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Abstract

Ethnopharmacological relevance: Plectranthus madagascariensis (Pers.) Benth. is an indigenous
aromatic South African plant species that are traditionally used to treat various dermatological and
respiratory ailments.

Aim of the study: Three varieties of P. madagascariensis exist in South Africa, namely,
Plectranthus aliciae (Codd) van Jaarsv. & T.J. Edwards, Plectranthus ramosior (Benth.) Van
Jaarsv. and Plectranthus madagascariensis (Pers.) Benth var. madagascariensis. This article
summarizes the documented ethnobotanical uses and research which has been conducted to date
on the chemical constituents and biological effects of P. madagascariensis and its varieties. This
review aimed to investigate and highlight the lack scientific reports of the potential activity of
these varieties based on their traditional usage and to emphasise the need for further investigation
of the benefits of P. madagascariensis and its varieties.

Materials and Methods: Extensive database retrieval using platforms not limited to but including
Google Scholar, ScienceDirect and PubMed, was performed by using keywords such as
“Plectranthus madagascariensis” “Plectranthus madagascariensis var. aliciae”, “Plectranthus
aliciae”, “Plectranthus ramosior”, “Plectranthus madagascariensis var. ramosior” and
“Plectranthus hirtus” In addition, relevant books and digital documentation were consulted to
collect all available scientific literature to provide a comprehensive review.

Results: Several studies have reported on the traditional usage of P. madagascariensis for the
treatment of diseases related to the respiratory system such as coughs, colds and asthma and
dermatological disorders related to wounds and inflammation. No records were found on the
traditional usage of P. madagascariensis varieties to treat other maladies, however, P. ramosior
has been reported to be used as a toxin for fishing. In literature, seven major phytochemical
compounds have been identified in P. madagascariensis. Its extract and essential oil have been
reported to have polyphenols, abietane diterpenes and abietane diterpenes with a quinone moiety
as constituents. Plectranthus madagascariensis and its major phytochemicals have been reported
to target various biological targets. The report on the antibacterial activity of P. madagascariensis
against tuberculosis and wound infections has been consistent and correlates with its documented
traditional usage of the plant. Literature has been found on the antibacterial activity of P. aliciae
targeting bacteria associated with wound infections and lung cancer cells. No further literature on

the biological activity of the other P. madagascariensis varieties has been found. Other noteworthy
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biological activities reported in the literature of P. madagascariensis and identified
phytochemicals include their activities against Alzheimer’s disease and cancer, especially against
breast cancer and this has not been linked to the traditional usage of the plant.

Conclusion: Plectranthus madagascariensis and its compounds have been proven to be effective
in treating a range of maladies. Based on the extensive literature on this plant, it can be concluded
that numerous in vitro pharmacological activities of P. madagascariensis have been reported.
However, there is a lack of information available for this species with regards to its in vivo data
including both pre-clinical and clinical studies. Since the extract of P. madagascariensis and its
isolated compounds have displayed noteworthy anticancer potential, we recommend further

investigation of pharmacokinetic studies to be included in future research.
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1. Introduction

Plectranthus madagascariensis (Pers.) Benth. is a semi-succulent, aromatic, ground cover plant
belonging to the Lamiaceae family. It grows up to one meter high and is widely distributed in
KwaZulu-Natal and the Eastern Cape where it grows in dry rocky outcrops, forest margins and
shaded subtropical thickets. The oppositely arranged oval leaves are distinctively variegated with
white margins that are toothed at the edges (three to seven teeth). The leaves are slightly hairy
above and below the blade that is between 35-40 mm long. The inflorescence is a 125 mm erect
raceme with four to six flowers at each node. Between February and November small white, mauve
or purple tubular flowers between seven and 18 mm long emerge. The small seeds are 1 mm in
diameter. The genus largely relies on pollination by various fly species such the Stenobasipteron
spp and bee species such as Pachymelus limbatus and Amegilla caelestina. Studies have confirmed
that butterflies rarely pollinate P. madagascariensis and that the species is not dependant on this
relationship (Harrower, 2014; Latti, 2019; Potgieter et al., 1999; Random Harvest, 2020; Van
Jaarsveld and Edwards, 1997).

It is difficult to distinguish between Plectranthus species and its closely related species due to
similarities in morphological features that can be identified between the various species. This has
resulted in taxonomic difficulties related to the naming of various species belonging to the
Plectranthus genera. In South Africa, Plectranthus madagascariensis (Pers.) Benth var.
madagascariensis, syn. Plectranthus hirtus Benth. is classified as an indigenous South African
plant and a variety of P. madagascariensis (Pers.) Benth from which P. madagascariensis ‘Lynne’
is a well-known cultivar. The endemic Plectranthus aliciae (Codd) van Jaarsv. & T.J. Edwards
(syn. Plectranthus madagascariensis var. aliciae Codd) and Plectranthus ramosior (Benth.) Van
Jaarsv., (syn. Plectranthus madagascariensis var. ramosior Benth its synonym Plectranthus
hadiensis (Forssk.) Schweinf. ex Sprenger and Plectranthus madagascariensis (Pers.) Benth.) are
considered varieties of P. madagascariensis. Although substantial literature on Plectranthus
madagascariensis is available, articles documenting the differences and similarities amongst the
three varieties of P. madagascariensis are in limited supply. Morphological similarities between
these plants could potentially contribute to the misidentification of the plant varieties, resulting in
literature incorrectly referencing P. madagascariensis (Codd, 1975; Foden and Potter, 2005a,
2005b; Lukhoba et al., 2006; Matlamela and Kamundi, 2006; The Plant List, 2012).



This study summarizes and reviews the documented ethnobotanical uses and research that had
been conducted to date on the chemical constituents and biological effects of P. madagascariensis

and its varieties.

1.1.Traditional medicinal uses

Rice et al. (2011) reported that Plectranthus species from southern Africa is traditionally used to
treat 10 out of 13 disease hallmarks as reported by Cook (1995). Plectranthus species are
traditionally used to treat diseases associated with the respiratory system, the central nervous
system, the skin, the digestive system, the liver and is also used in the treatment of infections, pain,
inflammation, fever and cancer (Matias et al., 2019b). Lukhoba et al. (2006) reported the
traditional and ethnobotanical use of 62 Plectranthus species in Africa, America, Asia, Australasia
and the pacific. The top three traditional uses of Plectranthus species was for digestive, respiratory
and skin diseases. Other reported traditional uses of Plectranthus species include pain,
inflammation, infections and fevers, muscle contractions, neurological disorders and blood
circulation. Plectranthus species are divided into two clades namely Clade 1 (formerly related to
the Coleus genus) that are known for their medicinal potential and Clade 2 (Plectranthus Clade).
Three hundred Plectranthus species are found in Africa of which 50 can be found in southern
Africa and Madagascar, 25% of which are from Clade 1. Twelve Plectranthus species are
traditionally used in southern Africa. However, synonyms are highly prevalent in the genus making
it extremely difficult to gather and combine information on the ethnobotanical use of the genus
(Lukhoba et al., 2006; RiceRice et al., 2011). It is, therefore, possible that certain traditional
knowledge has been lost or that information was incorrectly reported for a specific Plectranthus
species. The possibility should not be excluded that reported traditional uses of P.
madagascariensis are the only traditional usage of the species and the traditional usage of the

synonymous species and their varieties should also be taken into consideration.

Traditionally P. madagascariensis is used by the Zulu and Xhosa communities to treat respiratory
and dermatological disorders. For respiratory problems such as coughs, colds and asthma, the
whole plant including the roots are used and administered either as an enema or a decoction (plant
material is boiled with water) and an infusion (boiling water is added to the plant material) that
can be administered orally. Cutaneous wounds and scabies are treated with crushed leaves applied

directly to the affected area (Hutchings et al., 1996; Pereira et al., 2015; Rabe and van Staden,
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1998; Rice et al., 2011). Mahomoodally and Priyamka (2014) reported the traditional usage of P.
madagascariensis as a popular folk medicine in Mauritius. The juice extract from the leaves are
warmed with honey and lemon juice and administered orally twice a day to treat cough, flu,
bronchitis and asthma. It is believed that the Egyptians made a perfume called Kyphi that is
translated to “welcome to the gods™ that contained P. madagascariensis and was used to induce
hypnotic states (Gonzalez-Minero and Bravo-Diaz, 2018). Plectranthus hadiensis, a synonym of

P. ramosior is used as a poison for fishing (Rice et al., 2011).

Taking the top three traditional uses of Plectranthus species into consideration namely digestive,
respiratory and skin disorders only two of these uses have been reported for P. madagascariensis.
Although not reported as a traditional usage, further investigations of P. madagascariensis and its
varieties on digestive disorders are recommended. Furthermore, P. ramosior previously classified
as P. madagascariensis var. ramosior and a synonym for P. hadiensis could potentially be
traditionally used as a poison, therefore, toxicity studies are extremely important when conducting

research on P. madagascariensis and its varieties.
2. Methodology

Extensive database retrieval for ethnobotanical uses, biological activities reported for P.
madagascariensis, its varieties and secondary metabolites using platforms not limited to but
including Google Scholar, ScienceDirect and PubMed up to June 2020 was performed. In addition,
several PhD and MSc dissertations were also reviewed. Many books were consulted on the
traditional usage of Plectranthus species and P. madagascariensis in South Africa. The keywords
used in the search engines regarding plants were “Plectranthus madagascariensis” “Plectranthus
madagascariensis var. aliciae”, “Plectranthus aliciac”, “Plectranthus ramosior”, “Plectranthus
madagascariensis var. ramosior”, “Plectranthus hirtus” and “Coleus madagascariensis”. In
addition, a separate search was performed on the secondary metabolites identified in P.
madagascariensis using the keywords “Plectranthus compounds”, “Plectranthus
madagascariensis compounds”, “rosmarinic acid”, “coleon U”, “coleon U quinone”, “6,7a-
dihydroxyroyleanone”, “Ta-formyloxy-6p-hydroxyroyleanone” and “Ta-acetoxy-6[3

hydroxyroyleanone”. No criteria were excluded from the search engines.



