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 24 

Summary 25 

Regiments of current drugs for tuberculosis are lengthy and are associated with many adverse effects. 26 

Currently, the emergence of different resistant strains has been observed. This urges a need for the 27 

discovery and development of novel drugs. The main sources of drug lead candidates are based on natural 28 

products. Zanthoxylum leprieurii, Lantana camara, and Cryptolepis Sanguinolenta are among the plants 29 
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that have antimycobacterial activity. Recent technological methods, such as metabolomics, can rapidly 30 

detect and identify active compounds from medicinal plants. In this review, we aim to provide an 31 

overview and discussion of the antimycobacterial activity, phytochemical analysis and toxicity profile of 32 

these plants and their products as well as the potential of metabolomic fingerprinting of medicinal plants 33 

with a given activity on microbes, in the search for the potential drug hit molecules.  34 

The information for this review was extracted from databases such as Excerpta Medica Database, Google 35 

Scholar, Springer, and PubMed Central. Primary studies, using a combination of the keywords 36 

antimycobacterial medicinal plant, multidrug-resistant tuberculosis, phytochemistry, toxicity, 37 

Zanthoxylum leprieurii, Lantana camara, Cryptolepis sanguinolenta, and plant metabolomics/metabolic 38 

fingerprinting of plant extracts, have been considered. 39 

The above-mentioned plant species showed antimycobacterial activity against drug-resistant strains of 40 

M. tuberculosis.  They may provide potential candidates for novel drugs against multidrug-resistant 41 

tuberculosis. However, extensive work is still needed. To our knowledge, there is no or limited literature 42 

that reports the metabolic fingerprints of these plants. The analysis of the metabolite fingerprints of 43 

medicinal plants with similar antimicrobial activity could be important to determine whether the activity 44 

results from common metabolites within different plant species.  This review shows that these plants are 45 

potential candidates to provide drug hits against multidrug-resistant tuberculosis strains. Future studies 46 

of compound optimization, in vivo safety and efficacy, as well as of the specific mechanisms of action 47 

are however required. 48 

Keywords: Multidrug-resistant Tuberculosis, Zanthoxylum leprieurii, Lantana camara, Cryptolepis 49 

sanguinolenta, Metabolic fingerprinting, antimycobacterial activity. 50 

 51 

1. Introduction 52 

Tuberculosis (TB), a bacterial disease caused by Mycobacterium tuberculosis (M. tb), continues to harm 53 

humans. Approximately 10.0 million people were infected with TB in 2018 and 1.2 million among the 54 

HIV-negative patients were reported dead from the disease. In addition to this,  251,000 HIV-positive 55 

persons died from TB (World Health Organization, 2019). Over 40% of the HIV death rates in 2016 were 56 

due to TB (World Health Organization, 2017). According to WHO (World Health Organization, 2017), 57 

over 95% of TB death rates occurred in low- and middle-income countries. In 2016, an estimated 1 58 

million cases of TB in children were reported, of which 250,000 died (including children with HIV-59 

associated TB). Although active infection with TB is symptomatic and can be treated (Hum Nath Jnawali 60 
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and Sungweon Ryoo, 2013), one-third of the world population is latently infected (World Health 61 

Organization, 2014). Latent infection is asymptomatic and therefore difficult to treat. Current anti-TB 62 

regimens are not only lengthy but are also associated with severe adverse effects, such as skin rash, 63 

hepatitis, abdominal pain, hypersensitivity reactions, vomiting, headache, and convulsions (Forget and 64 

Menzies, 2006; Vilariça, A. S., Diogo, N., André, M., & Pina, 2010; Arya, 2011; El-Din, Halim and El-65 

Tantawy, 2015). These drug regimens are also expensive (Pooran A, Pieterson E, Davids M, Theron G, 66 

2013; Marks, S. M., Flood, J., Seaworth, B., Hirsch-Moverman, Y., Armstrong, L., Mase, S....Sheeran, 67 

2014; Ordas et al., 2015; Hoppe et al., 2016), and M. tuberculosis shows drug resistance to most of the 68 

standard anti-TB drugs (multidrug resistance) (Arya, 2011; Mitnick et al., 2016; Awasthi and Freundlich, 69 

2017). Antibiotic therapy has two possible outcomes for pathogens, which are clearance or failure 70 

(Raymond, 2019). If infected patients transmit resistant microbes before clearance/death, selection for 71 

resistance occurs (Raymond, 2019). Multidrug-resistant TB (MDR-TB) remains a public health security 72 

threat. WHO (World Health Organization, 2017) estimated 600,000 new cases with resistance to the most 73 

effective first-line drug, rifampin. Out of these 600,000 new cases, 490,000 were MDR-TB. 74 

Consequently, there is a need for the development of new drugs/products to treat and prevent TB.  75 

Sanchez & Kouznetsov (Sanchez and Kouznetsov, 2010) state that the discovery and development of 76 

new anti-TB drugs are needed for many reasons:  (1) to improve the current treatment by shortening its 77 

duration and/or providing more widely spaced intermittent treatments, (2) to improve the treatment of 78 

