1994; Khaiwa et al., 2021).

While camptothecin has a wide range of applications, it is

limited due to its poor water solubility, fast hydrolysis rate, high

toxicity and issues relating to drug resistance (Li et al., 2006; Li

et al., 2017). In order to improve the anticancer efficacy and

safety of camptothecin, a series of analogs were synthesized using

structural modification (Venditto and Simanek, 2010; Khaiwa

et al., 2021). On the basis of retaining the key active structure of

camptothecin, chemical modifications focused on changes to key

functional groups (Martino et al., 2017). For example, the

FIGURE 2
The chemical structures of Aspirin.

FIGURE 3
The chemical structures of Camptothecin.
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quinoline ring in the original structure can be opened to convert

the molecule into a corresponding ring-opened sodium salt, so as

to improve the solubility, and to aid its use in intravenous

administration (Ulukan and Swaan, 2002; Martino et al.,

2017). Moreover, if the modifications are made on the

quinoline ring, the anti-cancer activity can be retained

without increasing the cytotoxicity of the molecule. In parallel,

by increasing the number of carbon chains in the quinoline ring it

is possible to increases lipid solubility and stability in plasma (Liu

et al., 2015). Lastly, the hydrolysis of the lactone ring in vivo

reduces the anticancer activity of camptothecin, by reducing

intramolecular hydrogen bond prevents hydrolysis from

occurring (Martino et al., 2017).

To date, camptothecin has been used as a structural template

for the synthesis of other derivatives namely topotecan,

irinotecan and homocamptothecin respectively. Both

topotecan and irinotecan have FDA-approval and are both

water-soluble derivatives used in the treatment of some

clinical cancers (Winterfeldt et al., 1975; Thomas et al., 2004).

Topotecan (7-ethyl-10-[4-(1-piperidino)-1-piperidino]

carbonyloxycamptothecin) contains a basic amine side chain,

which makes it easy to form an ammonium salt and improves

water solubility. Topotecan is widely used clinically to treat

ovarian cancer and small lung cancer (Liu et al., 2015;

Martino et al., 2017). Similarly, irinotecan (9-

[(dimethylamino)methyl]-10-hydroxy-camptothecin) is a

carbamate analogue of camptothecin, and has enhanced water

solubility that is attributed to the presence of an alkaline side

chain. Interestingly, irinotecan can be hydrolyzed into

metabolites with strong anti-tumor activity in vivo, and this

drug is currently used in the treatment of rectal cancer (Martino

et al., 2017). Collectively, camptothecin is a good example of how

structural modification of natural products can be used to

manipulate the physicochemical properties of a molecule. On

the basis of retaining the original active skeleton, through

structural modification, better solubility, greater stability and

enhanced anticancer activity can be achieved.

Drug delivery

As discussed, structural modification of natural products can

improve solubility, chemical stability, resistance to metabolism,

and to enhance the ability of a drug to cross the blood-brain

barrier (Chen et al., 2015; Yao et al., 2017). Occasionally,

structural modification of target drug molecules fails to alter

bioavailability or to reduce drug toxicity. In this scenario, other

strategies are needed to improve and manage the delivery of

drugs to cells and tissues. In the last decade, novel drug delivery

systems have become popular and include various nano-carriers

(Erdoğar et al., 2018; Patra et al., 2018), lipid agents (Efendy

Goon et al., 2019), and transdermal delivery systems (Patil and

Saraogi, 2014). At present, nanocarriers are one of the most

robust delivery systems used in drug research to deliver

encapsulate drugs (Wong et al., 2020; Solís-Cruz et al., 2021).

The natural product, paclitaxel, is a secondary metabolite

produced by the genus Taxus, and was first isolated from the

Pacific yew in 1971 (Figure 4). Due to its strong anticancer

activity, it was approved for use by the FDA in 1993 for the

treatment of various cancers, such as breast cancer, Ovarian, and

lung cancer (Wani et al., 1971; Cragg, 1998; Gallego-Jara et al.,

2020). Unfortunately, members of the genus Taxus are slow

growing species, with plants often taking 200 years to reach

an appreciable size viz. 40 feet in height. At this size, following

harvest, only 0.5 g of paclitaxel could be feasibly extracted from

plant tissues. To place this into some context, to treat a single

patient requires 2 g of paclitaxel, the equivalent of four mature

yew trees. As a result, the supply of paclitaxel was greatly

restricted in the early years of its clinical use (Alqahtani et al.,

2019; Gallego-Jara et al., 2020). However, as patient demand for

paclitaxel grew, new developments were needed to meet the

growing demand for this drug. This droves research to identify

alternative paclitaxel production methods, including total syn-

thetic routes, semi-synthesis, and microbial engineering

(Gallego-Jara et al., 2020). Currently, the most commonly

used methods of production are semi-synthetic methods

(Kumar et al., 2019).

While paclitaxel has strong anticancer activity, its use is made

challenging due to its hydrophobic properties and low solubility

in water (Bernabeu et al., 2017; Gallego-Jara et al., 2020). To solve

this problem, polyoxyethylene castor oil, Cremphor EL (CrEL),

and ethanol delivery systems are being developed as novel drug

carrier systems. Other approaches are also been considered to

facilitate parenteral administration and to reduce adverse

reactions like severe allergic reactions (Gelderblom et al.,

2001). Currently, albumin-bound paclitaxel (nab-paclitaxel) a

nano-delivery approaches have been developed. Nab-paclitaxel,

FIGURE 4
The chemical structures of Paclitaxel.
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is a formulation that utilises nanoparticles as a carrier without the

need for CrEL. Nano-particles are ap-proximately 130 nm in size,

and allow for intravenous infusion (Petrelli et al., 2010).

Compared with traditional paclitaxel, nab-paclitaxel has

reduced side-effects that is largely attributed to the lack of

CrEL. This means that higher doses of paclitaxel can be

delivered with shorter infusion duration (Gradishar, 2006). In

2005, nab-paclitaxel was approved by FDA for the treatment of

metastatic breast cancer (Kundranda and Niu, 2015).

Paclitaxel is a natural product with potent anti-tumor

activity. In recent years, a variety of methods have been

developed to replace traditional extraction protocols, that

circumvent the demand for large batches of raw materials. In

addition, by adopting nanotechnology delivery approaches,

problems of poor water solubility, low bioavailability, and

toxicity have been resolved. These advances have become

important in the development of clinical first-line treatment of

some cancers by delivering anti-cancer drugs in a more refined

manner.

Herb leonuri and the identification
and characterization of leonurine

Stories relating to the development of other natural products

are equally as fascinating as that of asprin, camptothecin, and

paclitaxel.Herb leonuri, commonly known as “Yi-Mu-Cao”, is an

annual or biennial herb of the lamiaceae family. The plant is

native to parts of China, Central Europe, Scandinavia, and

Russia, is now naturalized in Japan, Java, Malaysia, and North

America (Zhu et al., 2018). According to the Flora of China, H.

leonuri has a squarish stem, which is clad in short trichome hairs,

and is often purplish in coloration especially near the nodes. The

opposite leaves have serrated margins and are palmately lobed

with long petioles, basal leaves are wedge-shaped with three

points while the upper left have three to five. They are slightly

hairs above and greyish beneath, and flowers appear in leaf axils

on the upper part of the plant and have three-lobed bracts. The

calyx of each flower is bell-shaped and has five lobes, and the

corolla is irregular and eight to 12 mm in length. The flowers are

pink to lavender, usually with a hairy lower lip. There are four

protruding stamens, two short and two long, with one pistil, and

the fruit has four-chambers (Figure 5) (Wojtyniak et al., 2013).

According to the record of “Shen Nong’sMateriaMedica”,H.

Leonuri has a pungent taste, and is bitter. The plant is widely used

to promote blood circulation, to manage and regulate

menstruation, to aid hydration, reducing swelling, clearing

heat, and to aid detoxifying (Miao et al., 2019). H. Leonuri, as

its name is” a beneficial herb for mothers” (Miao et al., 2019), and

is considered as a traditional herbal medicine. Other use for this

plant includes the treatment of gynecological diseases, irregular

menstruation, dysmenorrhea, lochia, edema, oliguria, and Sores

(Li et al., 2020). Since 1990, it also has been listed in the

Pharmacopoeia of the People’s Republic of China, in which

many kinds of traditional Chinese medicine prescription

contain this plant species. To date, several active compounds

have been identified in tissues and extracts of H. leonuri

including various alkaloids, flavonoids, diterpenes, iridoid

glycosides, sterols, peptides, phenylpropanoids, and phenolic

FIGURE 5
The plant diagram of Herb Leonuri.

