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Abstract
Zanthoxylum species are credited with various uses in ethnomedicine due to their rich metabolite composition. In Kenya, 
these include management of cancer and microbial related ailments. However, there are limited reports showing how the 
bioactivity of Kenyan Zanthoxylum species is linked to their phytochemical profiles. This study therefore aimed at exam-
ining the chemical variation among five Zanthoxylum species found in Kenya (Z. chalybeum, Z. gilletii, Z. holtzianum, Z. 
paracanthum and Z. usambarense) using metabolomics approaches and the anti-oxidant and antimicrobial activities of these 
species. In a Folin–Ciocalteu test, the phenolic content of the stem bark extracts of these species were 73.083–145.272 mg 
TAE/g, while the alkaloids (in bromothymol blue chromogenic test) and flavonoids (in aluminium chloride test) were found 
to be 152.39–207.19 mg ME/g, and 109.416–186.413 mg CE/g, respectively. These extracts also exerted strong antioxidant 
activities in the 2,2-iphenyl-1-picrylhydrazyl (DPPH) and ferric ion reducing antioxidant power assays. In a broth dilution 
assay, the extract of the stem bark of Z. holtzianum ability showed the highest antimicrobial activity, followed by Z. cha-
lybeum stem bark extract. The activities were positively correlated to both flavonoids and alkaloids concentrations, while 
the concentration of phenolics had weak negative correlation to antimicrobial activities. A chemometric analysis of the 
liquid-chromatography mass spectrometry  profiles led to grouping of the species into three clusters. This study illustrates 
the variation in the bioactivity of Zanthoxylum species based on metabolite composition and justifies the wide usage of 
Zanthoxylum species in Kenyan traditional medicinal practices.
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Introduction

Secondary metabolites are known to affect  biological sys-
tems by exhibiting major properties such as antiviral, anti-
microbial, antifungal, antimalarial, analgesic, antiarrhyth-
mic, antihypertensive, psychoactive, and tumor inhibition 
(Acamovic and Brooker 2005). Secondary plant metabolites 
profiles and their associated concentrations vary enormously 
between plant species of the same genus (Neugart et al. 
2018). Among other factors known to influence this varia-
tion, genetic related factors are the most recognized to affect 
this the most. Significant correlation between phylogenetic 
difference and chemical diversity is known to exist and the 
biological activity in medicinally important plants has been 
reported to be reliant on both of these aspects (Rønsted et al. 
2012). The relationship of genetic and chemical diversity 
within plant taxa can thus be used as a guide to point to those 
taxonomic groups that hold the greatest pharmacological 
potential (Lautie et al. 2020).

The genus Zanthoxylum Linn belongs to the family Ruta-
ceae and is a large genus with approximately 250 species of 
aromatic prickly trees or shrubs distributed in warm temper-
ate and subtropical regions globally. In Kenya, this genus 
is represented by seven species, five of which are distrib-
uted in various agroecological zones while two species are 
known to be rare. Data on phylogenetic analysis conducted 
on pantropical Zanthoxylum species did not capture major-
ity of the Kenyan species (Appelhans et al. 2018). However, 

chemotaxonomy and classical taxonomy (Beentje et  al. 
1994; Kaigongi and Lukhoba 2021) delineated these spe-
cies to three clades. Alkaloids, flavonoids, lignans, amides, 
sterols, and coumarins are commonly reported phytochem-
icals that are recognized to be predominant in this genus 
(Adesina 2005; Patiño et al. 2012; Tian et al. 2017; Kaigongi 
et al. 2020b). The ethnobotanical uses of this genus in Kenya 
suggest that its members possess antimicrobial and antioxi-
dant properties. For example, a Zanthoxylum chalybeum leaf 
decoction is used to treat oedema in kwashiorkor and snake 
bites, whereas a root decoction is drunk for the treatment of 
chest pain and pneumonia. Decoctions made from bark of 
Z. chalybeum are drunk for the treatment of malaria, colds, 
coughs, dizziness, whilst the bark is also chewed for tooth-
ache (Kokwaro 2009; Kaigongi and Musila 2015). For Z. 
gilletii, the bark is chewed and the juice swallowed for the 
treatment of stomach ache (Kokwaro 2009) with decoction 
of young leaves being used to ease coughs (Nyunja et al. 
2009). The young twigs of Z. usambarense, on the other 
hand, are used as chew sticks for dental hygiene while stem 
and root bark decoctions are commonly taken by the Maasai 
people as a cough mixture and to treat pneumonia (Maundu 
et al. 2001). The stem and root extracts of Z. paracanthum 
are used in the management of microbial and tumour related 
diseases (Kaigongi et al. 2020b). Despite the wide use of the 
genus Zanthoxylum in the Kenyan traditional medicine, only 
a few reports exist on phytochemical profiling and evaluation 
of antimicrobial and antioxidant activities of this group of 
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plants (Buyinza 2012; Gaya et al. 2013; Kaigongi 2014a, b, 
2020b; Okagu et al. 2021).