MDR-TB and of extensively drug-resistant (XDR-TB) strains, (3) to provide the most effective treatment 79 

of latent tuberculosis infection (LTBI) in programs as proposed by the Centers for Disease Control and 80 

Prevention (CDC) (Sterling et al., 2020), (4) to reduce the adverse effects, especially hepatotoxicity, 81 

which is very important as it leads to forced treatment termination (Forget and Menzies, 2006; An and 82 

Wu, 2010; Park et al., 2015), and (5)  finally, because there are only few new drugs on the market since 83 

the 1960s (Sanchez and Kouznetsov, 2010). The discovery of new drugs involves essentially the 84 

identification of new chemical entities (NCEs) that display the required characteristics of druggability 85 

and medicinal chemistry (Katiyar et al., 2012). NCEs can be generated either through chemical synthesis 86 

or by isolation from screening natural products. Six classes of sources for NCEs have been reported 87 

(Katiyar et al., 2012). Four classes are related to natural products, i.e. from botanical sources, fungi, 88 

bacteria, and marine sources. Besides, modern pharmaceutical chemistry has added two categories of 89 

man-made substances, i.e. synthetic chemistry and combinatorial chemistry (Katiyar et al., 2012). 90 
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About 80% of the population in developing countries relies on traditional medicine (TM) for their primary 91 

healthcare (Kasilo and Trapsida, 2010). TM is mostly used because of its affordability and accessibility 92 

(Gupta et al., 2010; Kasilo and Trapsida, 2010).  93 

Research on the application/utilization of medicinal plants for drug discovery usually starts with an 94 

ethnobotanical survey. As such, the selection of a candidate species for investigation can be done because 95 

of its long-term use by humans (Katiyar et al., 2012). The idea behind this approach is that the active 96 

compounds isolated from such plants are likely to be safer than compounds derived from plant species 97 

without a history of human use.  98 

Following the survey, the screening of plant extracts, to confirm a certain activity against pathogens, must use 99 

reliable assays. Positive and negative controls must be well defined to avoid false positive or negative results. 100 

Screening determines the activity of medicinal plant extracts against microbes of interest, expressed as a minimum 101 

inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). Therefore, the screening of plant 102 

extracts is considered an important starting point for antimicrobial drug discovery and development (Sanchez and 103 

Kouznetsov, 2010). This preliminary approach using the whole cell of pathogens provides the antimicrobial 104 

activity of the crude plant extracts, which contain many different chemical compounds. Bioassay-guided 105 

fractionation of the crude extracts may lead to either standardization of extracts or isolation of bioactive druggable 106 

compounds for new drugs (Katiyar et al., 2012; Nguta et al., 2015; Sittampalam et al., 2018). After isolation of 107 

the compound from a medicinal plant, the mechanisms by which it inhibits bacterial growth needs to be understood 108 

(Hughes et al., 2011). This can be done by testing the active compounds on known/valid targets. For M. 109 

tuberculosis potential drug targets such as cell membranes, specific enzymes for transcription and replication, and 110 

ATPase were reviewed in (Tuyiringire et al., 2018) and one can test the isolated compound or the standardized 111 

extracts on them.  Otherwise, metabolomics can be applied to assess the global change in terms of metabolism as 112 

a response to treatment with that compound or extract. This approach has been used to elucidate the mechanisms 113 

of action of bioactive extract or isolated compounds (Halouska et al., 2012; Prosser and De Carvalho, 2013; Prosser 114 

et al., 2016; Jansen and Rhee, 2017; Sieniawska et al., 2020). Untargeted metabolomics with liquid 115 

chromatography–mass spectrometry (Sieniawska et al., 2020) allowed exploring the mycobacterial 116 

response to cinnamaldehyde with cinnamon essential oil. Predictive metabolite analysis and description 117 

of the produced lipids enabled the evaluation of the stress symptoms shown by bacteria. Bacteria exposed 118 

to cinnamaldehyde were found to reorganize their outer membrane as a physical barrier against stress 119 

factors. They probably reduced the cell wall permeability and the inner membrane fluidity, and possibly 120 

redirected the carbon flow to store energy in triacylglycerols. In addition, cinnamaldehyde may also 121 

contribute to disturbances in bacterial redox homeostasis and detoxification mechanisms (Sieniawska et 122 

al., 2020). An approach to predict the in vivo mechanisms of action of novel drug leads from NMR 123 
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metabolomics data is described in (Halouska et al., 2012). M. smegmatis, a nonpathogenic model 124 

organism of M. tb, was treated with 12 known drugs and 3 chemical leads identified from a cell-based 125 

assay. NMR analysis of drug-induced changes to the M. smegmatis metabolome resulted in distinct 126 

clustering patterns in orthogonal projections to latent structures discriminant analysis (OPLS-DA) scores 127 

plot correlating with in vivo drug activity. The clustering of novel chemical leads relative to known drugs 128 

provides a means to identify a protein target or to predict in vivo activity (Halouska et al., 2012). The 129 

above examples illustrate that metabolomics can be useful in an attempt to study the mechanisms of 130 

action and efficacy of novel compounds.  131 

To resorb after oral administration, active compounds must have molecular properties that obey, for 132 

instance, the Lipinski Rule of Five (Lipinski et al., 2001; Hughes et al., 2011). To define hits the 133 

generation of dose-response curves, specificity regarding structure-activity relationship (SAR), 134 

properties concerning absorption, distribution, metabolism and excretion (ADME), as well as 135 

physicochemical and pharmacokinetic (PK) measurements, can be tested (Hughes et al., 2011; Nguta et 136 

al., 2015; Sittampalam et al., 2018). A hit-to-lead phase needs to be expected prior to lead optimization. 137 