The plant names were confirmed using the South African National Biodiversity Institute’s Red
List of South African Plants (http://redlist.sanbi.org/), PlantZAfrica (http://pza.sanbi.org/), The

Plant List (www.theplantlist.org) and Kew science (https://mpns.science.kew.org/mpns-portal/).
3. Phytochemistry

Phytochemical studies on some Plectranthus species have confirmed high concentrations of di-
and tri-terpenes in these plant species. Reports have indicated that Plectranthus species commonly
contain abietane diterpenes of the coleon and royleanone type as well abietanoid quinone methides
with significant cytotoxic and antiproliferative activity (Matias et al., 2019a, 2019b; Pereira et al.,

2015).

Five major components have been isolated from the methanolic extract of P. madagascariensis,
namely the polyphenol, rosmarinic acid (A) and the abietane diterpenes coleon U (B), 6p,7a-
dihydroxyroyleanone (C), 7a-formyloxy-6B-hydroxyroyleanone (D) and 7a-acetoxy-6f3
hydroxyroyleanone (E) (Figure 1). The extract of P. madagascariensis also contained coleon U
quinone (F) as the main component in addition to the above-mentioned compounds. It is believed
that coleon U quinone is the oxidised form of coleon U (Figure 1) (Garcia et al., 2019b; Kubinova

et al., 2014; Matias et al., 2019a, 2019b).

The Lamiaceae family consists of various genera, such as Mentha (mint), Ocimum (basil) and
Salvia (sage) which are known for their aromatic characteristics. The essential oil of P.
madagascariensis is rich in 6,7-dehydroroyleanone (DHR) (Figure 1, G), an abietane diterpene
with a quinone moiety (Pereira et al., 2015; Sitarek et al., 2020). Garcia et al. (2018) was successful
in isolating and identifying DHR from P. madagascariensis. The leaves were subjected to
hydrodistillation using a Clevenger apparatus and high-pressure extraction. The highest yield was
confirmed for hydrodistillation with a yield of 18.55+2.00% (% DHR weight/hydrodistillate
extracts weight). DHR was isolated from the essential oil through flash chromatography with a
yield of 20.4% (w/w). Nuclear magnetic resonance (NMR) was carried out and the NMR spectrum

was compared with literature to structurally identify DHR.

A total oil yield of 0.1% v/w was isolated from the leaves of P. madagascariensis through

hydrodistillation using a Clevenger apparatus (Ascensao et al., 1998). Gas chromatography-mass



spectrometry (GC-MS) analysis done by Ascensao et al. (1998) determined that 86.6% of the

essential oil from the leaves are composed of DHR.

Figure 1: Chemical structures of compounds isolated from Plectranthus madagascariensis. (A) Rosmarinic acid, (B) Coleon U, (C)
6p,7a-dihydroxyroyleanone, (D) 7o-formyloxy-6p-hydroxyroyleanone, (E) 7a-acetoxy-6B-hydroxyroyleanone, (F) Coleon U
quinone, (G) 6,7-dehydroroyleanone

4. Biological activity of the extracts and secondary metabolites

Plants from the Lamiaceae family are well known for their antibacterial activity and are a

promising source for new antibacterial treatments. Several species from the Plectranthus genus



have been confirmed to treat several diseases that are related to their use in traditional medicine.
The biological activity of P. madagascariensis and its varieties are documented in the following

section.

4.1 Antimicrobial and antimycobacterial activity

Several Plectranthus species including P. madagascariensis are used in traditional medicine to
treat various respiratory diseases such as asthma, bronchitis and coughs. The Plectranthus species;
P. barbatus and P. bojeri have demonstrated to be effective for treating pneumonia. Part of these
effects could be due to the antibacterial activity of the Lamiaceae family and Plectranthus genus.
Plectranthus amboinicus has previously been confirmed to have antibacterial activity against
Mycobacterium tuberculosis, a bacteria associated with tuberculosis. (Lukhoba et al., 2006; Nguta
et al., 2016; Rijo et al., 2010).

Pereira et al. (2015) and Matias et al. (2019a) investigated the antimicrobial activity of P.
madagascariensis extract using various methods. The acetone extract was found to be significantly
active against Bacillus subtilis, methicillin-resistant Staphylococcus aureus (MRSA) and
Staphylococcus epidermidis associated with skin infections, wounds and Mycobacterium
smegmatis, a model bacterium for tuberculosis activity. Minimum inhibitory concentration (MIC)
values of P. madagascariensis against B. subtilis, M. smegmatis, S. aureus and S. epidermidis was
confirmed to be 3.91ug/mL, 31.25 pg/mL, 3.91 ug/mL and 7.81 pg/mL respectively. The positive
controls vancomycin, amphotericin B and norfloxacin were included in the study, however, the

MIC values were not provided in this article.

In a similar study, the acetone extracts of P. madagascariensis ‘Lynne’ and P. aliciae were tested
to determine their MIC and minimum bactericidal concentration (MBC). The activity was
determined against two Gram-positive bacteria, Enterococcus faecalis (ATCC 29212) and S.
aureus (ATCC 25923). Plectranthus madagascariensis ‘Lynne’ displayed MIC values of 15.6
ug/mL and 125 pg/mL against E. faecalis and S. aureus respectively. On the other hand, P. aliciae
had the same MIC value against E. faecalis but was slightly more active against S. aureus with a
MIC of 62.5 pg/mL. Both extracts had a minimum bactericidal concentration (MBC) of 125 pg/mL
against S. aureus and P. aliciae against E. faecalis. No MBC was observed for P.

madagascariensis ‘Lynne’ against E. faecalis at the highest concentration tested (125 pg/mL)



(Garcia et al., 2019a). An aqueous extract of P. madagascariensis prepared using microwave
extraction was confirmed to have an MIC value of 40 ug/mL against S. epidermidis (Rijo et al.,
2014b).

Furthermore, the acetone extract of P. madagascariensis was confirmed to inhibit the Gram-
negative bacteria, Pseudomonas syringae and Klebsiella pneumoniae at MIC values of 40 pg/mL
and 3.91 pg/mL respectively. The acetone extract did not inhibit the yeasts Candida albicans and
Saccharomyces cerevisiae (Matias et al., 2019a; Wellsow et al., 2006).

Kubinova et al. (2014) identified four compounds present in an extract of P. madagascariensis
and investigated the antibacterial activity of these compounds. The four compounds identified
were coleon U quinone, 7a-acetoxy-6p-hydroxyroyleanone, 6f,7a-dihydroxyroyleanone and
rosmarinic acid. No antibacterial activity was found for rosmarinic acid against the Gram-positive
bacteria E. faecalis (ATCC 29212) and S. aureus (ATCC 29213) and the Gram-negative bacteria
Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853). Noteworthy
antibacterial activity was reported for coleon U quinone against S. aureus and E. faecalis with a
MIC of 0.5 ng/mL and 8 pg/mL respectively. Coleon U has shown antibacterial activity against B.
subtilis (IMI347329) and P. syringae (IMI1347448) with MIC values of 3.13 ug/mL and 6.25
ug/mL respectively. The oxidised form of coleon U, coleon U quinone, inhibited the growth of B.
subtilis at an MIC value of 25 pg/mL and P. syringae at an MIC value of 3.12 pg/mL (Wellsow et
al., 2006). Antimicrobial reports on coleon U isolated from Plectranthus grandidentatus displayed
MIC values of 0.98 pg/mL and 31.25 pg/mL against MRSA and vancomycin-resistant E. faecalis
respectively (Gonzélez, 2015).

Kubinova et al. (2014) reported moderate antibacterial activity for 68,7a dihydroxyroyleanone and
7a-acetoxy-6p-hydroxyroyleanone against S. aureus and E. faecalis with MIC values ranging
between 16 pg/mL and 32 pg/mL. No antibacterial activity was found against the Gram-negative

bacteria, E. coli and P. aeruginosa, for any of the compounds.

The antibacterial activity of compound; 7a-acetoxy-6p-hydroxyroyleanone was investigated
against methicillin-sensitive S. aureus ATCC 25924, ATCC 43866 and ATCC 700699 (MSSA)
and MRSA strains CIP 106760 and FFHB 29593. MIC values between 15.63 pg/mL and
31.25 pg/mL were observed against MSSA and 7.81 pg/mL against MRSA strains. Antibacterial
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activity against vancomycin-sensitive E. faecalis FFHB 427483, E. casseliflavus ATCC 49996, E.
faecium FFHB 435628 and low-level vancomycin-resistant E. faecalis ATCC 51299 (VRE) at
MIC values between 7.81 pg/mL and 15.63 pg/mL was observed (Rijo et al., 2014a).