Metabolomics is an emerging field of science that aims 
at analysing potentially large numbers of complex second-
ary metabolite profiles, while permitting at the same time, 
the investigation of discrete metabolomic features across 
many profiles (Bino et al. 2004). Metabolomics approaches 
have been broadly applied in many fields for example; phy-
topharmaceutical manufacturing, medicinal plants quality 
control, toxicological survey, nutritional biochemistry and 
characterization of bioactive compounds in drug discovery 
(Yuliana et al. 2011, 2013; Cox et al. 2014; Chagas-Paula 
et al. 2015). Using a liquid chromatography-mass spectrom-
etry (LC-MS) approach, we thus applied metabolomics to 
establish the relationship between chemical variation among 
five Zanthoxylum species in Kenya (Z. chalybeum, Z. gilletii, 
Z. holtzianum, Z. paracanthum and Z. usambarense) with 
antimicrobial and anti-oxidant activities. All other antimi-
crobial studies of Kenyan Zanthoxylum focused on single 
species (Buyinza 2012; Gaya et al. 2013; Özkan et al. 2013; 
Kaigongi et al. 2014b, 2020b) thus creating a need to deter-
mine the best Zanthoxylum species in terms of antimicrobial 
activity. By using a genus-wide exploration of the different 
species in Kenya, we could thus determine whether species 
that are closely related in the current accepted phylogenetic 
framework, also show similar chemotaxonomic related-
ness, that is aligned with their bioactivities studied here-in. 
This paper consequently adds further scientific evidence to 
endorse the popularity of this medicinal plant genus as an 
antimicrobial agent and directly correlates both anti-oxidant 
and antimicrobial bioactivities to interspecies-based chemi-
cal variation.

Materials and methods

Collection of plant materials

The stem bark of five Zanthoxylum investigated in this 
study (Table 1), was identified by Magrate Kaigongi (a 
botanist at Kenya Forestry Research Institute) and their 
voucher specimens deposited at the University of Nairobi 
Herbarium. Stem barks from three different individuals 
of each of the five species of approximately similar age 

were collected in April 2018 from four regions in Kenya 
(Fig. 1). The different species were collected from various 
localities because all species are known to occur natu-
rally in different localities, except for Z. holtzianum and 
Z. paracanthum which occur together in the Kenyan coast. 
However, different parts of Zanthoxylum species contain 
effective compounds worthy investigating, for example the 
essential oils in leaves. We used stem barks in this study 
because they are the predominantly used Zanthoxylum 
part in Kenyan traditional medicine (Matu and Van Staden 
2003; Kokwaro 2009; Kaigongi and Musila 2015; Odongo 
et al. 2017; Kaigongi et al. 2020b). The plant materials 
were washed, chopped into small pieces (≌ 2 cm), dried 
in the shade at room temperature and then finely ground 
in an aseptic manner.