The aim of this stage is to try to produce more potent and selective compounds that possess adequate PK 138 

properties adequate to examine their efficacy in vivo models (Hughes et al., 2011; Nguta et al., 2015). 139 

Practically, the work involves SAR investigations around each isolated compound, with measurements 140 

to establish the magnitude of its activity and selectivity (Hughes et al., 2011). When structural 141 

information about the target is known, structure-based drug design techniques, using molecular modeling 142 

and methodologies such as X-ray crystallography and nuclear magnetic resonance (NMR), can be applied 143 

to develop the SAR faster and in a more focused way.  144 

 Toxicity tests must be conducted to confirm the safety of the isolated compound or standardized extracts 145 

applying suitable in vitro and in vivo models (Hughes et al., 2011; Nguta et al., 2015; Sittampalam et al., 146 

2018). However, defining the dose range, minimum concentration and controls to ensure the quality and 147 

validity of these tests is challenging. Standardized methods for phytochemical analysis and toxicity tests 148 

should be used. Many medicinal plants in the treatment of tuberculosis in Africa were discovered using 149 

ethnobotanical and ethnopharmacological approaches (Sharifi-Rad et al., 2017). Active ingredients from 150 

plant products can also be used as adjuvants to augment the efficacy of existing drugs (Sharifi-Rad et al., 151 

2017). Medicinal plants from different species have shown activity against mycobacteria, including M. 152 

tuberculosis, the causative agent of TB.  Despite this knowledge, no anti-TB drug has been recently 153 

developed from medicinal plants. In fact, the current strategy to first screen for activity and later isolate 154 

the active compound using bioactivity-guided assays is laborious and time-consuming. Besides, this 155 
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procedure may result in the isolation of already known compounds (Lu et al., 2014). A new strategy, 156 

determining the metabolite profile or fingerprint of medicinal plants may provide an alternative to the 157 

bioactivity-guided fractionation and isolation of active compounds. Metabolite fingerprinting allows the 158 

determination of the fingerprints of plant metabolites and eventually the indication of the compounds 159 

responsible for the biological activity (Mattoli et al., 2006). Comparing the fingerprints from selected 160 

medicinal plant with known bioactivity may indicate the plants with suitable active compounds 161 

(Wolfender et al., 2013). This helps identifying common/different compounds that are responsible for 162 

the biological activity. To achieve this, a metabolomics approach that aims at simultaneously measuring 163 

as many metabolites as possible in the fingerprint profiles from a representative set of plant  samples, can 164 

be applied (Alonso, Marsal and JuliÃ , 2015). In this paper, we overview and discuss the 165 

antimycobacterial activity, phytochemical analysis, and safety of Zanthoxylum leprieurii, Lantana 166 

camara, and Cryptolepis Sanguinolenta, and highlight  the importance of metabolomic fingerprinting of 167 

medicinal plants linked to activity measurements on microbes. To be able to tackle the burden of TB, 168 

new drugs that can treat MDR-TB need to be developed. Zanthoxylum leprieurii, Lantana camara, and 169 

Cryptolepis Sanguinolenta were selected because they showed activity on the rifampicin-resistant strain 170 

of M. tb (Kirimuhuzya et al., 2009, 2012; Bunalema et al., 2017) which has been reported a good indicator 171 

of MDR M. tb (Kirimuhuzya et al., 2009). Recently, the application of metabolomics to drug discovery 172 

and understanding the mechanisms of action of medicinal plants with anti-tuberculosis activity has been 173 

discussed (Tuyiringire et al., 2018). Metabolic profiling provides the potential to determine the 174 

mechanism of action of medicinal plants extracts or isolates (Halouska et al., 2012; Tuyiringire et al., 175 

2018; Sieniawska et al., 2020), as well as to determine the  active compounds from different plants with 176 

the same biological activity (Halouska et al., 2012; Kharbach et al., 2020; Sieniawska et al., 2020). As 177 

mentioned above, this review aims at overviewing and discussing the medicinal usage, antimycobacterial 178 

activity, phytochemistry and safety of Zanthoxylum leprieurii, Lantana camara and Cryptolepis 179 

Sanguinolenta as potential candidates for novel multidrug resistant tuberculosis drugs among the in 180 

Uganda commonly applied plants. Further, the application of their metabolomic fingerprinting as a tool 181 

to determine the compounds potentially responsible for the biological activity is highlighted.  182 