The compounds 6p,7a-dihydroxyroyleanone, 7a-acetoxy-6B-hydroxyroyleanone and 6,7-
dehydroroyleanone were investigated for their anti-mycobacterial activity against two
mycobacterial strains namely the M. tuberculosis strain H37Rv (ATCC 27294) and the MDR
clinical isolate, strain 02TBDMO039EP097. Furthermore, the cytotoxicity of the compounds on
African green monkey kidney epithelial cells (Vero) and mouse embryonic fibroblast cells (3T3)
was evaluated. Compound 7a-acetoxy-6B-hydroxyroyleanone exhibited noteworthy anti-
mycobacterial activity against both bacterial strains with a MIC value of 25 pg/mL against H37Rv
and 3.12 pg/mL against MDR. The compound 7a-acetoxy-6p-hydroxyroyleanone was found to be
more active against the MDR-M. tuberculosis strain than the anti-tuberculosis drugs rifampicin
and isoniazid with MIC values of 16 mg/ml and 4 mg/ml respectively. No anti-mycobacterial
activity was observed for 6f,7a-dihydroxyroyleanone and 6,7-dehydroroyleanone against H37Rv
at the highest concentration tested of 25 pg/mL. However, 6B,7a-dihydroxyroyleanone inhibited
MDR at a MIC of 12.5 pg/mL and 6,7-dehydroroyleanone at a MIC below 12.5 ug/mL. The study
hypothesised that the noteworthy anti-mycobacterial activity against the MDR-M. tuberculosis
strain was due to the 7a-AcO group at the B ring of the abovementioned compounds (Rijo et al.,
2010).

The cytotoxicity of 7a-acetoxy-6B-hydroxyroyleanone was confirmed against 3T3 and Vero cell
lines. At a 50% growth inhibition concentration (Glso) of 12.96 pg/mL and 12.80 pg/mL, 7a-
acetoxy-6p-hydroxyroyleanone inhibited the growth of 3T3 and Vero cell lines respectively,
revealing significant cytotoxicity. However, the compound was confirmed to be selective towards
the MDR strain versus both cells lines, with selectivity indexes of 3.2 against 3T3 and 6.62 against
Vero cell lines (Rijo et al., 2010). The selectivity index is a ratio calculation to determine if a test
substance is more targeted towards one biological target in comparison to another. A selectivity
index is calculated by dividing the ICso of one target with another. A selectivity index greater than
one is an indication that the sample is more targeted towards the denominator biological target

(Pena-Moran et al., 2016). Therefore, although 7a-acetoxy-6p-hydroxyroyleanone was
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significantly cytotoxic on the tested cell lines the compound is more targeted towards inhibiting

the MDR strain.

The essential oil of P. madagascariensis was tested for its growth inhibitory potential against
several Gram-positive and Gram-negative bacteria that included Micrococcus species, B. subtilis,
S. aureus and Yersinia enterocolitica. The essential oil was confirmed to be most active towards
the Gram-positive bacteria S. aureus and the Micrococcus sp. with inhibition zones of 7.5 mm and
12.5 mm respectively when 10 pL of the essential oil was tested using the agar-diffusion assay

(Ascensao et al., 1998).

In a study on DHR isolated from the essential oil of Tetradenia riparia, DHR was confirmed to
inhibit M. tuberculosis H37R together with antibiotic-resistant and susceptible isolates at an MIC
value of 31.2 pg/mL. Cytotoxicity studies on murine macrophages confirmed that DHR was
selective towards targeting the bacteria with a selectivity index of 7.9. The authors noted that DHR

could be a potential anti-tuberculosis drug candidate (Baldin et al., 2018).

Lipid-based drug delivery systems such as phytosomes are attractive nanocarrier systems to
enhance the delivery and availability of low-soluble drugs to the target site. These systems
encapsulate both hydrophilic (molecules that dissolve in gastrointestinal fluids and blood) and
lipophilic (molecules that cross biological membranes) molecules and prevent premature
degradation in the body (Danaei et al., 2018; Matias, 2016). In a study by Matias (2016),
phytosomes (PS) and chitosan-coated phytosomes (ChiPS) were prepared from the acetone extract
of P. madagascariensis. Chitosan is a polysaccharide with proven bacteriostatic activity. Particles
with a diameter of 191.3+75.3 nm and 1082+363 nm and polydispersity index (PDI) of 0.243+0.18
and 0.22+0.10 for PS and ChiPS were formed (Matias et al., 2015). The PDI is an indication of
the size distribution of particles in a given sample. For pharmaceutical applications, a PDI of 0.3
and less is desired (Danaei et al., 2018). The particle size for PS fell within the ideal range for
transdermal drug delivery systems. Matias (2016) set out to determine the in vitro antibacterial
activity and cytotoxicity of PS and ChiPS and in vivo irritancy potential of ChiPS. At a
concentration of 1 mg/mL, ChiPS displayed a zone of inhibition of 17 mm against S. epidermidis
(ATCC 12228) that was comparable to the inhibition of the pure compound 6,

7a-dihydroxyroyleanone, P. madagascariensis extract and the positive control vancomycin with
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inhibition diameters of 19 mm, 21 mm and 22 mm respectively. The chitosan control (not loaded
with P. madagascariensis extract) displayed an inhibition zone of 8 mm. This indicates that the
antibacterial activity of chitosan-coated phytosomes is increased with the addition of P.
madagascariensis to concentrations comparable to the extract and positive control. The
antibacterial activity of PS and ChiPS was tested against S. aureus (ATCC 25923), MRSA (CIP
106760) and S. epidermidis (ATCC 12228) using the broth microdilution assay against the extract
and positive control vancomycin.The phytosomes (PS) displayed no increase in antibacterial
activity compared to the extract. The chitosan coated phytosomes (ChiPS) displayed a fourfold
increase in antibacterial activity against S. aureus (ATCC 25923). However, no control for
chitosan phytosomes (not loaded with the extract) was included in this study. Therefore, it is
unclear if the antibacterial activity observed was because of the synergistic activity of chitosan and
P. madagascariensis as seen in the zone inhibition study or if the activity was due to the known

antibacterial activity of chitosan.
4.2 Anti-cancer activity

Several Plectranthus species have demonstrated noteworthy anti-cancer and antitumor activity.
Plectranthus amboinicus, P. hadiensis and P. barbatus are known to have cytotoxic effects on
cancer cells. The Plectranthus madagascariensis acetone extract was investigated for its cytotoxic
effect against several cancer cell lines. At a concentration of 15 nug/mL, the acetone extract of P.
madagascariensis inhibited 20.13% of breast cancer cell growth (MDA-MB-231). The ICso of the
acetone extract was determined to be 64.52 pg/mL and is considered to have low cytotoxic activity

(Matias et al., 2019a).

The cytotoxic activity of the acetone extracts of P. madagascariensis ‘Lynne’ and P. aliciae
against three types of cancer including human colon (HCT116), non-small cell lung carcinoma
(NCI-H460) and breast adenocarcinoma (MCF-7) was determined. Plectranthus
madagascariensis ‘Lynne’ displayed Glso values of 3.47+0.15 pg/mL and 5.39+0.48 pg/mL
against MCF-7 and NCI-H460 cell lines respectively and a Glso value between 5 pg/mL and 10
ug/mL against HCT116. Plectranthus aliciae was active towards HCT116, MCF-7 and NCI-H460
between 15 pg/mL and 20 pg/mL (Garcia et al., 2019a). The acetone extracts of P.
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madagascariensis and P. aliciae are considered to have significant cytotoxic activity against
HCT116, NCI-H460 and MCF-7 cell lines.

A study by Brito et al. (2018) on the cytotoxic activity of P. madagascariensis revealed that the
aqueous extract inhibited cell growth at ICso values of 1.7+0.3 mg/mL against MCF-7 cells and
1.5+0.2 mg/mL against human liver cancer cells (HepG2) cells and is considered to be non-

cytotoxic.

Anti-cancer  studies done by Matias et al. (2019b) determined that the
two abietane diterpenes 6f3,7a-dihydroxyroyleanone and 7a-acetoxy-6B-hydroxyroyleanone were
effective and selective towards the lung cancer cell line NCI-H460 with cytostatic activity at
25.0+£2.0 uM and 3.1+0.4 uM respectively. Matias et al. (2019b) hypothesized that the presence
of lipophilic substituents at positions 6 and 7 of abietane diterpenes are required for cytotoxic

activity.