Materials, reagents and equipment

Quercetin, and catechin standards, Folin Ciocalteu’s phe-
nol reagent, tannic acid, sodium nitrite (NaNO2) analyti-
cal reagent, sodium carbonate (Na2CO3) powder, sodium 
hydroxide (NaOH) pellets, aluminium chloride hexahydrate, 
bromothymol blue chromogenic agent, chloroform omacilin, 
fluconazole, methanol, dichloromethane, dimethyl sulfoxide 
(DMSO), ascorbic acid standard, ferrous sulphate, ferrozine, 
trolox and 2,2-diphenyl-1-picrylhydrazyl (DPPH), dichlo-
romethane (DCM) and methanol (MeOH) were obtained 
from Sigma Aldrich Co. (St Louis, MO, USA). Stigmasterol, 
acetonyldihydrochelerythrine, sesamin, arnottianamide, 
methoxycanthin-6-one, oxochelerythrine, and canthin-6-one 
standards were isolated and purified from Z. paracanthum 
reported by Kaigongi et al. (2020b). A Büchi Rotavapor 
R-200 rotary evaporator (Büchi Labortechnik, Flawil) was 
used to evaporate extracting solvents from plant extracts. 
A Waters Synapt G2 quadrupole time-of-flight mass spec-
trometer (Milford, MA, USA) linked to a Waters Acquity 
UPLC was used to perform liquid chromatography- mass 
spectroscopy (LC–MS) analysis. For all spectrophotometric 
analyses, a Helios Omega UV-spectrophotometer (Thermo 
Scientific technologies, Madison, USA) was used to read 
the absorbance in the determination of antioxidant activ-
ity. MassLynx™ version 4.1 software (Waters Corporation, 
Boston) was used to acquire and process metabolite spectra.

Table 1   Geographic locations 
of Zanthoxylum spp in Kenya

No Species Specific localition GPS (S) GPS (E) Voucher no.

1 Z. chalybeum Ruungu, Tharaka-Nithi 0° 07′ 16.8″ S 37° 51′ 36.1″ E MK11/2018
2 Z. gilletii Muguga, Kiambu 1° 11′ 49.9″ S 36° 37′ 00.2″ E MK12/2018
3 Z. holtzianum Mrima Hills, Kwale 4° 29′ 01.6″ S 39° 15′ 30.8″ E MK13/2018
4 Z. paracanthum Mrima Hills, Kwale 4° 29′ 01.6″ S 39° 15′ 30.8″ E MK14/2018
5 Z. usambarense Kakamega forest 0o 16′ 48.4″ N 34° 51′ 45.1″ E MK15/2018
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Samples extraction

Fifty grams of each ground material were separately 
exhaustively and sequentially extracted with CH2Cl2/
CH3OH (1:1). The resultant extracts were filtered through 
Whatman filter paper 41 to remove debris. The filtrates 
were dried in vacuo using a rotary evaporator at 50 °C.

Determination of total phenolic content (TPC)

The total phenolic content was determined according to 
the Folin–Ciocalteu method described by Zonyane et al. 
(2020) with modifications. Each extract from the stem bark 
of five Zanthoxylum species was dissolved in 10% DMSO 
to give a concentration 0.5 mg/ml. An aliquot of the plant 
extract, 0.5 ml, was mixed with 4 ml of deionized water 
and 1 ml of Folin–Ciocalteu reagent. After 5 min, 3 ml 
of 10% (v/v) sodium carbonate was added to the previ-
ous mixture and filled to 10 ml with deionized water. The 
absorbances of the reaction products were measured using 
a spectrophotometer at 765 nm after 2 h of incubation at 
30 °C. The total phenolic contents of the extracts were 

expressed as milligrams of tannic acid equivalents (TAE) 
per gram of extract from a calibration curve of tannic acid 
(0.01–0.06 mg/mL diluted in 50% methanol; A = 0.017 
c (tannic acid)—0.3873, R2 = 0.9986). Each extract was 
determined in triplicate.

Determination of total alkaloids content (TAC)

An aliquot, 1 ml of 0.5 mg/ml of each of the five Zanthoxy-
lum species extracts dissolved in 10% DMSO was mixed 
with 10 ml of a solution made from 50% bromothymol blue 
chromogenic agent (pH 7.0) and 50% chloroform (v/v) and 
vortexed for 2 min. The mixture was transferred into a sepa-
rating funnel and left to sit for 2 h. The chloroform layer 
at the bottom of the funnel was collected, of which 4 ml 
was removed and 0.2 mg of anhydrous sodium sulphate was 
added to the removed portion and shaken to dehydrate the 
solution. After sitting for 10 min, the absorbance was meas-
ured at 414 nm using a spectrophotometer. The total alkaloid 
concentration (TAC) of the extract was calculated using a 
standard curve of matrine (0.01–0.06 mg/mL) and expressed 
as milligrams of matrine equivalents (ME) per gram of dry 

Fig. 1   Satellite map of Kenya 
showing google pins for collec-
tion sites for the five Zanthoxy-
lum species. Z. usambarense 
(purple coloured), Z. chalybeum 
(red coloured), Z. gilletii (green 
coloured), Z. holtzianum (cyan 
coloured) and Z. paracanthum 
blue coloured pin
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weight of extract (mg ME/g extract) (Gan et al. 2017). Each 
extract was determined in triplicate.