FIGURE 6
The chemical structures of four alkaloids from Herb Leonuri.
(A) The chemical structures of leonurine. (B) The chemical
structures of stachydrine. (C) The chemical structures of betaine.
(D) The chemical structures of trigonelline.
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glycosides (Li et al., 2020). Alkaloids are the most important class

of active ingredients in this plant, and have become the focus of

much research (Zhang et al., 2018). Indeed, four alkaloids have

been isolated and characterized in the tissues of this plant

namely, leonurine, stachydrine, betaine, and trigonelline,

respectively (Figure 6). The pharmacological effects of H.

leonuri are mainly attributed to the presence of leonurine

(Fiskum et al., 2004; Liu X. et al., 2010; Li et al., 2020), a

compound present in levels equivalent to 0.02%–0.12% fresh

weight (Liu et al., 2013; Huang et al., 2021).

Isolation and purification aspects of
leonurine

Leonurine was first isolated from the plant H. Leonuri in

1930, and other alkaloid compounds such as stachydine,

betaine, and trigonelline were also isolated. There are

various approaches for extracting, isolating, and purifying

leonurine from the plant. As early as 1977, Yeung et al.

ground and impregnated 5 L of acid methanol (0.1%, v/v)

per kilogram of dried plants to obtain a methanol extract of

leonurine, and then used alumina column and dextran G-25

column, eluted with a gradient of methanol to 2% acetic

acid-methanol, and finally isolated 50 mg/kg of leonurine

(Yeung et al., 1977). In 2004, Chao et al. reported the use of

ethyl acetate in a Soxhlet extractor to decolorize H. Leonuri

and ethanol ultrasonic extraction. The total alkaloids in 2 g

crude drug powder accounted for 0.3%, of which stachydine

accounted for 0.1–0.2% and accounted for 0.01–0.05% (Zhi

et al., 2004). In 2010, Chen et al. reported a method with a

high recovery rate, Chen et al. extracted 350 ml of 95%

ethanol per 100 g of dry plants for 2 h each, repeated

3 times, and finally obtained 0.15 mg/g of leonurine

(Chen et al., 2010). In 2012, Kuchta et al. published a

high-performance liquid chromatography method. Kuchta

et al. used 120 ml of boiling water to extract 6 g of the plant

powder under reflux for 1 h and fixed it with a special

octadecyl-bonded stationary phase and an acetonitrile/

water gradient as fluidity yielded approximately 3 mg of

leonurine (Kuchta et al., 2012). In 2017, Jiang et al. used

a two-phase system of ethyl acetate-n-butanol-water (3:2:5)

as high-speed countercurrent chromatography to obtain

68 mg of leonurine from 2.48 g of the plant crude extract,

and the purity is about 96.2% (Jiang, 2017). In the same year,

Cao et al. successfully developed an acidic ionic liquid

ultrasonic-assisted extraction method. Cao et al. mixed

1 g of dried plants powder with 20 ml of a 1 mol/L

[HMIM][HSO4] aqueous solution, ultrasonicated, and

filtered, which could be extracted 0.136‰ of leonurine

from plants within 30 min (Cao et al., 2018). This method

not only greatly shortens the extraction time, but also

reduces the use of organic reagents.

Structural elucidation and analysis of
leonurine

In the past, the traditional identification method of leonurine

was to use reverse silica gel thin layer chromatography plate

(60 F254) and MeOH:CH2Cl2:NH3 25% (8:2:3) as mobile phase,

under 154 nm UV lamp, leonurine was identified with the Rf

value of 0.31 (Kuchta et al., 2012). Nowadays, the identification of

leonurine relies more on HPLC,MS, and NMR. Chen et al. used a

Acquity UPLC BEH C18 reversed-phase column (100 mm ×

2.1 mm) with 1.7 μm spherical porous particles and methanol-

ammonium formate (pH = 4.0) as the mobile phase at a flow rate

of 0.2 ml/min separation, the maximum absorption peak area of

leonurine was detected at 277 nm. Further, under the conditions

of the ESI model and typical background source pressure read by

ion meter of 1.2 × 10–5 Torr, the capillary temperature of 250 °C,

electrospray needle voltage of 4 kV, and drying gas of nitrogen,

finally, leonurine was obtained with m/z of 321 and ion fragment

m/z of 259, 181, and 114 (Chen et al., 2010). At the same time, Xie

et al. also used an Agilent Edlipse Plus C18 (100 mm × 2.1 mm,

3.5 μm) reversed-phase column and methanol–0.1% formic acid

solution (20:80, 0.2 ml/min) as the mobile phase. In positive

electrospray ionization interface and multiple reaction

monitoring modes, m/z 312.2→181.1 was determined to be

leonurine (Xie et al., 2015). Li et al. used diphenhydramine as

the internal standard on an Agilent ZORBAX Eclipse XDB-C18

column (150 mm × 4.6 mm, 5 μm) and a methanol-water

mixture containing 0.1% formic acid as the mobile phase with

0.6 ml/min of flow rate was obtained at the retention time of

6.43 min. Furthermore, leonurine was also determined by m/z of

312.2→181.1 under the reaction monitoring (MRM) mode of

multiple transitions for mass spectrometry analysis, which used

an Agilent 1,200 series HPLC system and an Agilent 6,410 triple

quadrupole mass spectrometer equipped with an electrospray

ionization (ESI) source. This method detected leonurine and

stachydrine in rat plasma, their lower limits of quantitation were

0.895 ng/ml and 0.287 ng/ml, respectively. The linear

relationship coefficient with the calibration curve containing

the internal standard exceeded 0.99 (Li et al., 2013).

Artificial synthesis of leonurine

In a similar scenario to that described for paclitaxel, plant-

derived leonurine limits its availability for use in research or in

the clinical due to it occurring at low levels in plant tissues. While

traditional separation and extraction methods do yield leonurine

with higher purity (Deng et al., 2013; Cao et al., 2018), the

amounts obtained are often low. Therefore, organic synthesis

approaches are being employed to produce greater quantities of

leonurine.

The synthetic route used in the production of leonurine

involves the preparation of the intermediary leucine urea,
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from succinic acid via the Gabriel reaction. This product is then

reacted with S-methyl isothiourea sulfate to form leonurine

(Cheng et al., 1979). This approach offers a simple method of

production although the raw materials are rather expensive. This

method has now been superseded using an optimized method

developed in the laboratory of Zhu Yizhun at the University of

Macau (Figure 7). The production of leonurine can now be

achieved at low cost, and in high yield using S-methylisothiourea

and 4-amino-1-butanol in a multistep synthesis. The compounds

are protected using Boc anhydride to obtain an intermediate (D),

and the phenolic hydroxyl group of caryophyllic acid acetic

anhydride is used to obtain another key intermediate (F).

Both (D) and (F) intermediates are further condensed to

obtain a final intermediate (H), which is then deprotected

under acidic conditions, to obtain leonurine (Cheng et al.,

1979). This method produces large quantities of leonurine of

high-purity and offers new sources of this compound for use in

research or for clinical application.

Pharmacological effects of leonurine

In mammalian models, leonurine is reported to promote

blood circulation and overcome blood stasis (Miao et al., 2019),

these properties are similar to the anticoagulant and anti-

inflammatory effects of other traditional Chinese medicines

(Deng et al., 1988). The anticoagulant effects have been

reported to reduce the formation of thrombosis, reduce the

risk of cardiovascular and cerebrovascular diseases such as

atherosclerosis and myocardial infarction (Poredos et al., 2020;

Alkarithi et al., 2021). This aroused the authors interest in

leonurine and its potential use in cardiovascular and

cerebrovascular diseases (Poredos et al., 2020; Alkarithi et al.,

2021; Huang et al., 2021).