2. Zanthoxylum leprieurii 183 

Zanthoxylum leprieurii species (also known as Munyenye in Luganda, Figure 1) belongs to  the 184 

Zanthoxylum genus (with about 549 species) and the Rutaceae family, which are distributed worldwide 185 

(Lamorde et al., 2010). Traditional use of Zanthoxylum leprieurii in Africa includes the treatment of 186 

HIV/AIDS, malaria, urinary infections, rheumatic pain and as antiseptic (Bunalema et al., 2017). In 187 
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Uganda, it was reported to be traditionally used to treat tuberculosis and cough-related infections 188 

(Lamorde et al., 2010; Ngoumfo et al., 2010; Misra et al., 2013). Local communities pound the stem 189 

barks and add water, and drink the extract. To the best of our knowledge, only one study has been 190 

conducted to determine antimycobacterial activity (Bunalema et al., 2017). Methanolic crude extracts, 191 

fractions and active compounds of the stem bark of Z. leprieurii Guill. et Perr., collected from Mpigi 192 

District in Central Uganda (0° 13′ 38.4708″ N 32° 19′ 29.7264″ E), were tested on different strains of 193 

M.tb. They included a rifampicin-resistant strain (TMC 331/ATCC35838), an isoniazid-resistant strain 194 

(TMC 303/ATCC 35822), and a pan-sensitive strain (H37Rv). Table 1 summarizes the results. Only those 195 

for total crude methanolic extract and active compounds are presented (see (Bunalema et al., 2017) for 196 

more detailed information).  197 

The table shows that the MIC values of the active compounds are lower than that of the crude methanol 198 

extract. The lower TB inhibition exhibited by the methanolic crude extract compared to the isolate could 199 

reflect low amounts of the active molecules. After bioactivity-guided fractionation, the most active 200 

molecules were identified. This clearly shows the presence of single active molecules (Akintola et al., 201 

2013). Three acridone alkaloids were isolated:  2-hydroxy-1,3-dimethoxy-10-methyl-9-acridone (1), 1-202 

hydroxy-3-methoxy-10-methyl-9-acridone (2), and 3-hydroxy-1,5,6-trimethoxy-9-acridone (3). 203 

Compound 1 has the lowest MICs, i.e. 1.5 μg/ml, 3.5 μg/ml and 8.3 μg/ml on the pan sensitive, isoniazid-204 

resistant and rifampicin-resistant strains, respectively. The standard anti-mycobacterial drugs showed 205 

lower activity against the pan-sensitive strain (MIC = 2 μg/mL for isoniazid and MIC = 4 μg/mL for 206 

rifampin) (Bunalema et al., 2017).   Note that there were no isoniazid and rifampicin activities toward 207 

isoniazid-resistant and rifampicin- resistant strains (Bunalema et al., 2017). 208 

The results show that this compound might be developed as an alternative anti-TB drug for multidrug-209 

resistant M. tuberculosis. However, the journey to the development of new drugs is multistage, long and 210 

costly (Hughes et al., 2011; Katiyar et al., 2012). Therefore, extensive work is needed to meet the 211 

requirements of drug discovery and development (Lipinski et al., 2001; Hughes et al., 2011; Nguta et al., 212 

2015). The fact that compound 2 is less active could be explained by different positions of hydroxyl and 213 

methoxy functional groups (Yadav et al., 2013). The literature does not report other active 214 

phytochemicals from Z. leprieurii.  215 

There is no in vivo evidence on the safety of the methanolic crude extract of the roots of Z. leprieurii. 216 

However, the brine shrimp (Artemia salina) lethality bioassay of the chloroform extract of the fruits 217 

showed modest cytotoxicity with LD50 at 13.1µg/ml (Ngoumfo et al., 2010). Acridone alkaloids from 218 

Z. leprieurii showed a moderate cytotoxic effect (IC50 of 86 μM) against WRL-68 (liver cancer cell line) 219 
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(Ngoumfo et al., 2010; Wouatsa et al., 2013). Computational approaches, quantitative structure-activity 220 

relationships (SAR) and modeling studies have revealed that the acridone alkaloids inhibit the 221 

glycosyltransferase and aromatase enzymes of liver cells (Wouatsa et al., 2013). Acridone alkaloids have 222 

sufficient hydrophilic-lipophilic balance, which allows them to cross the biological membrane and reach 223 

the nucleus. They were shown to have nuclease, antiherpes, antimalarial, antileishmanial and anticancer 224 

activities (Michael, 2017). So far, only an in vitro model of antimycobacterial activity has been tested. 225 

Therefore, more in vitro as well as in vivo studies are needed to determine the efficacy of Z. leprieurii 226 

against M. tuberculosis because of the plant’s potential activity against M. tuberculosis strains. These 227 

studies should take into consideration Z. leprieurii material from different regions, ages and seasons. This 228 

is important because the metabolites may vary with soil, age and season. Besides, metabolomics 229 

principles could be applied to establish the metabolite fingerprints of this plant to further study potentially 230 

interesting compounds.  231 

3. Lantana camara 232 

Lantana camara (L. camara) (locally known as Omuhukye) (Figure 2), a plant that belongs to the 233 