The anticancer activity of 6p,7a-dihydroxyroyleanone, 7a-formyloxy-6B-hydroxyroyleanone, 7a-
acetoxy-6p-hydroxyroyleanone and coleon U isolated from P. madagascariensis against breast
cancer cell lines (MDA-MB-231, MCF-7) and a colon cancer cell line (HCT116) was determined.
Although none of the compounds affected the growth of MDA-MB-231, 6p,70-
dihydroxyroyleanone, 7a-formyloxy-6p-hydroxyroyleanone, 7a-acetoxy-6p-hydroxyroyleanone
and coleon U inhibited MCF-7 cells at a Glso of 26.0+0.6 uM, 7.9+£0.8 uM, 6.4+0.4 uM and
5.5+0.8 uM respectively. The positive control doxorubicin inhibited MCF-7 growth at a Glso value
0f 0.16+0.0018 uM. The compound 7a-formyloxy-6B-hydroxyroyleanone inhibited the growth of
the colon cancer cell line HCT116 at a Glso of 7.9£1.2 uM compared to the positive control
doxorubicin with a GIso of 0.125+0.0013 uM (Matias et al., 2019b)

Anti-cancer studies by Sitarek et al. (2020) on human primary H7PX glioma cells found that 7a-
acetoxy-6p-hydroxyroyleanone inhibited cell growth at an ICso below 25 pg/mL. At the highest
concentration of 100 pg/mL, 6f,7a-dihydroxyroyleanone inhibited 20% of H7PX glioma cell
growth.

The compound 6,7-dehydroroyleanone isolated from the essential oil of P. madagascariensis was

found to inhibit cell growth of human cervix carcinoma cell line (KB-3-1) at an ICso value of 30
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uM compared to the positive controls cryptophycin-52 with an ICso value of 1.3 x 10~ uM and
griseofulvin with an ICso value of 19 uM (Abdissa et al., 2017; Garcia et al., 2019b).

Rosmarinic acid was confirmed to inhibit the growth of MCF-7 and HepG2 (human liver cancer

cell line) cells at ICso values of 0.5+0.1 mg/mL and 3.4+0.9 mg/mL respectively (Brito et al., 2018).

The compound DHR induced apoptosis in primary H7PX glioma cells. Apoptosis is a form of cell
death in which cells undergo morphological changes, resulting in cell death. Current cancer
therapies such as chemo-and-radiotherapy induce apoptosis in cancer cells. In addition, DHR was

found to induce G2/M cell cycle arrest and increase H2A.X phosphorylation (Sitarek et al., 2020).

Anti-cancer studies conducted by Garcia et al. (2018) revealed the cytotoxic activity of DHR
against human lymphoid leukaemia cells (MOLT-3) and the human tumour cell line HL-60. The
ICso0 value obtained for DHR cytotoxicity against MOLT-3 cells were 5.4+0.3 uM and 4.46 uM
against HL-60 cells as determined by Kusumoto et al. (2014). These results were compared to the
cytotoxicity of a standard therapeutic drug, etoposide, with an ICso value of 0.3+0.1 uM and
0.4+0.1 uM on MOLT-3 and HL-60 respectively. Moderate activity was observed against non-
small-cell lung carcinoma cells A549, NCI-H460 and NCI-H460/R and with ICso values of 30 uM,
14 uM and 11 uM respectively. In addition, DHR was tested for its cytotoxicity against human
embryonal bronchial epithelial cells MRC-5 with an ICso value of 24 uM, indicating that DHR is
slightly more selective towards killing cancer cells without inducing toxic effects on normal cells.
Furthermore, Garcia et al. (2018) set out to discover the mechanism of action by which DHR
inhibit cell proliferation. They determined that DHR does not target microtubules, but was able to
evade P-glycoprotein mediated mechanisms of resistance at 5 uM compared to Dex-VER tested at
5 uM, a known P-glycoprotein inhibitor in NCI-H460/R cells. These results support the data
reported by Sitarek et al. (2020) which confirmed the ability of DHR to activate caspases-3 and -
9, triggering apoptosis and the release of pro-apoptotic factors involved in activating the apoptotic

pathway.

Due to their chemical composition, DHR and 7a-acetoxy-6p-hydroxyroyleanone (Figure 1) have
been identified as attractive lead compounds for derivatization (Isca et al., 2020). Derivatives of
these compounds were investigated for enhanced cytotoxic activity and targeting the P-

glycoprotein using molecular docking. P-glycoproteins is involved in the transfer of drugs out of
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the cell, enabling cancer cells to resist lethal doses of cytotoxic drugs resulting in multidrug-
resistant cancer. The molecular docking study on the interaction between the above-mentioned
compound derivatives and P-glycoprotein revealed that the presence of aromatic moieties
increased the binding affinities of the compounds to the protein. The molecular docking studies
confirmed that one benzoyloxy moiety is needed at position C-6 and chemical moieties smaller
than unsubstituted benzoyl rings at position C-12 to effectively bind to the M-site of the protein
pump (Isca et al., 2020).

The use of gold for the synthesis of nanostructured materials is increasing. This is due to the
relatively low toxicity to biological systems, optical properties, large service area-to-volume ratio

and conformational flexibility of gold, making it ideal for nanoparticle formation (De Freitas et

al., 2018).

Garcia et al. (2018) prepared hybrid nanoparticles to improve the cytotoxic activity and targeted
delivery of DHR. Nanoparticles were prepared from a 20 uM acetone solution of DHR. In a 1:1
(v/v) ratio, the acetonic DHR solution was mixed with hybrid polymeric-gold nanoparticle solution
and was stirred at 800 rpm for 24 h in the dark. The nanoparticles were characterized by dynamic
light scattering (DLS), measuring the PDI and diameter of the nanoparticles. A PDI value of 0.1
and a particle diameter of 281.1 nm was detected, indicating narrow size distribution (PDI) ideal
for pharmaceutical applications (Li and Mattei, 2019). On the other hand, the DHR-conjugated
hybrid nanoparticles were characterized through atomic force microscopy (AFM) and were
confirmed to be small spherical particles with a size of 19.05+1.77 nm. HPLC-DAD determined
a 98.57+0.23% conjugation efficiency of the DHR nanosystem.

The anti-cancer potential of DHR hybrid nanoparticles was assessed on human non-small cell lung
carcinoma (NCI-H460) and multidrug-resistant lung cancer cells (NCI-H460/R). Hybrid
nanoparticles without DHR displayed no inhibition of the cells at the highest concentration tested
of 50 pg/mL. However, DHR nanoparticles significantly increased the activity of DHR in both
cells lines. DHR nanoparticles displayed an eightfold decrease in the ICso against NCI-H460 from
4.10+0.61 pg/mL to 0.53+0.06 pg/mL and a fivefold decrease in the ICso against and NCI-H460/R
from 3.184+0.32 pg/mL to 0.65+£0.18 pug/mL compared to DHR alone (Garcia et al., 2018).
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Although anti-cancer activity was observed for the DHR nanoparticles, more research is required

to optimize the size of the DHR nanoparticle to be effectively transported to the lungs.

4.3 Antioxidant activity

During inflammation, macrophages release pro-inflammatory factors such as free radicals and
nitric oxide that can contribute to cellular damage of the tissue. Although controversy exists on
testing plant extracts for their free-radical-scavenging activity, it is still a widely used practice.
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay is extensively used as a
chemical assay to determine the potential free radical scavenging ability of a plant extract.
However, it is suggested that the DPPH assay is supported by other antioxidant assays such as the
ABTS (Ascorbic acid, 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt),
Nitric oxide (NO) and FRAP (ferric-reducing antioxidant power) free-radical-scavenging assays

(Lalhminghlui and Jagetia, 2018).

The antioxidant activity of P. madagascariensis acetone extract was screened to determine the
free-radical-scavenging ability of the extract using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay. Matias et al. (2019a) concluded that a methanolic extract of P. madagascariensis obtained
through ultrasound-assisted extraction and maceration at a tested concentration of 100 pg/mL
scavenged 89.0% and 64.8% of the DPPH free radicals respectively. The antioxidant activity was
due to high concentrations of polyphenols in the extract as determined by High-Performance
Liquid Chromatography with a Diode Array Detector (HPLC-DAD). The acetone extract, on the
other hand, scavenged less than 50% of the free radicals at 100 pg/mL. In a similar study, the
methanol extract of P. madagascariensis scavenged 48.4+1.23% of the DPPH free radicals at a
concentration of 100 pg/mL (Andrade, 2016). Studies performed by Rijo et al. (2014b) and Brito
et al. (2018) on the aqueous extract of P. madagascariensis produced similar DPPH free-radical
scavenging activities with ICso values of 41.66 pg/mL and 45.4+2.2 pg/mL respectively. The
antioxidant activity could be due to rosmarinic acid that is a major compound in the species that
scavenged DPPH free-radicals at an ICso value of 2.8+0.1 pg/mL, as reported in an earlier study
by Brito et al. (2018).
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4.4 Anti-diabetic activity

Several enzymes play a significant role in the onset of diabetes mellitus. These enzymes include
a-glucosidase, aldose reductase and phosphoenolpyruvate carboxykinase (PEPCK). The
intestinal enzyme, a-glucosidase is a carbohydrate-hydrolase responsible for the release of a-
glucose from large carbohydrates. Inhibition of a-glucosidase causes a decrease in a-linkage
cleavage at the anomeric centre in a sugar molecule resulting in a reduction of glucose absorbance.
Furthermore, a-glucosidase is associated with the onset of several diseases such as diabetes, cancer
and viral infections. Studies have confirmed that the enzyme aldose reductase is linked to several
diabetic complications. The enzyme affects the patient’s sight by damaging the eye tissue and
affecting the peripheral nervous system and organs such as the kidneys. Aldose reductase catalyses
the reduction of glucose and aldehydes to sorbitol and is a key enzyme in the polyol pathway which
contributes to various complications in diabetic patients. Phosphoenolpyruvate carboxykinase
(PEPCK) is a key enzyme in the gluconeogenesis metabolic pathway responsible for the sustained
release of glucose during fasting. In patients with diabetes, PEPCK is overproduced resulting in
the overexpression of the gluconeogenesis pathway in the liver and kidneys, resulting in
hyperglycaemia. Glucose transporter type 4 (GLUT-4) is a glucose transporter protein and is
regulated by insulin levels. In addition, insulin resistance has been linked to impaired GLUT-4
translocation in patients suffering from diabetes (Gomez-Valadés et al., 2006; Ha et al., 2012;

Kubinova et al., 2014; Simmons, 2017).