Cardiovascular disease is a complex multifactorial set of

conditions with high mortality rate globally (Bozkurt et al.,

2021). Long-term studies have shown that extracts of mother-

wort have cardioprotective effect and can improve cardiovascular

diseases, such as in models of atherosclerosis, myocardial

infarction, and myocardial ischemia. In parallel, studies using

purified leonurine are beginning to explore the efficacy of this

compound in several clinical trials for the treatment of

cardiovascular diseases. Indeed, atherosclerosis is the

pathological basis of most serious cardiovascular diseases such

as myocardial infarction and thrombosis, coupled with

dyslipidemia; a key pathogenic risk factor linked to

atherosclerosis. At present, the clinical treatment of

atherosclerosis is largely based on the use of statins, but

several side effects occur with this class of medication viz.

impacts on muscle and severe liver function impairment

(Suguro et al., 2018; Bozkurt et al., 2021). However, in the

future other alternatives derived from natural products could

be developed like leonurine. Leonurine has no apparent side-

effects or adverse reactions when tested in various models and is

effective at reducing atherosclerotic plaque formation, and

attenuating atherosclerotic lesions by modulating

FIGURE 7
The chemical synthesis route of leonurine. RT, room temperature. Ac2O, acetic anhydride. Boc, tert-butoxycarbony group. (A) S-methyl-
isothiourea. (B) 4-Amino-1-butanol. (C) N-(4-Hydroxybutyl). (D) Boc-protected N-(4-Hydroxybutyl)guanidine. (E) Caryophyllic acide. (F) 4-
Acetoxy-3,5-dimethoxybenzoic acid. (G) Boc-protected 4-[(Aminoiminomethyl)amino]butyl 4-(acetyloxy)-3,5-dimethoxybenzoate. (H) Boc-
protected leonurine.
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inflammatory and oxidative stress pathways (Zhang et al., 2012).

The pharmacological mechanism responsible for leonurine

action to-ward inflammation and oxidative stress are complex

are under investigation. Research by us and other groups, show

that leonurine promotes cholesterol efflux by regulating the

Pparγ/Lxrα signaling pathway, and attenuates the formation

of atherosclerosis (Jiang et al., 2017). Moreover, leonurine not

only reduced the occurrence of inflammatory response by

inhibiting the activation of NF-κB (Liu et al., 2012), but also

enhanced stress defenses in tissues including the activities of

catalase (CAT), superoxide dismutase (SOD), glutathione

peroxidase (GPx), and glutathione (GSH) levels to regulate

oxidative stress (Zhang et al., 2012).

In addition to atherosclerosis, leonurine also improves

myocardial infarction, an ischemic heart disease associated

with cardiac damage and apoptosis. Leonurine protects

cardiac function after myocardial infarction by increasing

the viability of hypoxia-injured cardiomyocytes (Liu et al.,

2009), by activating the PI3K/AKT/GSK3β signaling pathway

(Xu et al., 2018), reducing the expression of pro-apoptotic

genes including Bax and Bcl-2, and by inhibiting cell apoptosis

(Liu et al., 2009). Similarly, leonurine also prevents cardiac

fibrosis and cardiac fibroblast activation following myocardial

infarction by regulating the Nox4-ROS pathway (Liu et al.,

2013) and attenuate myocardial fibrosis after myocardial

infarction by up-regulating miR-29a-3p. Combined these

bioactive properties exerting cardio-protective effects in

mammalian systems (Wang et al., 2021). More recently, a

clinical phase I study has reported that leonurine alter the

composition of intestinal microflora, and up-regulates the

biosynthesis of adenosylcobalamin (AdoCbl). In turn, these

actions promoted the conversion of homocysteine to

methionine, reducing the levels of this proatherogenic

sulfur amino acid (Liao et al., 2021).

Other research has shown leonurine to have significant

therapeutic effects on diseases associated with the central

nervous system including stroke, Alzheimer’s dis-ease,

Parkinson’s disease, and depression syndrome (Huang et al.,

2021). In the near future, clinical trials are being planned to assess

leonurine in the treatment of central nervous system diseases.

Stroke is one of the main types of cerebrovascular diseases seen in

the clinic, that causes damage to brain tissues caused by cerebral

ischemia and hypoxia (Kuriakose and Xiao, 2020). Research has

shown that leonurine induces the antioxidant response by

activating nuclear factor erythrocyte 2-related factor 2 (Nrf2),

and upregulates the expression of vascular endothelial growth

factor (VEGF) in neurons, astrocytes, and endothelial cells.

Collectively, this prevents brain tissue ischemic injury (Xie

et al., 2019). Moreover, leonurine was also shown to improve

mitochondrial ultrastructure, to regulated mitochondrial

function, and inhibited ATP synthesis, thereby exerting

neuroprotective effects (Qi et al., 2010). Furthermore,

researchers have shown that leonurine protects the integrity of

the blood-brain barrier, and prevents stroke by regulating the

HDAC4/NOX4/MMP-9 pathway (Zhang et al., 2017). In other

neurological conditions like Alzheimer’s disease, Parkinson’s

disease, and depression, leonurine likely acts by inhibiting

neuro-inflammation. In other neurological conditions,

leonurine promotes maturation of oligodendrocytes and

enhancing the myelin sheaths in models of multiple sclerosis

(Jin et al., 2019), inhibits the production of pro-inflammatory

cytokines including interleukin one beta as well as interleukin 6,

inhibits the nuclear factor kappa B signaling pathway (Jia et al.,

2017), and promotes neurite outgrowth and neurotrophic

activity by modulating the GR/SGK1 signaling pathway (Jia

et al., 2017), thereby exerting an antidepressant effect.

Some evidence also points to other potential therapetuc

effects in mammalian systems. Indeed, leonurine can inhibit

PDZ-binding motif (TAZ) expression to regulate Treg/

Th17 balance to alleviate rheumatoid arthritis (Du et al.,

2020), it can inhibit PI3K/Akt/NF-κB signaling pathway to

improve osteoarthritis (Yin and Lei, 2018), and improved

renal fibrosis by inhibiting TGF-β and NF-κB signaling

pathways (Cheng et al., 2015). Other studies show,

leonurine can alleviate endometriosis by inhibiting the

differentiation of regulatory T cells, providing a therapeutic

approach for intractable diseases (Li et al., 2022). Taken

together, this simple alkaloid appears to target multiple

pathways linked to cytoprotection and inflammation in

mammalian systems.

FIGURE 8
The structural modification of leonurine. (A) The chemical
structures of leonurine-cysteine. (B) The chemical structures of
leonurine-aspirin. (C) The chemical structures of leonurine-SPRC.
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Structure-activity relationship

Although leonurine has great cardioprotective effects and has

broad development prospects as a novel cardioprotective agent, it

has certain difficulties in clinical application due to its unique

chemical structure such as the guanidine group (Huang et al.,

2021). Therefore, several medicinal chemists have been inspired

by combination drug studies to study the structural

modifications and structure-activity relationships (SARs) of

leonurine. A study of SARs showed that the cardioprotective

effect of leonurine was essential with butanolamine and

guanidine group, and that the aromatic ring was tolerant to

various substituents (Luo et al., 2020). Currently, the structural

modification of leonurine mainly focuses on the combination

with cysteine (Liu et al., 2011), aspirin (Gao et al., 2016), or

S-propargyl cysteine (SPRC) (Luo et al., 2020) (Figure 8). Based

on cysteine’s regulation of endogenous H2S through the

cystathionine γ-lyase (CSE) pathway, Liu et al. designed a

leonurine-cysteine analog conjugate. Leonurine-cysteine could

modulate hydrogen sulfide production in vivo, enhance

antioxidant activity, and have better anti-myocardial ischemia

effects than leonurine (Liu et al., 2011). On the previous basis, Liu

et al. further synthesized SPRC and combined leonurine and

SPRC. The alkynyl group of SPRC is a strong electron-

withdrawing group, and the carbon atom between the alkynyl

group and the sulfur atom is more easily attacked by nucleophiles

to generate cysteine, further releasing H2S. Leonurine-SPRC is

also easily hydrolyze to release its bioactive substances, such as

anti-oxidative stress and anti-apoptosis, and had effective

cardioprotection against hypoxia-induced myocardial injury

effect (Liu C. et al., 2010). Furthermore, Gao et al. designed a

novel combination of leonurine-aspirin based on the antiplatelet

activity of aspirin. It not only enhances antioxidant activity and

protects cell membrane integrity, but also inhibits pro-

inflammatory mediators for more efficient cardioprotection

(Gao et al., 2016). So far, all of the novel compounds are

more cardioprotective than either compound alone. Therefore,

it is necessary to use leonurine as the parent nucleus to modify its

structure to develop new novel drugs for cardioprotection.