Verbenaceae family was also reported to treat tuberculosis (Sharifi-Rad et al., 2017). This plant is widely 234 

distributed in the East African region. L. camara can be found in arid regions and is known to pose a 235 

threat to other biodiversities (Kirimuhuzya et al., 2009). In addition to the treatment of TB, L. camara 236 

has many other medicinal applications. L. camara was reported to have chemical compounds with 237 

antimicrobial, fungicidal, nematicidal and insecticidal activities (Ghisalberti, 2000; Kirimuhuzya et al., 238 

2009; Kalita et al., 2012). A compound, verbascoside, isolated from Lantana, has antimicrobial, 239 

immunosuppressive and antitumor activities (Kirimuhuzya et al., 2009; Pour and Sasidharan, 2011). The 240 

antimycobacterial activity and acute toxicity of L. camara leaves were investigated in (Kirimuhuzya et 241 

al., 2009; Pour and Sasidharan, 2011). From anecdotal experience, L. camara is allergenic and causes 242 

rashes when handling this plant. In the community, the leaves are chewed with salt to treat common 243 

cough in humans and cattle. To prove the antimycobacterial activity of L. camara, one study was 244 

conducted (Kirimuhuzya et al., 2009). In this in vitro study, L. camara leaves, collected in Southwestern 245 

Uganda, were extracted with methanol, chloroform, and water, and tested for antimycobacterial activity. 246 

Three M. tb strains, a wild rifampicin-sensitive 28-25271, a rifampicin-resistant TMC-331, and a pan-247 

sensitive H37Rv strain, were used. The methanolic extract showed the highest activity with MIC values 248 

of 20 μg/mL for H37Rv, and 15 μg/mL for the TMC-331 and the wild, (28-25271) strains. Rifampicin 249 

showed MIC values of 1.0 μg/mL for the H37Rv and wild strains, but was ineffective against the 250 

rifampicin-resistant TMC-331 strain. Rifampicin showed complete growth inhibition for H37Rv and the 251 
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wild strain at 1.5 μg/mL, but was unable to inhibit TMC-331 even at a concentration of 3.0 μg/mL. A 252 

clear contrast was seen with the methanolic extract of L. camara, which was active against all M. tb 253 

strains used (Kirimuhuzya et al., 2009). L. camara methanolic extract thus contains active ingredients 254 

that may be used as anti-TB drugs for MDR M. tb. The MIC values of the methanolic extract were higher, 255 

probably because of the lower amounts of the active compounds.  256 

An earlier phytochemical analysis reported that L. camara produces triterpenoids, such as camaric and 257 

rehmannic acids (Jimenez-Arellanes et al., 2003). These compounds are known to have 258 

antimycobacterial activity (Wächter et al., 2001). Other secondary metabolites from L. camara were 259 

reported (Murugesan et al., 2016), but they have not been tested for antimycobacterial activity. Those 260 

metabolites include tannins, saponins, flavonoids, cardiac glycosides and alkaloids (Sharma, Singh and 261 

Sharma, 2000; Mamta and Jyoti, 2012). All research studies were done in vitro and confirmed that L. 262 

camara contains compounds that might be further studied, and eventually used as novel drugs for M. tb, 263 

including MDR strains. In vivo studies are needed to confirm the in vitro findings. Further, mechanisms 264 

of action are to be identified to clarify the specific targets of L. camara.  265 

L. camara is among the most important medicinal plants in the world (Sharma, Singh and Sharma, 2000), 266 

but is also considered a noxious weed (De Mello et al., 2003; Maurício Pereira et al., 2003; Mello et al., 267 

2005). Nevertheless, the acute toxicity profile of the methanolic extract of L. camara showed that when 268 

pairs of mice (male and female) were given oral doses, the median lethal dose was found to be above 500 269 

mg/kg body weight. The mice experienced sedation for about 6 h at a dose of 500 mg/kg body weight, 270 

but there were no anesthetic or analgesic effects, as the sedated animals still responded to a pinch on the 271 

tail. An increased breathing rate and restlessness were also observed at doses of 100 mg/kg body weight 272 

and above. All animals showed normal activity 24 h after administration (Kirimuhuzya et al., 2009).  273 

4. Cryptolepis sanguinolenta 274 

This plant has been reported to treat tuberculosis in Uganda and other countries (Gupta et al., 2010; Arya, 275 

2011; Semenya and Maroyi, 2013; Orodho et al., 2014). Cryptolepis sanguinolenta (C. sanguinolenta 276 

known as Karondorondo in Luganda, Figure 3) belongs to the family of the Periplocaceae, synonymous 277 

with the family of the Apocynaceae (Osafo, Mensah and Yeboah, 2017). It is a slender climber up to 25 278 

ft (about 8 m) high with greenish-yellow flowers and yellow roots. It occurs in many countries in sub-279 