Rosmarinic acid isolated from a P. madagascariensis methanolic extract was confirmed to inhibit
a-glucosidase at an ICso value of 33.0+4.6 uM. This was comparable to quercetin previously
confirmed to have an ICso value of 26.7 uM (Ha et al., 2012; Kubinova et al., 2014). A study by
Ha et al. (2012) reported the inhibitory activity of rosmarinic acid against aldose reductase with
an ICso value of 11.2 uM. In vivo studies conducted by Runtuwene et al. (2016) studied the effect
of rosmarinic acid on insulin levels and the balance between insulin and glucose levels in the blood
of induced type-1 and type-2 diabetic rats. Runtuwene et al. (2016) confirmed rosmarinic acid was
effective in reducing the expression of the PEPCK enzyme and increasing GLUT-4 protein
expression, therefore reducing hyperglycemia and insulin sensitivity at a dose of 200 mg/kg.

However, Runtuwene et al. (2016) suggested further in vivo studies in humans since the dosage of
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rosmarinic acid could differ for humans. This indicates the potential of rosmarinic acid as a

potential treatment for diabetes mellitus and various allergy treatments.

4.5 Alzheimer’s Disease

Alzheimer’s disease (AD) is defined by Hase et al. (2018) as a “neurodegenerative disease-causing
cognitive dysfunction such as memory impairment and disorientation”. Various targets present
themselves as potential treatments for AD. Acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE) are enzymes found in healthy brains. AChE and BuChE are responsible for controlling
acetylcholine (ACh) levels in the brain. However, patients suffering from AD have demonstrated
an increase in BuChE levels in their brain. Patients affected by AD experience altered levels of
AChE and low levels of ACh. Therefore, AChE inhibitors have been proven to improve ACh
levels and improve cholinergic neuron function that is damaged during AD progression.
Furthermore, the accumulation of amyloid-B (AB) protein in the brain has been linked to the
formation of neuritic plaques that contribute to AD. The most abundant AP peptides are A 1-40
and AP1-42. Therefore, AB-peptides, AChE and BuChE have become attractive therapeutic
strategies for AD (Dos Santos et al., 2018; Hase et al., 2018; Kubinova et al., 2014).

An aqueous extract from the aerial parts of P. madagascariensis ‘Lynne’ inhibited AChE at an
ICso value of 440+80 pg/mL and alcohol dehydrogenase (ADH) at an ICso value of 67+23 pg/mL.
The inhibitory activity was said to be due to the presence of 83 ug/mg of rosmarinic acid in the
extract. Rosmarinic acid inhibited AChE and ADH at ICso values of 100£30 pg/mL and 19+4
ug/mL respectively (Brito et al., 2018).

Kubinova et al. (2014), reported 6f,7a dihydroxyroyleanone, 7a-acetoxy-6p-hydroxyroyleanone
and coleon U quinone to have ICso values of 287.3£9.9 uM, 256.4£5.9 uM and 290.7+£3.5 uM
respectively against BuChE. This was comparable to the ICso value of 168.0+4.8 uM of the
positive control, galantamine. The observed activity was hypothesized to be due to the presence of

ester bonds in the compounds.

In vitro and in vivo studies by Hase et al. (2018) found that while the permeability of rosmarinic
acid into the brain is low, the compound was able to reduce AP aggregation, by increasing
monoamine secretion in 5-month-old female Tg2576 mice at 0.5% after 11 days of daily feeding.

This study supported the in vitro results obtained by Ono et al. (2004) that confirmed the ability
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of rosmarinic acid to inhibit the accumulation of AB-peptides, the formation of AB-fibrils and

destabilization of preformed Ap-fibrils.
4.6 Anti-tyrosinase, anti-collagenase and anti-elastase activity

Tyrosinase is an enzyme that plays a key role in the production of melanin in the skin. When
overproduced, tyrosinase causes an overproduction of melanin, resulting in hyperpigmentation of
the skin. A methanolic extract prepared from the fresh leaves of P. madagascariensis displayed an
ICsovalue 0£23.99 ug/mL against the tyrosinase enzyme. The positive control, kojic acid, inhibited
the tyrosinase enzyme at an ICso value of 3.607 pg/mL. The researchers classified P.

madagascariensis methanolic extract, as a noteworthy tyrosinase inhibitor (Etsassala, 2016).

Rosmarinic acid inhibited 47.87+1.41% of the tyrosinase enzyme at a concentration of 50 pg/mL
compared to the positive control, kojic acid, with an ICso value of 5.71 pug/mL. The compounds
Ta-acetoxy-6B-hydroxyroyleanone and 6f,7a-dihydroxyroyleanone inhibited 46.62+4.74% and
14.73+2.02% of the tyrosinase enzyme at 50 pg/mL, respectively. Anti-tyrosinase studies
confirmed DHR inhibited 75.7243.61% of the enzyme at 50 ng/mL (Andrade, 2016). Rosmarinic

acid and 7a-acetoxy-6p-hydroxyroyleanone are considered moderate tyrosinase inhibitors.

Elastase and collagenase are the two main enzymes responsible for breaking down the two major
components of connective tissue in the skin, elastin and collagen. The breakdown of elastin and
collagen results in loss of skin elasticity resulting in sagging skin and the formation of wrinkles.
The percentage elastase inhibitory activity of 7a-acetoxy-6B-hydroxyroyleanone and 6p,7a-
dihydroxyroyleanone was 29.26+2.75% and 39.16+5.18% respectively for the two compounds
when tested at 100 pg/mL. The positive control ursolic acid inhibited 69.85+3.65% of the elastase
enzyme at 100 pg/mL. At a concentration of 100 pg/mL rosmarinic acid exhibited 44.78+4.53%
inhibition of collagenase. The positive control epigallocatechin gallate inhibited 93.09 + 5.27% of
the enzyme activity at 100 pg/mL. At 100 pg/mL, the compounds 7a-acetoxy-603-
hydroxyroyleanone and 6f,7a-dihydroxyroyleanone inhibited 33.45+3.25% and 24.0443.02% of
the collagenase enzyme respectively while DHR inhibited 38.33+4.40% and 60.63+9.68% of the

elastase and collagenase enzymes respectively (Andrade, 2016).
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4.7 Targeting pain and inflammation

Plectranthus madagascariensis is used traditionally as an application for wounds and scabies,
which are often painful and inflamed lesions. Inflammation is characterised by, swelling (edema),
pain, redness, heat and tissue loss (Chen et al., 2018; Lukhoba et al., 2006). Several Plectranthus
species including P. amboinicus, P. barbatus and P. hadiensis have been confirmed to target
inflammation, suggesting that P. madagascariensis and its phytochemical constituents may have

potential anti-inflammatory activity.

Several researchers have investigated the anti-inflammatory potential of rosmarinic acid using
animal models. Lucarini et al. (2013) investigated the potential of rosmarinic acid isolated from
Rosmarinus officinalis L. (Lamiaceae) targeting factors associated with inflammation on male
Swiss albino mice. At an oral dosage of 40 mg/kg, rosmarinic acid reduced paw edema by 61%
after three hours compared to the positive control, indomethacin which inhibited 53.83% of edema
at 10 mg/kg. Rosmarinic acid was able to reduce 38.3% of formalin-induced pain in mice after 15-
30 minutes at a dosage of 20 mg/kg compared to morphine that inhibited 55.8% of formalin-
induced pain at a dosage of 4 mg/kg.

4.8 Antifeedant activity

Wellsow et al. (2006) determined the antifeedant activity of several Plectranthus species against
Spodoptera littoralis, known by its three common names, the African cotton leafworm, the
Mediterranean brocade and lastly the Egyptian cotton leafworm. Plectranthus madagascariensis
acetone extract and isolated compound coleon U was determined to be phagostimulants. However,
the oxidised form of coleon U, coleon U quinone, had significant antifeedant activity at 100 ppm

with a 50% feeding index (FIso0) value of 91 ppm.