Conclusion and prospects

The current review summarizes some of the historical

breakthroughs made using classical approaches to drugs

discovery. In this instance, the natural products such as

paclitaxel, artemisinin, aspirin, and camptothecin have been

described. We also introduce, some of the work on the

alkaloid, leonurine. Leonurine, is a novel natural product

source, that is currently in development as a potential drug

candidate. Work systematically summarized its development

in recent times, including the plant origin, traditional

therapeutic effects, chemical synthesis process, and rich

pharmacological activities. Leonurine has attracted worldwide

attention due to it having significant protective effects in the

cardiovascular and neurological systems in mammals. Indeed,

leonurine is now in the clinical trial stages of assessment. It is

likely that this molecule, will become another example of how

natural products can be exploited in modern day drug discovery

programs. Hopefully, this series of stories will inspire new ideas

for the development of natural products as drug candidates.

Author contributions

ZL and KC: Writing—original draft. Peter Rose and YZ:

Writing—review and editing. The article was approved for

submission by all authors.

Funding

This study was supported by the grants received from the

Macau Science and Technology Development Fund (file no.

0007/2019/AKP, 0021/2020/AGJ, 0011/2020/A1). The National

Natural Science Foundation of China (Nos. 81973320). Key

Technology R and D Program of Science and Technology

Commission Foundation of Tianjin (20YFZCSY00460).

Acknowledgments

The authors are grateful to the Macau University of Science

and Technology and State Key Laboratory of Quality Research in

Chinese Medicine (Macau, China) for supporting.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Chemistry frontiersin.org09

Li et al. 10.3389/fchem.2022.1036329

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1036329


References

Achan, J., Talisuna, A. O., Erhart, A., Yeka, A., Tibenderana, J. K., Baliraine, F. N.,
et al. (2011). Quinine, an old anti-malarial drug in a modern world: Role in the
treatment of malaria. Malar. J. 10 (1), 1–12. doi:10.1186/1475-2875-10-144

Alkarithi, G., Duval, C., Shi, Y., Macrae, F. L., and Ariëns, R. A. (2021). Thrombus
structural composition in cardiovascular disease. Arter. Throm Vas 41 (9),
2370–2383. doi:10.1161/ATVBAHA.120.315754

Alqahtani, F. Y., Aleanizy, F. S., El Tahir, E., Alkahtani, H. M., and AlQuadeib, B.
T. (2019). Paclitaxel. Profiles drug subst excip relat methodol 44, 205–238. doi:10.
1016/bs.podrm.2018.11.001

A.s.r group (1977). A new type of sesquiterpene lactone—Artemisinin. Chin. Sci.
Bull. 22, 142. doi:10.1016/B978-0-12-813133-6.00003-2

Azab, A., Nassar, A., and Azab, A. N. (2016). Anti-inflammatory activity of
natural products. Molecules 21 (10), 1321. doi:10.3390/molecules21101321

Bernabeu, E., Cagel, M., Lagomarsino, E., Moretton, M., and Chiappetta, D. A.
(2017). Paclitaxel: What has been done and the challenges remain ahead. Int.
J. Pharm. X. 526 (1-2), 474–495. doi:10.1016/j.ijpharm.2017.05.016

Beutler, J. A. (2019). Natural products as a foundation for drug discovery. Curr.
Protoc. Pharmacol. 86 (1), e67. doi:10.1002/cpph.67

Bozkurt, B., Hershberger, R. E., Butler, J., Grady, K. L., Heidenreich, P. A., Isler,
M. L., et al. (2021). 2021 ACC/AHA key data elements and definitions for heart
failure: A report of the American college of cardiology/American heart association
task force on clinical data standards (writing committee to develop clinical data
standards for heart failure). J. Am. Coll. Cardiol. 14 (4), 2053–2150. doi:10.1016/j.
jacc.2020.11.012

Brook, K., Bennett, J., and Desai, S. P. (2017). The chemical history of morphine:
An 8000-year journey, from resin to de-novo synthesis. J. Anesth. Hist. 3 (2), 50–55.
doi:10.1016/j.janh.2017.02.001

Cao, X., Zhu, C., Wang, L., Ye, X., Yu, Y., Mo, W., et al. (2018). Investigating
acidic ionic liquid-based ultrasonic-assisted extraction of leonurine from Herba
Leonuri. Sep. Sci. Technol. 53 (3), 481–486. doi:10.1080/01496395.2017.1385628

Chang, Z. (2016). The discovery of qinghaosu (artemisinin) as an effective anti-
malaria drug: A unique China story. Sci. China Life Sci. 59 (1), 81–88. doi:10.1007/
s11427-015-4988-z

Chen, A. Y., and Liu, L. F. (1994). Design of topoisomerase inhibitors to overcome
MDR1-mediated drug resistance. Adv. Pharmacol. 29, 245–256. doi:10.1016/s1054-
3589(08)61141-2

Chen, J., Li, W., Yao, H., and Xu, J. (2015). Insights into drug discovery from
natural products through structural modification. Fitoterapia 103, 231–241. doi:10.
1016/j.fitote.2015.04.012

Chen, Z., Wu, J. B., Liao, X. J., Yang, W., and Song, K. (2010). Development and
validation of an UPLC-DAD-MS method for the determination of leonurine in
Chinese motherwort (Leonurus japonicus). J. Chromatogr. Sci. 48 (10), 802–806.
doi:10.1093/chromsci/48.10.802

Cheng, H., Bo, Y., Shen, W., Tan, J., Jia, Z., Xu, C., et al. (2015). Leonurine
ameliorates kidney fibrosis via suppressing TGF-β and NF-κB signaling pathway in
UUO mice. Int. Immunopharmacol. 25 (2), 406–415. doi:10.1016/j.intimp.2015.
02.023

Cheng, K., Yip, C., Yeung, H., and Kong, Y. (1979). Leonurine, an improved
synthesis. Experientia 35 (5), 571–572. doi:10.1007/BF01960323

Chun-Sheng, Z., Zhi-Jian, L., Ming-Liang, X., Hong-Juan, N., and Zhang, B.
(2016). The spectrum-effect relationship—A rational approach to screening
effective compounds, reflecting the internal quality of Chinese herbal medicine.
Chin. J. Nat. Med. 14 (3), 177–184. doi:10.1016/S1875-5364(16)30014-0

Cragg, G. M. (1998). Paclitaxel (Taxol®): A success story with valuable lessons for
natural product drug discovery and development. Med. Res. Rev. 18 (5), 315–331.
doi:10.1002/(sici)1098-1128(199809)18:5<315:aid-med3>3.0.co;2-w
Crane, E. A., and Gademann, K. (2016). Capturing biological activity in natural

product fragments by chemical synthesis. Angew. Chem. Int. Ed. 55 (12),
3882–3902. doi:10.1002/anie.201505863

Deng, S., Wang, T., Wu, C., Qu, L., Han, L., and Zhang, Y. (2013). Isolation and
identification of constituents from Leonurus japonicus. Chin. J. Med. Chem. 23,
209–212.