Saharan Africa, including Uganda (Kirimuhuzya et al., 2012; Sharifi-Rad et al., 2017). This plant is not 280 

only traditionally used to treat human tuberculosis but shows also various other medical applications and 281 

pharmaceutical activities, as reviewed in (Osafo, Mensah and Yeboah, 2017). They include  the use as 282 

an antimalarial  in West African ethnomedicine (Tona et al., 1999; Ansah and Gooderham, 2002; Ansah 283 
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and Mensah, 2013; Osafo, Mensah and Yeboah, 2017), as anticancer (Ansah and Mensah, 2013), 284 

antidiarrheal (Paulo et al., 1994), antifertility (Akhigbe and Ajayi, 2012), antimicrobial (Agboke, Attama 285 

and Momoh, 2011), antifungal  (Sawer et al., 1995; Cimanga et al., 1998), anti-diabetic (Akhigbe et al., 286 

2012), anti-inflammatory and analgesic activity (Olajide et al., 2013), and anti-amoebic medicine (Tona 287 

et al., 1998) .  288 

The antimycobacterial activity of this plant on various mycobacterial strains (the pan-sensitive H37Rv, 289 

the rifampicin-resistant TMC-331 and a wild strain of Mycobacterium avium, isolated from an Ugandan 290 

patient) was tested (Kirimuhuzya et al., 2012). Roots of C. sanguinolenta were harvested from the 291 

Kayunga District in Central Uganda at 1207 m, 01°13’N32°52’E. C. sanguinolenta total crude 292 

methanolic extract showed the highest activity against H37Rv and TM-331 with complete clearance of 293 

quadrants at 50 mg/mL. However, it was not effective against the wild strain Mycobacterium avium. The 294 

MICs were 1.17 mg/mL for H37Rv and 1.56 mg/mL for TMC-331. The values for isoniazid were 0.25 295 

and 9.38 μg/mL for H37Rv and TMC-331, respectively. The low activity can be explained by the fact 296 

that a methanolic total crude extract was used. Pure compounds might have higher activity.  C. 297 

sanguinolenta thus could be a source of compounds that might be developed into drugs to treat MDR 298 

TB, given the fact that it has activity on TMC-331, a rifampicin-resistant strain of M. tb. However, the 299 

preliminary tests applied in early discovery of new drug still need to be performed.   300 

The phytochemical analysis of C. sanguinolenta revealed the presence of different secondary metabolites. 301 

Alkaloids, tannins, and flavones were found in crude methanolic extract (Kirimuhuzya et al., 2012). A 302 

study  reported that C. sanguinolenta root bark contains flavonoids (Tona et al., 1998). The difference in 303 

reported results of secondary metabolites could be attributed to different methods used for preparing the 304 

plant extracts. Cryptolepine alkaloids have been reported as the major alkaloids with antimycobaterial 305 

activity in C. sanguinolenta. This was confirmed by (Gibbons, Fallah and Wright, 2003), using the fast-306 

growing mycobacterial species M. fortuitum. In addition to cryptolepine, several active alkaloids, 307 

including neocryptolepine, biscryptolepine, cryptolepine and isocryptolepine with antimalarial, 308 

antitrypanosomal, antifungal and antimicrobial activities were isolated from the root bark extracts of the 309 

plant (Cimanga et al., 1996, 1998; Tona et al., 1999). Further investigations are needed to determine the 310 

activity of cryptolepine against various virulent strains of M. tb.  311 

C. sanguinolenta extracts and cryptolepine alkaloids were analyzed for toxicity. Acute toxicity test on 312 

mice gave an LD50 of 759 mg/kg body weight (Kirimuhuzya et al., 2012). Using rats, a study by Ansah 313 

et al. (Ansah et al., 2009) reported an LD50 of 3000 mg/kg body weight. This difference may result from 314 

the fact that rats are probably more tolerant than mice. In addition, (Kirimuhuzya et al., 2012) used 315 
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methanolic extract, whereas in (Ansah et al., 2009), the aqueous extract was used. Consequently, C. 316 

sanguinolenta methanolic extract might contain more pharmacologically active compounds than the 317 

aqueous because less polar compounds are not readily soluble in water (Kirimuhuzya et al., 2012). C. 318 

sanguinolenta and its active compound cryptolepine, are thus potential candidates for anti-TB drug 319 

development, but need to be extensively studied further.   320 

 321 

5. Metabolomic fingerprints of medicinal plants with the same biological activity  322 

Metabolomics aims at qualitatively and quantitatively measuring and analyzing metabolites from 323 

biological samples (Idle and Gonzalez, 2007; Powers, 2009; Robertson and Reily, 2012). The systematic 324 

identification and quantitation of all metabolites in a given organism or biological sample requires  a 325 

range of analytical tools including molecular detection and bioinformatics to deal with the mountains of 326 

data collected (Kasture et al., 2012; Worley and Powers, 2012; Alonso, Marsal and JuliÃ , 2015). 327 

Scientists use metabolomics to understand systems biology, which is the complete computational analysis 328 

and modeling of an organism and its well-being (Wishart, 2007; Blow, 2008; Gomase et al., 2008; Zhang 329 

et al., 2013). Technically, nuclear magnetic resonance (NMR) and mass spectrometry (MS) are the two 330 

main technical approaches used to generate data for metabolomics (Shulaev, 2006; Lei, Huhman and 331 