5. Toxicity

Before a substance is applied or administered in vivo for human safety and efficacy studies, it is
important to determine the relative toxicity and safety of the test substance. Toxicity studies are
performed in two ways, the first uses non-cancerous cell lines in vitro and the second uses animal
models such as mice, rats, brine shrimp or zebrafish (Arome and Chinedu, 2013; Twilley et al.,

2020).
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The toxicity of P. madagascariensis ‘Lynne’ and P. aliciae acetone extracts were determined
against Artemia salina ‘brine shrimp’ due to the ease and inexpensive nature of the assay. Toxic
effects at 50% lethal concentration (LCso) were observed at 91.7 pg/mL and 53.48 pg/mL for P.
madagascariensis ‘Lynne’ and P. aliciae respectively. At 100 ppm, P. madagascariensis ‘Lynne’
displayed a mortality rate of 9.67+0.93% and P. aliciae a mortality rate of 16.71+1.01% (Garcia
etal., 2019a).

Since P. madagascariensis and P. aliciae acetone extracts displayed LCso values between 91.7
png/mL and 53.48 pg/mL respectively this indicated an LDso of more than 2500 mg/kg in mice.
Therefore, although the samples were considered toxic with the brine shrimp toxicity assay,

moderate toxicity was observed when tested in mice.

Rijo et al. (2014b) confirmed that an aqueous extract of P. madagascariensis had low toxicity
towards the human keratinocyte (HaCaT) cell line at the highest concentration of 500 pg/mL after
24 hours. No toxicity data was found for P. ramosior or P. madagascariensis var.
madagascariensis. Similar toxicity data was observed for the acetone extracts of P.
madagascariensis and P. aliciae on brine shrimp. This could be an indication that the toxicity
between the varieties is not significantly different. Toxicity studies on an aqueous extract
Plectranthus amboinicus (Lour) Spreng at the highest tested concentration of 10 000 mg/kg
revealed no acute toxicity in mice. Subacute toxicity studies revealed an increase in kidney
function parameters which are related to the dosage. While the aqueous extract of P.
madagascariensis appears safe to use, based on the ICso data, caution should be taken at higher

concentrations, particularly when ingested (Asiimwe et al., 2014).

Cytotoxicity studies on HaCaT cells compared the extract of P. madagascariensis and ChiPS to
determine changes in the toxicity of the extract. It was confirmed that the cytotoxicity of P.
madagascariensis was lowered when combined with chitosan in comparison with the extract alone

with ICso values of 85.87 pg/mL and 56.77 pg/mL respectively (Matias, 2016).

In vivo acute and sub-chronic irritation studies were conducted on male hairless Sho® SCID mice
to determine the irritancy potential of P. madagascariensis extract and ChiPS compared to a

known skin irritant, Sodium Laureth Sulfate (SLS). Negligible irritation at 5% in carboxymethyl
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cellulose hydrophilic gel was observed for the extract and ChiPS compared to 5% SLS that caused
mild irritation (Matias, 2016).

6. Discussion

Researchers regularly select plants based on their traditional usage to test the extracts and their
secondary metabolites against the claimed disease targets or novel targets. Traditional knowledge
directs researchers to find plant extracts and compounds with positive biological activity. This
highlights the importance of preserving ethnomedicinal knowledge (Patwardhan, 2005; Twilley et
al., 2020).

Three varieties of P. madagascariensis are indigenous to South Africa, namely, P. aliciae, P.
ramosior and P. madagascariensis var. madagascariensis. Lukhoba et al. (2006) reported the
extensive use of synonyms in Plectranthus species that is evident from the species discussed in
this review. The prevalence of synonyms of plant species can result in traditional knowledge being
incorrectly documented. When investigating the top three traditional uses of Plectranthus species
namely respiratory, skin and digestive disorders and comparing it to the traditional uses of P.
madagascariensis only two of these disorders are documented. Although studies were conducted
on the skin and respiratory disorders, no study investigated the use of P. madagascariensis, its
varieties or isolated compounds on disorders of the digestive system. Since species in the genus is
traditionally used to treat digestive disorders, the possibility exists that P. madagascariensis could
have been used to treat digestive disorders. When investigating the traditional usage of a species
either to determine the biological activity of the species for an ethnobotanical evaluation, it is
important to take into consideration the traditional uses of the synonymous plants and the varieties
of these species. This is also where voucher specimen numbers and the inclusion of these voucher

numbers are of utmost importance in scientific articles.

Due to the morphological similarities between the studied Plectranthus species, the possibility
exists that P. madagascariensis and its varieties have not only been misidentified by researchers
but also traditional health practitioners making use of these species. Therefore, P.
madagascariensis and its varieties could potentially have different traditional uses than those that
are currently documented. Various articles have discussed the difficulty of identifying

Plectranthus species to the untrained eye due to morphological similarities and the lack of criteria
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to differentiate the species from one another. Evidence of misidentification could potentially be
found in an article by Matias et al. (2019b) referencing an image of P. madagascariensis which
lacks the characteristic variegated white leaf margins. The reviewed articles seldom reported the
herbarium voucher specimen numbers. This could be problematic since vouchers serve as crucial
supporting material for publications to ensure the reproducibility of the data. Vouchers are
important for authenticating the taxonomy of a species, identifying geographical locations of the
species and for ecological, environmental and genetic studies (Culley, 2013). For a genus such as
Plectranthus where confusion between the species can easily occur due to morphological
similarities, voucher specimens are crucial to ensure that the correct species is identified. Due to
the lack of voucher specimens of P. madagascariensis and its varieties, it should be taken into

consideration the misidentification of the species that could result in variable data between studies.

No reports of P. madagascariensis considered the synonyms and varieties of the species when
conducting investigations of biological activities. Biological and phytochemical studies mostly
focused only on P. madagascariensis and one study on P. aliciae. No study was found on P.
ramosior or P. madagascariensis var. madagascariensis that could potentially give information
on the similarities and differences in the biological activity of these varieties. Although P.
madagascariensis is not considered toxic, P. hadiensis, a synonym of P. ramosior is used as a
poison that could potentially be related to the toxicity observed in mice studies (Lukhoba et al.,

2006).

Toxicity studies were only reported for the acetone extracts of P. madagascariensis and P. aliciae
and the aqueous extract of P. madagascariensis. The acetone extracts of P. madagascariensis and
P. aliciae were confirmed as being potentially toxic when ingested. However, the aqueous extract
of P. madagascariensis was confirmed to have low toxicity towards HaCaT cells. No toxicity
studies were reported on the compounds isolated from P. madagascariensis or the essential oil of
the plant using HaCaT cells or animal models. Toxicity studies on plant extracts and secondary
metabolites are useful to determine if further analysis of the samples should be conducted. Twilley
et al. (2020) suggested that when the safety of a plant extract or secondary metabolite is being
investigated the mutagenicity of the extract or compound should be determined. Mutagenicity
refers to the potential of a test substance to cause permanent changes in genetic material and DNA

damage in cells (Mortelmans and Zeiger, 2000). No study investigated the mutagenic potential of
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P. madagascariensis, its varieties or the identified secondary metabolites that could provide useful

information on the safety of the samples.

Cytotoxicity and toxicity studies were mostly performed on P. madagascariensis and P. aliciae
acetone extracts. No cytotoxicity studies were reported for P. ramosior or P. madagascariensis
var. madagascariensis. Plectranthus madagascariensis and P. aliciae were found to have similar
significant cytotoxic activity against human breast (MCF-7) and human colon (HCT116)
adenocarcinoma cells. Interestingly, compounds isolated from P. madagascariensis 6p,7a-
dihydroxyroyleanone, 7a-formyloxy-6p-hydroxyroyleanone, 7a-acetoxy-6B-hydroxyroyleanone,
rosmarinic acid and coleon U had moderate to significant cytotoxic activity against MCF-7,
HCT116, human cervix carcinoma cell line (KB-3-1) and the human liver cancer cells (HepG2).
Although these compounds have not yet been identified in P. aliciae, based on the similar activities
between the extracts of these two species, the compounds of P. madagascariensis, could be present
in P. aliciae and amongst the other varieties too. However, this is merely an assumption and the
isolation and identification of compounds from the different varieties remains elusive. The
secondary metabolites DHR, 6f,7a-dihydroxyroyleanone and 7a-acetoxy-6p-hydroxyroyleanone
isolated from P. madagascariensis have been confirmed to be selective towards NCI-H460 lung
carcinoma cells with moderate and significant cytotoxic effects respectively. DHR isolated from
the essential oil of P. madagascariensis was confirmed to target multiple lung cancer cell lines
including resistant NCI-H460 lung carcinoma cells. These compounds could be the reason for the
significant cytotoxic activity of P. madagascariensis and P. aliciae against NCI-H460 lung
carcinoma cells. None of the studies investigated the selectivity of the extracts or compounds for
cancerous cell lines. Current cancer treatments not only target cancerous cells but also non-
cancerous cells. Calculating the selectivity index could indicate if a sample is selective towards

cancerous cells rather than non-cancerous cells (Pefia-Moran et al., 2016).