Deng, Y., Yan, W., Chen, C., Gao, D., Yuan, Y., and Dai, D. (1988). Clinical
observation on the treatment of thrombocytopenic purpura by huoxue huayu
drugs. J. Tradit. Chin. Med. 8 (3), 173–176. doi:10.19852/j.cnki.jtcm.1988.
03.005

Desborough, M. J., and Keeling, D. M. (2017). The aspirin story–from willow to
wonder drug. Br. J. Haematol. 177 (5), 674–683. doi:10.1111/bjh.14520

Du, Y.-Y., Chen, Z.-X., Liu, M.-Y., Liu, Q.-P., Lin, C.-S., Chu, C.-Q., et al. (2020).
Leonurine regulates Treg/Th17 balance to attenuate rheumatoid arthritis through
inhibition of TAZ expression. Front. Immunol. 2305, 556526. doi:10.3389/fimmu.
2020.556526

Dutta, S., Mahalanobish, S., Saha, S., Ghosh, S., and Sil, P. C. (2019). Natural
products: An upcoming therapeutic approach to cancer. Food Chem. Toxicol. 128,
240–255. doi:10.1016/j.fct.2019.04.012

Efendy Goon, D., Sheikh Abdul Kadir, S. H., Latip, N. A., Rahim, S. A., and
Mazlan, M. (2019). Palm oil in lipid-based formulations and drug delivery systems.
Biomolecules 9 (2), 64. doi:10.3390/biom9020064

Efferth, T., and Oesch, F. (2021). The immunosuppressive activity of artemisinin-
type drugs towards inflammatory and autoimmune diseases. Med. Res. Rev. 41 (6),
3023–3061. doi:10.1002/med.21842

Erdoğar, N., Akkın, S., and Bilensoy, E. (2018). Nanocapsules for drug delivery:
An updated review of the last decade. Recent Pat. Drug Deliv. Formul. 12 (4),
252–266. doi:10.2174/1872211313666190123153711

Fiskum, G., Rosenthal, R. E., Vereczki, V., Martin, E., Hoffman, G. E.,
Chinopoulos, C., et al. (2004). Protection against ischemic brain injury by
inhibition of mitochondrial oxidative stress. J. Bioenerg. Biomembr. 36 (4),
347–352. doi:10.1023/B:JOBB.0000041766.71376.81

Gallego-Jara, J., Lozano-Terol, G., Sola-Martínez, R. A., Cánovas-Díaz, M., and de
Diego Puente, T. (2020). A compressive review about taxol®: History and future
challenges. Molecules 25 (24), 5986. doi:10.3390/molecules25245986

Gao, H., Yang, X., Gu, X., and Zhu, Y.-Z. (2016). Synthesis and biological
evaluation of the codrug of Leonurine and Aspirin as cardioprotective agents.
Bioorg. Med. Chem. Lett. 26 (19), 4650–4654. doi:10.1016/j.bmcl.2016.08.058

Gelderblom, H., Verweij, J., Nooter, K., and Sparreboom, A. (2001). Cremophor
EL: The drawbacks and advantages of vehicle selection for drug formulation. Eur.
J. Cancer 37 (13), 1590–1598. doi:10.1016/S0959-8049(01)00171-X

Goldstein, R. A., DesLauriers, C., Burda, A., and Johnson-Arbor, K. (2009).
Cocaine: History, social implications, and toxicity: A review. Semin Diagn Pathol 26
(1), 10–17. doi:10.1016/bs.podrm.2018.11.001

Gradishar, W. J. (2006). Albumin-bound paclitaxel: A next-generation taxane.
Expert Opin. Pharmacother. 7 (8), 1041–1053. doi:10.1517/14656566.7.8.1041

He, W., Fan, Q., Zhou, L., Huang, F., Jiang, X., Na, Z., et al. (2020). Preparation of
brazilein from Caesalpinia sappan by high performance countercurrent
chromatography. Se Pu 38 (12), 1363–1368. doi:10.3724/SP.J.1123.2020.03016

Huang, L., Xu, D. Q., Chen, Y. Y., Yue, S. J., and Tang, Y. P. (2021). Leonurine, a
potential drug for the treatment of cardiovascular system and central nervous
system diseases. Brain Behav. 11 (2), e01995. doi:10.1002/brb3.1995

Jaganjac, M., Sredoja Tisma, V., and Zarkovic, N. (2021). Short overview of some
assays for the measurement of antioxidant activity of natural products and their
relevance in dermatology.Molecules 26 (17), 5301. doi:10.3390/molecules26175301

Ji, H. F., Li, X. J., and Zhang, H. Y. (2009). Natural products and drug discovery:
Can thousands of years of ancient medical knowledge lead us to new and powerful
drug combinations in the fight against cancer and dementia? EMBO Rep. 10 (3),
194–200. doi:10.1038/embor.2009.12

Jia, M., Li, C., Zheng, Y., Ding, X., Chen, M., Ding, J., et al. (2017). Leonurine
exerts antidepressant-like effects in the chronic mild stress-induced depression
model in mice by inhibiting neuroinflammation. Int. J. Neuropsychopharmacol. 20
(11), 886–895. doi:10.1093/ijnp/pyx062

Jiang, M.-H. (2017). Isolation and preparation of leonurine from Leonurus
japonicus by high speed countercurrent chromatography. Zhong Cao Yao,
1778–1783. doi:10.7501/j.issn.0253-2670.2017.09.013

Jiang, T., Ren, K., Chen, Q., Li, H., Yao, R., Hu, H., et al. (2017). Leonurine
prevents atherosclerosis via promoting the expression of ABCA1 and ABCG1 in a
Pparγ/Lxrα signaling pathway-dependent manner. Cell. Physiol. biochem. 43 (4),
1703–1717. doi:10.1159/000484031

Jin, M., Li, Q., Gu, Y., Wan, B., Huang, J., Xu, X., et al. (2019). Leonurine
suppresses neuroinflammation through promoting oligodendrocyte maturation.
J. Cell. Mol. Med. 23 (2), 1470–1485. doi:10.1111/jcmm.14053

Jones, A. W. (2011). Early drug discovery and the rise of pharmaceutical
chemistry. Drug Test. Anal. 3 (6), 337–344. doi:10.1002/dta.301

Katz, L., and Baltz, R. H. (2016). Natural product discovery: Past, present, and
future. J. Ind. Microbiol. Biotechnol. 43 (2-3), 155–176. doi:10.1007/s10295-015-
1723-5

Khaiwa, N., Maarouf, N. R., Darwish, M. H., Alhamad, D. W., Sebastian, A.,
Hamad, M., et al. (2021). Camptothecin’s journey from discovery toWHO Essential

Frontiers in Chemistry frontiersin.org10

Li et al. 10.3389/fchem.2022.1036329

https://doi.org/10.1186/1475-2875-10-144
https://doi.org/10.1161/ATVBAHA.120.315754
https://doi.org/10.1016/bs.podrm.2018.11.001
https://doi.org/10.1016/bs.podrm.2018.11.001
https://doi.org/10.1016/B978-0-12-813133-6.00003-2
https://doi.org/10.3390/molecules21101321
https://doi.org/10.1016/j.ijpharm.2017.05.016
https://doi.org/10.1002/cpph.67
https://doi.org/10.1016/j.jacc.2020.11.012
https://doi.org/10.1016/j.jacc.2020.11.012
https://doi.org/10.1016/j.janh.2017.02.001
https://doi.org/10.1080/01496395.2017.1385628
https://doi.org/10.1007/s11427-015-4988-z
https://doi.org/10.1007/s11427-015-4988-z
https://doi.org/10.1016/s1054-3589(08)61141-2
https://doi.org/10.1016/s1054-3589(08)61141-2
https://doi.org/10.1016/j.fitote.2015.04.012
https://doi.org/10.1016/j.fitote.2015.04.012
https://doi.org/10.1093/chromsci/48.10.802
https://doi.org/10.1016/j.intimp.2015.02.023
https://doi.org/10.1016/j.intimp.2015.02.023
https://doi.org/10.1007/BF01960323
https://doi.org/10.1016/S1875-5364(16)30014-0
https://doi.org/10.1002/(sici)1098-1128(199809)18:5<315:aid-med3>3.0.co;2-w
https://doi.org/10.1002/anie.201505863
https://doi.org/10.19852/j.cnki.jtcm.1988.03.005
https://doi.org/10.19852/j.cnki.jtcm.1988.03.005
https://doi.org/10.1111/bjh.14520
https://doi.org/10.3389/fimmu.2020.556526
https://doi.org/10.3389/fimmu.2020.556526
https://doi.org/10.1016/j.fct.2019.04.012
https://doi.org/10.3390/biom9020064
https://doi.org/10.1002/med.21842
https://doi.org/10.2174/1872211313666190123153711
https://doi.org/10.1023/B:JOBB.0000041766.71376.81
https://doi.org/10.3390/molecules25245986
https://doi.org/10.1016/j.bmcl.2016.08.058
https://doi.org/10.1016/S0959-8049(01)00171-X
https://doi.org/10.1016/bs.podrm.2018.11.001
https://doi.org/10.1517/14656566.7.8.1041
https://doi.org/10.3724/SP.J.1123.2020.03016
https://doi.org/10.1002/brb3.1995
https://doi.org/10.3390/molecules26175301
https://doi.org/10.1038/embor.2009.12
https://doi.org/10.1093/ijnp/pyx062
https://doi.org/10.7501/j.issn.0253-2670.2017.09.013
https://doi.org/10.1159/000484031
https://doi.org/10.1111/jcmm.14053
https://doi.org/10.1002/dta.301
https://doi.org/10.1007/s10295-015-1723-5
https://doi.org/10.1007/s10295-015-1723-5
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1036329