Sumner, 2011; Liesenfeld et al., 2013; Alonso, Marsal and JuliÃ , 2015). However, hyphenated 332 

techniques such as chromatograchic techniques coupled to MS or NMR can also be applied (Shulaev, 333 

2006; Gomase et al., 2008). Despite the fact that metabolomics technology is highly sophisticated and 334 

sensitive, few bottlenecks exist. To date, there is no single technology available, which is able to analyze 335 

the entire metabolome of an organism. This is due to the huge diversity of chemical structures and their 336 

large differences in abundance (Kasture et al., 2012). Nevertheless, scientists have developed a number 337 

of complementary approaches to be applied for the extraction, detection, quantification, and identification 338 

of as many metabolites as possible. Another challenge in metabolomics is to extract the information from 339 

the vast amount of data produced by high-throughput analyzers and interpret it in a biological context 340 

(Kasture et al., 2012; Syggelou et al., 2012). Depending on the objective of a researcher, different 341 

approaches can be followed. These include the application of the metabolic profile in a targeted or an 342 

untargeted way. The metabolic profile analyzed in a targeted way is a quantitative analysis of a set of 343 

metabolites in a selected biochemical pathway or a specific class of compounds (Idle and Gonzalez, 2007; 344 

Kasture et al., 2012). The targeted analysis includes the determination of a very limited number of 345 

metabolites, for instance, single analytes as precursors or products of biochemical reactions or biomarkers 346 

to diagnose diseases. The metabolic fingerprint analyzed in an untargeted way concerns a global 347 
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screening approach to classify samples based on metabolite patterns or “fingerprints” that change in 348 

response to disease, environmental or genetic perturbations with the ultimate goal to identifying 349 

discriminating metabolites (biomarkers) (Mattoli et al., 2006). Therefore, the purpose of metabolite 350 

fingerprinting is not to identify each observed metabolite but to compare patterns or ‘‘fingerprints’’ of 351 

metabolites that change in a given biological system (Wolfender et al., 2013). For plant extracts, the 352 

proper choice of a fingerprinting technique depends on the characteristics of the constituents of the plant 353 

material (Mattoli et al., 2006). Fingerprinting data combined with chemometric tools have the potential 354 

to assess the complex composition of herbal extracts and essential oils. Chemometric tools, including 355 

sampling and extraction optimization, design of experiments, exploratory data analysis, data 356 

pretreatment, variable selection, regression and pattern-recognition techniques are dedicated to 357 

developing and handling plant fingerprints (Mattoli et al., 2006; Wolfender et al., 2013; Kharbach et al., 358 

2020). 359 

Recent advances in untargeted and targeted approaches applied in herbal extracts and essential oils 360 

fingerprinting were reviewed in (Kharbach et al., 2020). The application of fingerprinting may help to 361 

rapidly assess the metabolic profiles of medicinal plants with activity on target microorganisms. 362 

Metabolites that are potentially active against microorganisms might be identified (Alonso, Marsal and 363 

JuliÃ , 2015; Nguta et al., 2015; Kharbach et al., 2020). As such, any other plant from the same species 364 

with a similar metabolic fingerprint would have a similar activity against the same microorganism. As 365 

stated above, the purpose of metabolic fingerprinting is also to compare patterns of metabolites that 366 

change in a specific biological system (Wolfender et al., 2013). Thus, comparing medicinal plants with 367 

similar biological activity could answer the following questions: i) do plants from different species with 368 

the similar biological activity share common compounds? ii) Given the fact that medicinal plants show a 369 

different level of bioactivity, does this level of activity reflect the amount or type of active compounds? 370 

For instance, the application of fingerprinting to L. camara, Z. leprieurii and C. sanguinolenta may reveal 371 

the common or different active compounds that are associated with their antimycobacterial activity. The 372 

identification of interesting compounds and discrimination of samples would be done using different 373 

chemometrics methods. For instance, principal component analysis (PCA) clusters the samples with a 374 

similar metabolic profile (Zhou et al., 2012), while it may show samples outlying to given clusters. 375 

Multivariate calibration and classification methods might reveal the metabolites potentially responsible 376 

for the observed activity (Worley and Powers, 2012; Putri et al., 2013; Agin et al., 2016; Kharbach et al., 377 

2020). Classification, quantification, and identification of relevant biomarkers from the plant metabolome 378 

are challenged by the large numbers of plant metabolites with diverse physicochemical properties 379 
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(Kosmides et al., 2013; Segers et al., 2019). Therefore, the most commonly used analytical techniques 380 

reviewed in (Kosmides et al., 2013; Segers et al., 2019) cannot cover simultaneously the entire 381 

metabolome, as already highlighted before. Each analytical technique has its advantages and bottlenecks 382 

in terms of sensitivity, resolution, and reproducibility (Kosmides et al., 2013; Segers et al., 2019). There 383 

is a need to establish a standardized protocol to cover the maximum number of metabolites with reduced 384 

time and cost. Some plant metabolites that are sometimes restricted to specific and narrow species within 385 

a phylogenetic group (Wolfender et al., 2013), are involved in the natural defense against pathogens or 386 

in reproducibility of those plants. Therefore, the metabolome of the plant can be influenced by its 387 

geographical localization, age and harvesting season (Wolfender et al., 2013). Explaining how different 388 

plants from different species families share the same biological activity would be difficult to understand 389 

if we could not determine their metabolic fingerprints. Phytochemical analysis of L. camara (Sharma, 390 