Traditionally P. madagascariensis is used to treat respiratory ailments such as coughs, bronchitis
and asthma (Huthings et al., 1996; Pereira et al., 2015; Rabe and van Staden, 1998; Rice et al.,
2011). However, it is not clear whether these symptoms were confused with that of lung cancer
and tuberculosis. No reports indicate the traditional usage of P. madagascariensis or the varieties
thereof for lung cancer or tuberculosis. From these studies, it is clear that P. madagascariensis and

its varieties could potentially be used for the treatment of lung cancer and tuberculosis or could
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have traditionally been used to treat the symptoms of these diseases without the knowledge of the
traditional users. However, no biological studies were found to investigate the plant extracts or
compounds for asthma, or the bacteria involved in the onset of bronchitis such as Bordetella
pertussis, Chlamydia pneumonia, Haemophilus influenza, Moraxella catarrhalis, Mycoplasma
pneumonia and Streptococcus pneumonia (Sethi, 2020; Worrall, 2008). Furthermore, an aqueous
root extract of P. madagascariensis and an extract prepared for the whole plant have been
documented to be traditionally used for respiratory disorders. From the manuscripts reviewed
herein, the aerial parts of the plants were used to conduct these studies and mostly extracted with
acetone, ethanol or methanol. Several studies have confirmed that different plant parts have
significant differences in biological activity. This is largely due to the fact that different secondary
metabolites are present either exclusively in a certain plant part or are found in various
concentrations in different plant parts. When traditional knowledge is adapted to confirm the
activity in vitro or in vivo in biological studies it is important to include the ethnobotanical method
in the studies to confirm and document the results. Several articles reviewed did not consider the
traditional usage of P. madagascariensis. Therefore the traditional usage of P. madagascariensis
for respiratory diseases and the way it is traditionally administered has not yet been fully explored,

leaving a gap between traditional knowledge and scientific validation that needs to be filled.

The use of nanosystems for the treatment of lung cancer and other respiratory diseases should also
not be forgotten. DHR nanoparticles were able to significantly decrease the ICso value against
NCI-H460 lung carcinoma cells (Garcia et al., 2018). However, no other studies have investigated
the potential of the P. madagascariensis extract, and compound, 6p,7a-dihydroxyroyleanone and
7Ta-acetoxy-6B-hydroxyroyleanone loaded nanoparticles for the treatment of lung cancer or other

respiratory ailments.

The antibacterial activity of the Lamiaceae family can be attributed to phenolic secondary
metabolites present in the extract and the essential oil of the plant. Antibiotic resistance has become
a concern and the World Health Organisation has classified resistance as a global threat to human
health. Antibiotic resistance occurs when bacteria become resistant to antibiotics resulting in
longer treatment times and higher medical costs as a result of misuse of antibiotics (WHO, 2020).
Antibiotic resistance is found in respiratory maladies such as tuberculosis and wound infections

such as prosthetic implant-associated infections. As mentioned, P. madagascariensis is
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traditionally used to treat respiratory ailments such as coughs. However, the cause of the symptom
has not been reported in the literature and could be due to bacterial lung infections caused by
Haemophilus species, M. tuberculosis, K. pneumoniae, Streptococcus pneumoniae and S. aureus
(Speert, 2006). Mycobacterium tuberculosis (MDR), resistant K. pneumoniae, and methicillin-
resistant S. aureus (MRSA) strains are becoming more frequent and harder to treat with current
antibiotics. The acetone extract of P. madagascariensis was found to be active against both Gram-
positive and Gram-negative bacteria associated with respiratory diseases such as M. smegmatis, a
model bacterium for M. tuberculosis research, MRSA and K. pneumoniae. In a similar study, the
acetone extract of P. aliciae was confirmed to inhibit S. aureus growth at a lower concentration
than the acetone extract P. madagascariensis. Although these species are morphologically similar,
differences in antibacterial activity was observed. This could be due to a difference in the
concentration of secondary metabolites or the type of compounds present in the two species. No
reports on the antibacterial activity of P. ramosior or P. madagascariensis var. madagascariensis
were found and the anti-mycobacterial activity of P. aliciae is yet to be investigated. Traditionally
P. madagascariensis plant material is prepared either as a decoction or an infusion when treating
respiratory diseases. However, none of the studies investigated an aqueous extract for the
inhibition of bacteria associated with lung infections or cytotoxicity against lung cancer cells. An
aqueous extract of P. madagascariensis was confirmed to significantly inhibit S. epidermis that is
associated with wound infections. Due to the significant antibacterial activity of the aqueous
extract further studies of the extract on bacteria associated with respiratory infections could be
beneficial. The noteworthy anti-mycobacterial activity of P. madagascariensis could be attributed
to the abietane diterpenes 6f,7a-dihydroxyroyleanone, 7a-acetoxy-6p-hydroxyroyleanone and
6,7-dehydroroyleanone present in the plant. Diterpenoids are known to have antimicrobial activity
that is evident from the noteworthy anti-mycobacterial activity of the extracts against MDR M.

tuberculosis due to the 7a-AcO group at the B ring.

Traditionally the crushed leaves of P. madagascariensis are used to treat wounds and scabies.
Several factors are associated with wound healing as described by Robson (1997) as a series of
event that includes “coagulation, inflammation, matrix synthesis and deposition, angiogenesis,
fibroplasia, epithelialization, contraction, and remodelling”. However, when there is an
abnormality in the wound healing process, bacteria can cause infections, which are more difficult

to treat especially when the bacteria are resistant to conventional treatment strategies. Bacteria that
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are associated with bacterial wound infections and nosocomial wound infections are normally
Staphylococcal species such as S. epidermidis and S. aureus, and others such as P. aeruginosa, E.
faecalis and E. coli (Parr et al., 1999). From the studies investigated only the acetone extracts of
P. madagascariensis and P. aliciae were investigated for their antibacterial activity against some
of the bacteria associated with wound infections. Interestingly, only P. aliciae was bactericidal
against E. faecalis and slightly more active against S. aureus than P. madagascariensis. However,
none of the studies investigated the antibacterial activity of P. madagascariensis and P. aliciae on
E. coli and P. aeruginosa and the extracts of P. ramosior or P. madagascariensis var.
madagascariensis on any of the bacteria associated with wounds. Furthermore, only the aqueous
extract of P. madagascariensis was tested for its antibacterial activity against S. epidermidis. More
studies can be done on the antibacterial activity of these Plectranthus species on bacteria associated
with wound infections. The essential oil of P. madagascariensis was confirmed to target only the
Gram-positive bacterium S. aureus using the agar disc-diffusion assay. Several factors such as the
bacterial species and type of antibiotic determine the sensitivity of the agar disc-diffusion assay.
Studies have confirmed that although the agar disc-diffusion assay is consistent to the broth
microdilution assay between 71% and 90% of the time, it cannot be used as a sole method to
determine the antibacterial activity of a test substance (Dickert et al., 1981). Limitations of the
agar-diffusion method include the inability to distinguish between the bactericidal and
bacteriostatic activity of the test substance. Furthermore, although it is a fast and inexpensive
method it is difficult to quantify the amount of the test substance that diffused into the agar medium
and the MIC cannot be calculated (Balouiri et al., 2016). The biological variations that the
microdilution assay takes into consideration should also be considered. An established
microdilution method is available to determine the MIC value of essential oils as described by
Kamatou et al. (2006) that should be considered when testing the antibacterial activity of essential
oils. DHR, isolated from the essential oil of P. madagascariensis has been confirmed to have
moderate antibacterial activity against M. tuberculosis, however, no tests were done on other
Gram-positive or Gram-negative bacteria providing new opportunities for further research of this
compound. Coleon U quinone isolated from P. madagascariensis was confirmed to inhibit S.
aureus and E. faecalis that are associated with wound infections at noteworthy concentrations.
Furthermore, coleon U and 7a-acetoxy-6p-hydroxyroyleanone displayed moderate to noteworthy

antibacterial activity against resistant S. aureus and E. faecalis. Although the compounds
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6pB,7a-dihydroxyroyleanone, 7a-acetoxy-6B-hydroxyroyleanone displayed moderate antibacterial
activity against Gram-positive bacteria, none of the compounds isolated from P. madagascariensis
inhibited the Gram-negative bacteria E. coli and P. aeruginosa. Matias (2016) set out to develop
phytosomes that are loaded with acetonic P. madagascariensis extract and chitosan-coated
phytosomes containing the acetonic P. madagascariensis extract. Agar disc-diffusion studies
confirmed that the antibacterial activity of P. madagascariensis acetone extract was increased
when the phytosomes was coated with chitosan compared to a chitosan-coated phytosomes without
the extract. The antibacterial activity of the phytosomes was tested using the microdilution assay
and was confirmed to have increased antibacterial activity and reduced toxicity and irritancy
potential, however, the chitosan-coated phytosomes control was omitted from the study. When
considering the methodologies used to identify the biological activities of the plant extract several
articles failed to mention the activity of the positive and negative controls. This is vital information
that should be included in biological assays and the reporting of such assays. The relevant controls
and their results should be mentioned to ensure that the experiment can be repeated and controls

are available to which the success of current and future assays can be measured (Choudhary, 2017).