Medicine: Fifty years of promise. Eur. J. Med. Chem. 223, 113639. doi:10.1016/j.
ejmech.2021.113639

Kuchta, K., Ortwein, J., and Rauwald, H. (2012). Leonurus japonicus, leonurus
cardiaca, leonotis leonurus: A novel HPLC study on the occurrence and content of
the pharmacologically active guanidino derivative leonurine. Pharmazie 67 (12),
973–979. doi:10.1691/ph.2012.1856

Kumar, P., Singh, B., Thakur, V., Thakur, A., Thakur, N., Pandey, D., et al. (2019).
Hyper-production of taxol from Aspergillus fumigatus, an endophytic fungus
isolated from Taxus sp. of the Northern Himalayan region. Biotechnol.
Rep. (Amst). 24, e00395. doi:10.1016/j.btre.2019.e00395

Kundranda, M. N., and Niu, J. (2015). Albumin-bound paclitaxel in solid tumors:
Clinical development and future directions. Drug Des. devel. Ther. 9, 3767–3777.
doi:10.2147/DDDT.S88023

Kuriakose, D., and Xiao, Z. (2020). Pathophysiology and treatment of stroke:
Present status and future perspectives. Int. J. Mol. Sci. 21 (20), 7609. doi:10.3390/
ijms21207609

Lefebvre, T., Destandau, E., and Lesellier, E. (2021). Sequential extraction of
carnosic acid, rosmarinic acid and pigments (carotenoids and chlorophylls) from
Rosemary by online supercritical fluid extraction-supercritical fluid
chromatography. J. Chromatogr. A 1639, 461709. doi:10.1016/j.chroma.2020.
461709

Li, B.,Wu, J., and Li, X. (2013). Simultaneous determination and pharmacokinetic
study of stachydrine and leonurine in rat plasma after oral administration of Herba
Leonuri extract by LC–MS/MS. J. Pharm. Biomed. Anal. 76, 192–199. doi:10.1016/j.
jpba.2012.12.029

Li, F., Jiang, T., Li, Q., and Ling, X. (2017). Camptothecin (CPT) and its
derivatives are known to target topoisomerase I (Top1) as their mechanism
of action: Did we miss something in CPT analogue molecular targets for
treating human disease such as cancer? Am. J. Cancer Res. 7 (12),
2350–2394.

Li, Q.-Y., Zu, Y.-G., Shi, R.-Z., and Yao, L.-P. (2006). Review camptothecin:
Current perspectives. Curr. Med. Chem. 13 (17), 2021–2039. doi:10.2174/
092986706777585004

Li, Y.-y., Lin, Y.-k., Li, Y., Liu, X.-h., Li, D.-j., Wang, X.-l., et al. (2022). SCM-198
alleviates endometriosis by suppressing estrogen-erα mediated differentiation and
function of CD4+ CD25+ regulatory T cells. Int. J. Biol. Sci. 18 (5), 1961–1973.
doi:10.7150/ijbs.68224

Li, Y.-y., Lin, Y.-k., Liu, X.-h., Wang, L., Yu, M., Li, D.-j., et al. (2020). Leonurine:
From gynecologic medicine to pleiotropic agent. Chin. J. Integr. Med. 26 (2),
152–160. doi:10.1007/s11655-019-3453-0

Liao, J., Suguro, R., Zhao, X., Yu, Y., Cui, Y., Zhu, Y. Z. J. C., et al. (2021).
Leonurine affected homocysteine-methionine metabolism based on metabolomics
and gut microbiota studies of clinical trial samples. Clin. Transl. Med. 11 (10), e535.
doi:10.1002/ctm2.535

Liu, C., Gu, X., and Zhu, Y. Z. (2010). Synthesis and biological evaluation of novel
leonurine–SPRC conjugate as cardioprotective agents. Bioorg. Med. Chem. Lett. 20
(23), 6942–6946. doi:10.1016/j.bmcl.2010.09.135

Liu, C., Guo, W., Shi, X., Kaium, M., Gu, X., and Zhu, Y. Z. (2011). Leonurine-
cysteine analog conjugates as a new class of multifunctional anti-myocardial
ischemia agent. Eur. J. Med. Chem. 46 (9), 3996–4009. doi:10.1016/j.ejmech.
2011.05.073

Liu, X.-H., Pan, L.-L., Deng, H.-Y., Xiong, Q.-H., Wu, D., Huang, G.-Y., et al.
(2013). Leonurine (SCM-198) attenuates myocardial fibrotic response via inhibition
of NADPH oxidase 4. Free Radic. Biol. Med. 54, 93–104. doi:10.1016/j.
freeradbiomed.2012.10.555

Liu, X., Cao, J., Huang, G., Zhao, Q., and Shen, J. (2019). Biological activities of
artemisinin derivatives beyond malaria. Curr. Top. Med. Chem. 19 (3), 205–222.
doi:10.2174/1568026619666190122144217

Liu, X. H., Xin, H., Hou, A. J., and Zhu, Y. Z. (2009). Protective effects of leonurine
in neonatal rat hypoxic cardiomyocytes and rat infarcted heart. Clin.
Exp. Pharmacol. Physiol. 36 (7), 696–703. doi:10.1111/j.1440-1681.2008.05135.x

Liu, X., Pan, L., Chen, P., and Zhu, Y. (2010). Leonurine improves ischemia-
induced myocardial injury through antioxidative activity. Phytomedicine 17 (10),
753–759. doi:10.1016/j.phymed.2010.01.018

Liu, X., Pan, L., Wang, X., Gong, Q., and Zhu, Y. Z. (2012). Leonurine protects
against tumor necrosis factor-α-mediated inflammation in human umbilical vein
endothelial cells. Atherosclerosis 222 (1), 34–42. doi:10.1016/j.atherosclerosis.2011.
04.027

Liu, Y. Q., Li, W. Q., Morris-Natschke, S. L., Qian, K., Yang, L., Zhu, G. X., et al.
(2015). Perspectives on biologically active camptothecin derivatives.Med. Res. Rev.
35 (4), 753–789. doi:10.1002/med.21342

Liu, Y., Yang, S., Wang, K., Lu, J., Bao, X., Wang, R., et al. (2020). Cellular
senescence and cancer: Focusing on traditional Chinese medicine and natural
products. Cell Prolif. 53 (10), e12894. doi:10.1111/cpr.12894

Luo, S., Xu, S., Liu, J., Ma, F., and Zhu, Y. Z. (2020). Design and synthesis of novel
SCM-198 analogs as cardioprotective agents: Structure-activity relationship studies
and biological evaluations. Eur. J. Med. Chem. 200, 112469. doi:10.1016/j.ejmech.
2020.112469

Mann, J. (2000). Murder, magic, and medicine. USA: Oxford University Press.

Martino, E., Della Volpe, S., Terribile, E., Benetti, E., Sakaj, M., Centamore, A.,
et al. (2017). The long story of camptothecin: From traditional medicine to drugs.
Bioorg. Med. Chem. Lett. 27 (4), 701–707. doi:10.1016/j.bmcl.2016.12.085

Miao, L.-L., Zhou, Q.-M., Peng, C., Liu, Z.-H., and Xiong, L. (2019). Leonurus
japonicus (Chinese motherwort), an excellent traditional medicine for obstetrical
and gynecological diseases: A comprehensive overview. Biomed. Pharmacother.
117, 109060. doi:10.1016/j.biopha.2019.109060

Montinari, M. R., Minelli, S., and De Caterina, R. (2019). The first 3500 years of
aspirin history from its roots–A concise summary. Vasc. Pharmacol. 113, 1–8.
doi:10.1016/j.vph.2018.10.008

Patil, U. K., and Saraogi, R. (2014). Natural products as potential drug permeation
enhancer in transdermal drug delivery system. Arch. Dermatol. Res. 306 (5),
419–426. doi:10.1007/s00403-014-1445-y

Patra, J. K., Das, G., Fraceto, L. F., Campos, E. V. R., Rodriguez-Torres, M. d. P.,
Acosta-Torres, L. S., et al. (2018). Nano based drug delivery systems: Recent
developments and future prospects. J. Nanobiotechnology 16 (1), 71–33. doi:10.
1186/s12951-018-0392-8