Singh and Sharma, 2000; Wächter et al., 2001; Kirimuhuzya et al., 2009; Mamta and Jyoti, 2012; Nischal 391 

and Sharma, 2019), C. sanguinolenta (Pousset et al., 1995; Sawer et al., 1995; Cimanga et al., 1996, 392 

1998; Barku and Dzotsi, 2012; Ansah and Mensah, 2013; Bracca et al., 2014; Osafo, Mensah and 393 

Yeboah, 2017) and Z. leprieurii (Ladino and Suárez, 2010; Ngoumfo et al., 2010; Lawal et al., 2011; 394 

Misra et al., 2013; Bunalema et al., 2017) revealed the different nature of their metabolites. Different and 395 

specific biological activities have driven such phytochemical analysis.  However, to the best of our 396 

knowledge, there is no single study available on both the individual and simultaneous metabolic 397 

fingerprinting of those plants driven by one biological activity, such as antimycobacterial activity. The 398 

bioassay-guided metabolic fingerprinting could help to determine potentially active compounds. Labor, 399 

time, and costs associated with classical bioassay-guided fractionation and isolation of active compounds 400 

would be reduced. The general workflow and the chemometrics tools discussed in (Kharbach et al., 2020) 401 

could be considered for metabolic fingerprinting of L. camara, C. sanguinolenta and Z. leprieurii to 402 

determine compounds which are potentially responsible for their antimycobacterial activities.  403 

 404 

 405 

6. Concluding remarks and perspectives 406 

This paper discusses studies conducted on the antimycobacterial activity, phytochemical analysis and 407 

safety of Zanthoxylum leprieurii, Lantana camara and Cryptolepis Sanguinolenta. It shows also how 408 

metabolomics tools may be applied to rapidly identify potentially active metabolites in these plants. The 409 

literature study showed the potential antimycobacterial activity of crude methanolic extracts of these 410 

plants and their active compounds on different strains of M.tb, including MDR strains. Thus, they can 411 
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result in possible future antimycobacterial leads if other tests for early drug discovery as discussed in the 412 

text, are met. The three plants are promising sources of potential anti-TB drugs that might eventually 413 

eliminate MDR M.tb strains. However, extensive work is still needed. The phytochemical analysis 414 

showed the presence of different secondary metabolites and active compounds, which is a good start in 415 

the search for new druggable compounds. The toxicological data are not conclusive because only in vitro 416 

toxicity was determined. Further investigations on long-term toxicity are also needed. Compound 417 

optimization will be very important as if the compounds found might not have good structural form for 418 

making a drug, optimization will help with relevant modifications that will still maintain or improve 419 

bioactivity on M. tuberculosis strains. In addition, in vivo tests of the antimycobacterial activity in the 420 

animal model, the safety, biochemical and bioavailability properties, and the elucidation of the 421 

mechanisms of action of these compounds are required to validate the in vitro studies. Other research 422 

studies that include tests for the druggability of extracts and isolated compounds, clinical trials, 423 

determination of pharmacodynamics and pharmacokinetics of active compounds would follow as 424 

required.  425 

 426 
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Table 697 

Table1: Minimum inhibitory concentrations (MICs) in µg/mL of total methanol extracts and active 698 

molecules isolated from Zanthoxylum leprieurii against M. tuberculosis strains (Bunalema et al., 2017). 699 
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 705 
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 707 
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 710 

Captions 711 

Figure 1: Zanthoxylum leprieurii. A. Leaves, B. Stem with barks, C. Roots 712 

Figure 2. Lantana camara. A. Flowers, B. Leaves, C. Fruits 713 

Figure 3. Cryptolepis sanguinolenta. A. Leaves, B. Roots (yellow) 714 

 715 

 716 

  717 

 Pan- 

sensitive 

strain 

H37Rv 

Rifampicin- 

resistant strain 

TMC 

331/ATCC35838 

Isoniazid- 

resistant strain 

TMC 303/ATCC 

35822 

Total Methanol crude Extract 47.5  75.3 125.0 

Compound 1: 2-hydroxy-1, 3-

dimethoxy-10-methyl-9-acridone  

 

1.5 8.3 3.5 

Active compound 2: 1-hydroxy-3- 

methoxy-10-methyl-9-acridone 

 

˃ 6.25 ˃ 6.25 ˃ 6.25 

Active compound 3: 3-hydroxy-1, 5, 

6-trimethoxy-9-acridone 

5.1 4.5 3.9 
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