Although some efforts have been made to develop nanoparticle delivery systems for P.
madagascariensis, these studies are not complete with crucial information such as the activity of
the controls which were missing. Furthermore, no delivery systems have been considered for the
other Plectranthus species discussed in this review article. Rosmarinic acid is a major compound
present in the Lamiaceae family and Plectranthus species including P. madagascariensis.
Rosmarinic acid displayed no antibacterial activity on Gram-positive or Gram-negative bacteria.
However, this secondary metabolite has been confirmed to target pain and reduce inflammation in
in vivo mice studies that were comparable to that of the positive control, indomethacin. Taking all
the information regarding wound infections and the traditional usage of P. madagascariensis for
the treatment of wounds into consideration, P. madagascariensis, P. aliciae and their isolated
compounds have noteworthy antibacterial activity especially against Gram-positive bacteria that
is associated with wound infections. Studies on the anti-inflammatory activity of the extracts, the
potential of the extracts targeting pain, matrix synthesis and tissue remodelling is absent from the
literature that can tie the traditional usage of the plant with its biological activity together.
Therefore, future studies on the extracts, their compounds, and the delivery systems of these

actives for wound remodelling are recommended. Furthermore, several articles have published on
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the anti-inflammatory potential of rosmarinic acid using animal models. The use of animal models
is increasingly becoming more difficult due to ethical processes. Several in vitro anti-inflammatory
models are available to determine the anti-inflammatory activity of reviewed Plectranthus species
and their secondary metabolites. Flow cytometry is a rapid and useful tool to determine the anti-
inflammatory potential of several inflammatory markers simultaneously and should be considered
when investigating the anti-inflammatory activity of P. madagascariensis, its varieties and

secondary metabolites.

The release of free radicals has been associated with inflammation that can contribute to tissue
damage; an increased inflammatory response can contribute to a range of diseases. Although the
antioxidant activity of a natural product cannot be studied alone to confirm its activity, it can give
some information on the free radical scavenging potential of a natural compound. A research
article by Amorati and Valgimigli (2015) set out to discuss the advantages and limitations of
current antioxidant assays. The DPPH antioxidant assay is the most utilised antioxidant method
due to the inexpensive nature and ease of the assay. The endpoint of the assay is normally measured
after 30 minutes as with the manuscripts reviewed. Amorati and Valgimigli (2015) acknowledged
the potential of the assay, however, pointed out that there are flaws in the assay. Amorati and
Valgimigli (2015) proposed a kinetic reading approach since the reactivity rate of natural products
is different from one another. Through using the kinetic reading approach, the data will reflect the
true rate constants of the actives instead of a single-point reading where this is not possible.
Furthermore, solvents such as ethanol and methanol (polar protic solvents) are usually used to
perform DPPH antioxidant assays. Studies have confirmed phenolic compounds react faster with
DPPH when the compounds were dissolved in polar protic solvents resulting in a skewed data of
the actual antioxidant capacity. Although noteworthy antioxidant activity was observed for P.
madagascariensis and isolated compound, rosmarinic acid, it is not clear if the data presented is a
true reflection of the free radical scavenging potential of the extract and compound and could
further be explored using more sensitive and reliable antioxidant assays. In vitro cell-based
antioxidant assays are more sensitive and comprehensive since compounds not necessarily
involved in free radical scavenging but compounds that are involved in the antioxidant pathway

and protecting cells against oxidative damage can be identified (Da Silva et al., 2016).
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It was interesting to note that P. madagascariensis and its isolated compounds were found to be
active against several enzymes involved in maladies such as diabetes, skin-hyperpigmentation and
skin ageing not related to the reported traditional usage of the plant. Traditionally an aqueous
extract from the aerial parts of several Plectranthus species is used to treat neurological disorders
such as epilepsy, meningitis, convulsions, mental retardation and depression (Lukhoba et al.,
2006). The extract and secondary metabolites of P. madagascariensis has shown to target the
enzymes related to the onset of Alzheimer’s disease. Although the traditional usage of
Plectranthus species for Alzheimer’s disease has not been documented for P. madagascariensis
or its varieties it does show potential to treat Alzheimer’s disease and potentially other unexplored
neurological disorders. The compounds 7a-acetoxy-6p-hydroxyroyleanone and 6p,7a-
dihydroxyroyleanone showed moderate anti-elastase and collagenase activity associated with
ageing. Plectranthus madagascariensis extracts displayed noteworthy tyrosinase, alcohol
dehydrogenase and acetylcholinesterase activity. The compounds isolated from P.
madagascariensis were confirmed to have noteworthy PEPCK, a-glucosidase,
butyrylcholinesterase and acetylcholinesterase activity. However, no study focused on the enzyme
inhibitory activity of P. aliciae, P. ramosior or P. madagascariensis var. madagascariensis and
their secondary metabolites. These species have potential to target a range of enzymes related to
cancer, asthma, diabetes and Alzheimer’s diseases that are related to the traditional usage of the
plant in some cases but have not fully been explored. Furthermore, the research articles reviewed
did not explore the type of enzyme inhibition in any of the studies to confirm competitive, non-
competitive or allosteric competitive inhibition of the extracts or secondary metabolites against
the enzymes investigated. This is something that can further be explored to provide vital

information when developing therapeutic agents for these maladies.

Lastly, the reviewed studies that isolated compounds from P. madagascariensis only focused on
isolating, identifying and determining the biological activity of seven secondary metabolites
(Figure 1). Plectranthus species are known to contain a wide range of compounds that have
demonstrated noteworthy medical and economic potential. Although, some researchers have set
out to investigate the phytochemicals of Plectranthus species this field is still largely unexplored
(Abdel-Mogib et al., 2002). No studies were found on the isolation and identification of
compounds from the variety species. Studies on the phytochemical profiles and biological

activities have revealed variety species either contain different secondary metabolites or the same
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compounds but in varying concentrations (Wang et al., 2017). This difference in phytochemical
compounds between varieties could have different biological activities and should further be
explored. Several isolation methods and equipment are available for rapid identification of
compounds as discussed in an article by Altemimi et al. (2017). HPLC coupled with a mass
spectrophotometer provides a rapid and accurate method for the identification of compounds when
pure compounds are unavailable and could be considered for the identification of more compounds

in P. madagascariensis and its varieties.

7. Conclusion

Plectranthus species are known for their medicinal potential in treating various maladies.
Plectranthus madagascariensis and its varieties have been used as a medicinal plant in South
Africa for centuries, all sharing similar common names. However, research on these varieties
indigenous and endemic to South Africa remains largely unexplored. Due to the morphological
similarities between P. madagascariensis and its varieties, the possibility exists that researchers
unknowingly test variety species rather than P. madagascariensis. Lukhoba et al. (2006) has also
mentioned the difficulty in discriminating between morphological similar Plectranthus species and
could contribute to discrepancies in data. Currently, there is a need for information on the
morphological differences between these species to clearly distinguish between P.
madagascariensis and its varieties. Plectranthus madagascariensis has a long history for being
traditionally used in wound healing which is supported by the antibacterial and anti-inflammatory
potential of the plant extract and secondary metabolites. Rosmarinic acid is a major compound of
P. madagascariensis. The anti-inflammatory and antioxidant activity of rosmarinic acid could be
linked to the traditional usage of P. madagascariensis for wound care. The ability of rosmarinic
acid to reduce swelling and relieve pain could explain the traditional usage of P. madagascariensis
in the treatment of skin ailments. Furthermore, an aqueous crude extract of P. madagascariensis
displayed antibacterial activity towards bacteria associated with wounds and antioxidant activity
that is in accordance with the traditional preparation and use of the plant. However, further
mechanistic studies on wound healing and inflammatory studies remain elusive. In addition, no
research on skin-related diseases such as acne vulgaris, scabies and eczema were observed. With
the anti-inflammatory, antibacterial and wound healing activity of P. madagascariensis confirmed,

other skin related diseases could be a potential target for P. madagascariensis. Regarding the
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traditional usage of P. madagascariensis treating respiratory ailments, compounds isolated from
the extract has proven cytotoxicity towards lung cancer cells and target M. tuberculosis, a bacteria
that is the cause of tuberculosis and is under the top ten causes of deaths worldwide according to
the World Health Organization (2018). However, no research focused on the use of P.
madagascariensis or its isolated compounds for the treatments of asthma or other respiratory-
related diseases such as bronchitis that could be a potential target for further research. In addition
to rosmarinic acid, six major compounds namely coleon U, 6f,7a dihydroxyroyleanone,
7a-formyloxy-6p-hydroxyroyleanone, 7a-acetoxy-6B-hydroxyroyleanone, coleon U quinone, and
6,7-dehydroroyleanone (isolated from the essential oil) have been proven in vitro to have
noteworthy antibacterial, anti-cancer, anti-diabetic potential and targeting Alzheimer’s disease.
These isolated compounds of P. madagascariensis have proven to have the potential to be
developed into therapeutics targeting these life-threatening diseases. However, no in vivo human
studies are available for these disease targets, opening a door for further human studies. Several
researchers have set out to incorporate P. madagascariensis extracts and compounds in nano-
delivery-systems, however, the biological activity of these systems is largely unanswered. These
delivery systems could contribute to the development the pharmaceutical industry and improve
public health, but more research in this area is required. The phytochemical and biological data
reviewed suggest the potential use of P. madagascariensis and its varieties in the cosmeceutical
and pharmaceutical fields. Lastly, toxicity and mutagenic studies are lacking for the species and

their secondary metabolites to determine the safety of the samples.

This review examines the potential use of P. madagascariensis and its varieties that are indigenous
to South Africa based on its traditional usage and scientific validation studies to target various
diseases. Additionally, this review highlights research opportunities for these species to ultimately

develop safe and useful products with medicinal and economic potential.
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