Petrelli, F., Borgonovo, K., and Barni, S. (2010). Targeted delivery for breast
cancer therapy: The history of nanoparticle-albumin-bound paclitaxel. Expert Opin.
Pharmacother. 11 (8), 1413–1432. doi:10.1517/14656561003796562

Poredos, P., Gregoric, I. D., and Jezovnik, M. K. (2020). Inflammation of carotid
plaques and risk of cerebrovascular events. Ann. Transl. Med. 8 (19), 1281. doi:10.
21037/atm-2020-cass-15

Qi, J., Hong, Z. Y., Xin, H., and Zhu, Y. Z. (2010). Neuroprotective effects of
leonurine on ischemia/reperfusion-induced mitochondrial dysfunctions in rat
cerebral cortex. Biol. Pharm. Bull. 33 (12), 1958–1964. doi:10.1248/bpb.33.1958

Sarker, S. D., and Nahar, L. (2012). An introduction to natural products isolation.
Methods Mol. Biol. 864, 1–25. doi:10.1007/978-1-61779-624-1_1

Sen, T., and Samanta, S. K. (2014). Medicinal plants, human health and
biodiversity: A broad review. Adv. Biochem. Eng. Biotechnol. 147, 59–110.
doi:10.1007/10_2014_273

Slezáková, S., and Ruda-Kucerova, J. (2017). Anticancer activity of artemisinin
and its derivatives. Anticancer Res. 37 (11), 5995–6003. doi:10.21873/anticanres.
12046

Solís-Cruz, G. Y., Pérez-López, L. A., Alvarez-Roman, R., Rivas-Galindo, V. M.,
Silva-Mares, D. A., and Ibarra-Rivera, T. R. (2021). Nanocarriers as administration
systems of natural products. Curr. Top. Med. Chem. 21 (26), 2365–2373. doi:10.
2174/1568026621666210915121957

Suguro, R., Chen, S., Yang, D., Yang, Z., Miao, L., Wu, W., et al. (2018). Anti-
hypercholesterolemic effects and a good safety profile of SCM-198 in animals: From
ApoE knockout mice to rhesus monkeys. Front. Pharmacol. 1468, 1468. doi:10.
3389/fphar.2018.01468

Thomas, C. J., Rahier, N. J., and Hecht, S. M. (2004). Camptothecin: Current
perspectives. Bioorg. Med. Chem. 12 (7), 1585–1604. doi:10.1016/j.bmc.2003.11.036

Thomas, E., Stewart, L. E., Darley, B. A., Pham, A. M., Esteban, I., and Panda, S. S.
(2021). Plant-based natural products and extracts: Potential source to develop new
antiviral drug candidates.Molecules 26 (20), 6197. doi:10.3390/molecules26206197

Tu, Y. (2016). Artemisinin—A gift from traditional Chinese medicine to the
world (Nobel lecture). Angew. Chem. Int. Ed. 55 (35), 10210–10226. doi:10.1002/
anie.201601967

Ugurlucan, M., M Caglar, I., N Turhan Caglar, F., Ziyade, S., Karatepe, O., Yildiz,
Y., et al. (2012). Aspirin: From a historical perspective. Recent Pat. cardiovasc. Drug
Discov. 7 (1), 71–76. doi:10.2174/157489012799362377

Ulukan, H., and Swaan, P. W. (2002). Camptothecins: A review of their
chemotherapeutic potential. Drugs 62 (14), 2039–2057. doi:10.2165/00003495-
200262140-00004

Valgimigli, M. (2019). The remarkable story of a wonder drug, which now comes
to an end in the primary prevention setting: Say bye-bye to aspirin. Eur. Heart J. 40
(7), 618–620. doi:10.1093/eurheartj/ehy872

Vane, J. R. (1971). Inhibition of prostaglandin synthesis as a mechanism of action
for aspirin-like drugs. Nat. New Biol. 231, 232–235. doi:10.1038/newbio231232a0

Frontiers in Chemistry frontiersin.org11

Li et al. 10.3389/fchem.2022.1036329

https://doi.org/10.1016/j.ejmech.2021.113639
https://doi.org/10.1016/j.ejmech.2021.113639
https://doi.org/10.1691/ph.2012.1856
https://doi.org/10.1016/j.btre.2019.e00395
https://doi.org/10.2147/DDDT.S88023
https://doi.org/10.3390/ijms21207609
https://doi.org/10.3390/ijms21207609
https://doi.org/10.1016/j.chroma.2020.461709
https://doi.org/10.1016/j.chroma.2020.461709
https://doi.org/10.1016/j.jpba.2012.12.029
https://doi.org/10.1016/j.jpba.2012.12.029
https://doi.org/10.2174/092986706777585004
https://doi.org/10.2174/092986706777585004
https://doi.org/10.7150/ijbs.68224
https://doi.org/10.1007/s11655-019-3453-0
https://doi.org/10.1002/ctm2.535
https://doi.org/10.1016/j.bmcl.2010.09.135
https://doi.org/10.1016/j.ejmech.2011.05.073
https://doi.org/10.1016/j.ejmech.2011.05.073
https://doi.org/10.1016/j.freeradbiomed.2012.10.555
https://doi.org/10.1016/j.freeradbiomed.2012.10.555
https://doi.org/10.2174/1568026619666190122144217
https://doi.org/10.1111/j.1440-1681.2008.05135.x
https://doi.org/10.1016/j.phymed.2010.01.018
https://doi.org/10.1016/j.atherosclerosis.2011.04.027
https://doi.org/10.1016/j.atherosclerosis.2011.04.027
https://doi.org/10.1002/med.21342
https://doi.org/10.1111/cpr.12894
https://doi.org/10.1016/j.ejmech.2020.112469
https://doi.org/10.1016/j.ejmech.2020.112469
https://doi.org/10.1016/j.bmcl.2016.12.085
https://doi.org/10.1016/j.biopha.2019.109060
https://doi.org/10.1016/j.vph.2018.10.008
https://doi.org/10.1007/s00403-014-1445-y
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1517/14656561003796562
https://doi.org/10.21037/atm-2020-cass-15
https://doi.org/10.21037/atm-2020-cass-15
https://doi.org/10.1248/bpb.33.1958
https://doi.org/10.1007/978-1-61779-624-1_1
https://doi.org/10.1007/10_2014_273
https://doi.org/10.21873/anticanres.12046
https://doi.org/10.21873/anticanres.12046
https://doi.org/10.2174/1568026621666210915121957
https://doi.org/10.2174/1568026621666210915121957
https://doi.org/10.3389/fphar.2018.01468
https://doi.org/10.3389/fphar.2018.01468
https://doi.org/10.1016/j.bmc.2003.11.036
https://doi.org/10.3390/molecules26206197
https://doi.org/10.1002/anie.201601967
https://doi.org/10.1002/anie.201601967
https://doi.org/10.2174/157489012799362377
https://doi.org/10.2165/00003495-200262140-00004
https://doi.org/10.2165/00003495-200262140-00004
https://doi.org/10.1093/eurheartj/ehy872
https://doi.org/10.1038/newbio231232a0
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1036329


Venditto, V. J., and Simanek, E. E. (2010). Cancer therapies utilizing the
camptothecins: A review of the in vivo literature. Mol. Pharm. 7 (2), 307–349.
doi:10.1021/mp900243b

Wall, M. E., Wani, M. C., Cook, C., Palmer, K. H., McPhail, A. a., and Sim, G.
(1966). Plant antitumor agents. I. The isolation and structure of camptothecin, a
novel alkaloidal leukemia and tumor inhibitor from camptotheca acuminata1, 2.
J. Am. Chem. Soc. 88 (16), 3888–3890. doi:10.1021/ja00968a057

Wang, J., Xu, C., Wong, Y. K., Li, Y., Liao, F., Jiang, T., et al. (2019). Artemisinin,
the magic drug discovered from traditional Chinese medicine. Engineering 5 (1),
32–39. doi:10.1016/j.eng.2018.11.011

Wang, R., Peng, L., Lv, D., Shang, F., Yan, J., Li, G., et al. (2021). Leonurine
attenuates myocardial fibrosis through upregulation of miR-29a-3p in mice post-
myocardial infarction. J. Cardiovasc. Pharmacol. 77 (2), 189–199. doi:10.1097/FJC.
0000000000000957

Wang, W., Liu, Z., Liu, Y., Su, Z., and Liu, Y. (2022). Plant polypeptides: A review
on extraction, isolation, bioactivities and prospects. Int. J. Biol. Macromol. 207,
169–178. doi:10.1016/j.ijbiomac.2022.03.009

Wani, M. C., Taylor, H. L., Wall, M. E., Coggon, P., and McPhail, A. T. J. J. o. t. A.
C. S. (1971). Plant antitumor agents. VI. Isolation and structure of taxol, a novel
antileukemic and antitumor agent from Taxus brevifolia. J. Am. Chem. Soc. 93 (9),
2325–2327. doi:10.1021/ja00738a045

White, N. J., Hien, T. T., and Nosten, F. H. (2015). A brief history of Qinghaosu.
Trends Parasitol. 31 (12), 607–610. doi:10.1016/j.pt.2015.10.010

Winterfeldt, E., Klásek, A., Weinbergová, O., Khorlin, A.Y., and Zurayjan, S. (1975).
“Approaches to camptothecin| The Pyrrolizidine Alkaloids| Advances in the Chemistry
of Glycosaminides”. Budapest, Hungary: Akadémiai Kiadó.

Wojtyniak, K., Szymański, M., and Matławska, I. (2013). Leonurus cardiaca
L.(motherwort): A review of its phytochemistry and pharmacology. Phytother. Res.
27 (8), 1115–1120. doi:10.1002/ptr.4850

Wong, K. H., Lu, A., Chen, X., and Yang, Z. (2020). Natural ingredient-based
polymeric nanoparticles for cancer treatment.Molecules 25 (16), 3620. doi:10.3390/
molecules25163620

Xia, M., Liu, D., Liu, Y., and Liu, H. (2020). The therapeutic effect of artemisinin
and its derivatives in kidney disease. Front. Pharmacol. 11, 380. doi:10.3389/fphar.
2020.00380

Xie, J., Sang, L., Zhang, Y., Fang, L., and Li, Y. (2015). Determination of
stachydrine and leonurine in herba leonuri and its succedaneum—herba
lagopsis—With a sensitive HPLC–MS/MS method. J. Liq. Chromatogr. Relat.
Technol. 38 (7), 810–815. doi:10.1080/10826076.2014.973965

Xie, Y. Z., Zhang, X. J., Zhang, C., Yang, Y., He, J. N., and Chen, Y. X. (2019).
Protective effects of leonurine against ischemic stroke in mice by activating nuclear

factor erythroid 2-related factor 2 pathway. CNS Neurosci. Ther. 25 (9), 1006–1017.
doi:10.1111/cns.13146

Xu, L., Jiang, X., Wei, F., and Zhu, H. (2018). Leonurine protects cardiac function
following acute myocardial infarction through anti-apoptosis by the PI3K/AKT/
GSK3β signaling pathway. Mol. Med. Rep. 18 (2), 1582–1590. doi:10.3892/mmr.
2018.9084

Yang, Y.-L. (2013). Spectrum-effect relationship of active fraction from Angelicae
Sinensis Radix with effect of reinforcing Qi. Zhong Cao Yao, 3346–3351.

Yao, H., Liu, J., Xu, S., Zhu, Z., and Xu, J. (2017). The structural modification of
natural products for novel drug discovery. Expert Opin. Drug Discov. 12 (2),
121–140. doi:10.1080/17460441.2016.1272757

Yeung, H., Kong, Y., Lay, W., and Cheng, K. (1977). The structure and biological
effect of leonurine. Planta Med. 31 (01), 51–56. doi:10.1055/s-0028-1097489

Yin, W., and Lei, Y. (2018). Leonurine inhibits IL-1β induced inflammation in
murine chondrocytes and ameliorates murine osteoarthritis. Int.
Immunopharmacol. 65, 50–59. doi:10.1016/j.intimp.2018.08.035

Zhang, Q.-Y., Wang, Z.-J., Sun, D.-M., Wang, Y., Xu, P., Wu, W.-J., et al.
(2017). Novel therapeutic effects of leonurine on ischemic stroke: New
mechanisms of BBB integrity. Oxid. Med. Cell. Longev. 2017, 1–17. doi:10.
1155/2017/7150376

Zhang, R.-h., Liu, Z.-k., Yang, D.-s., Zhang, X.-j., Sun, H.-d., and Xiao, W. L.
(2018). Phytochemistry and pharmacology of the genus Leonurus: The herb to
benefit the mothers and more. Phytochemistry 147 (147), 167–183. doi:10.1016/j.
phytochem.2017.12.016

Zhang, W., Xiong, L., Chen, J., Tian, Z., Liu, J., Chen, F., et al. (2021). Artemisinin
protects porcine mammary epithelial cells against lipopolysaccharide-induced
inflammatory injury by regulating the NF-κB and MAPK signaling pathways.
Animals 11 (6), 1528. doi:10.3390/ani11061528

Zhang, Y., Guo, W., Wen, Y., Xiong, Q., Liu, H., Wu, J., et al. (2012). SCM-198
attenuates early atherosclerotic lesions in hypercholesterolemic rabbits via
modulation of the inflammatory and oxidative stress pathways. Atherosclerosis
224 (1), 43–50. doi:10.1016/j.atherosclerosis.2012.06.066

Zhi, C., Li1ling, M., and Xiu1jia, Z. (2004). Determination of stachydrine and
leonurine in Herba Leonuri by ion1! pair reversed1phase high1performance liquid
chromatography. Di 1 jun yi da xue xue bao 24, 1224. doi:10.3321/j.issn:1673-4254.
2004.11.002

Zhu, L., and Chen, L. (2019). Progress in research on paclitaxel and tumor
immunotherapy. Cell. Mol. Biol. Lett. 24 (1), 40–11. doi:10.1186/s11658-019-0164-y

Zhu, Y. Z., Wu, W., Zhu, Q., and Liu, X. (2018). Discovery of leonuri and
therapeutical applications: From bench to bedside. Pharmacol. Ther. 188, 26–35.
doi:10.1016/j.pharmthera.2018.01.006

Frontiers in Chemistry frontiersin.org12

Li et al. 10.3389/fchem.2022.1036329

https://doi.org/10.1021/mp900243b
https://doi.org/10.1021/ja00968a057
https://doi.org/10.1016/j.eng.2018.11.011
https://doi.org/10.1097/FJC.0000000000000957
https://doi.org/10.1097/FJC.0000000000000957
https://doi.org/10.1016/j.ijbiomac.2022.03.009
https://doi.org/10.1021/ja00738a045
https://doi.org/10.1016/j.pt.2015.10.010
https://doi.org/10.1002/ptr.4850
https://doi.org/10.3390/molecules25163620
https://doi.org/10.3390/molecules25163620
https://doi.org/10.3389/fphar.2020.00380
https://doi.org/10.3389/fphar.2020.00380
https://doi.org/10.1080/10826076.2014.973965
https://doi.org/10.1111/cns.13146
https://doi.org/10.3892/mmr.2018.9084
https://doi.org/10.3892/mmr.2018.9084
https://doi.org/10.1080/17460441.2016.1272757
https://doi.org/10.1055/s-0028-1097489
https://doi.org/10.1016/j.intimp.2018.08.035
https://doi.org/10.1155/2017/7150376
https://doi.org/10.1155/2017/7150376
https://doi.org/10.1016/j.phytochem.2017.12.016
https://doi.org/10.1016/j.phytochem.2017.12.016
https://doi.org/10.3390/ani11061528
https://doi.org/10.1016/j.atherosclerosis.2012.06.066
https://doi.org/10.3321/j.issn:1673-4254.2004.11.002
https://doi.org/10.3321/j.issn:1673-4254.2004.11.002
https://doi.org/10.1186/s11658-019-0164-y
https://doi.org/10.1016/j.pharmthera.2018.01.006
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1036329

	Natural products in drug discovery and development: Synthesis and medicinal perspective of leonurine
	Introduction
	Extraction and separation
	Artificial synthesis and structural modification
	Drug delivery
	Herb leonuri and the identification and characterization of leonurine
	Isolation and purification aspects of leonurine
	Structural elucidation and analysis of leonurine
	Artificial synthesis of leonurine
	Pharmacological effects of leonurine
	Structure-activity relationship

	Conclusion and prospects
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