Determination of total flavonoid content (TFC)

The aluminium chloride colorimetric method was used to 
measure the total flavonoid content (TFC) in the extracts 
(Zonyane et  al. 2020). An aliquot of 0.5  ml dispensed 
from 0.5 mg/ml of each of the five Zanthoxylum species 
was mixed with 1.25 ml of distilled water and 0.75 ml of 
5% sodium nitrite. After 5 min, 0.15 ml of 10% aluminium 
chloride was added, and 0.5 ml of 1 M sodium hydroxide 
solution 6 min later. The solution was then adjusted with dis-
tilled water to a final volume of 3 ml, mixed thoroughly and 
incubated for 60 min at room temperature. The absorbance 
was determined using a spectrophotometer at 510 nm wave-
length. The total flavonoid content of the extract was calcu-
lated using a standard curve of catechin (0.01–0.06 mg/mL 
diluted in 50% methanol; A = 0.0047 (catechin) + 0.7495, 
R2 = 0.9999) and expressed as milligrams of catechin equiv-
alents (CE) per gram of dry weight of extract (mg CE/g 
extract). All the extracts were tested in triplicate.

Antioxidant activity

The antioxidant activity was determined through radical 
scavenging potential and ferric reducing power ability using 
the DPPH and FRAP assays, respectively (Zonyane et al. 
2020).

Radical‑scavenging ability

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was used 
to determine the radical-scavenging ability of each extract. 
The DPPH assay was carried out in triplicates using CH3OH: 
CH2Cl2 extracts of different concentrations (10, 100 and 
1000 μg/ml) as described by Yuliana et al. (2011) except that 
the dilutions were done using 10% DMSO. Ascorbic acid 
in similar concentrations was used as the positive control. 
A blank containing 10% DMSO instead of the test sample 
or ascorbic acid was used as the negative control. The free 
radical scavenging activity (RSA), determined by the decol-
ouration of the DPPH solution, was calculated according to 
the formula:

where Atest is the absorbance of the reaction mixture contain-
ing the positive control or extract, and Ablank is the absorb-
ance of the blank test.

The antioxidant capacity of the extracts was expressed as 
IC50 values and compared to ascorbic acid.

(1)RSA(%) =
[

1 −
(

A
test

∕A
blank

)

× 100
]

Reducing power ability

The reducing power of extracts from the five species of 
Zanthoxylum was carried out using the ferric ion reduc-
ing antioxidant power (FRAP) assay. The FRAP solution 
was prepared using 5 ml of 300 mM acetate buffer, 0.5 ml 
of 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) and 0.5 ml 
of 20 mM ferric chloride. An aliquot, 2.8 ml of FRAP 
solution, was added to 0.2 ml of CH3OH: CH2Cl2 extracts 
at different concentrations (10, 100 or 1000 μg/ml). Fol-
lowing the same procedure, a blank test containing 10% 
of DMSO instead of extract was included, while trolox at 
10 μg/ml served as the positive control under the same 
condition. The reaction mixtures were incubated in the 
dark for 30 min. The reduction of the Fe3+-TPTZ complex 
to a coloured Fe2+-TPTZ complex by the extract was moni-
tored by measuring the absorbance at 593 nm wavelength 
in 15 s intervals over the course of 30 min at 37 °C using a 
Helios Omega UV-spectrophotometer (Thermo Scientific 
technologies, Madison, USA). The changes in absorbance 
values of test reaction mixtures from the blank test read-
ing were considered as FRAP activity and then expressed 
as mM Trolox equivalent per gram of extract (mM TE/g 
extract) (Fawole et al. 2012).

Antimicrobial activity

Minimal inhibition concentration (MIC)

The fungal suspension was standardized according to the 
Clinical and Laboratory Standards Institute (Wayne 2002). 
The fungi were grown in Sabouraud agar for 72 h and 
standardized with sterile saline to a turbidity equivalent  
based on the 0.5 McFarland scale (≌ 106 CFU/ml). Bacte-
ria were grown and standardized according to the protocol 
of the Wikler (2006). This was done by growing them in 
Mueller–Hinton agar for 24 h followed by standardizing 
them with sterile saline to a turbidity equivalent of the 0.5 
McFarland scale (≌ 105 CFU/ml) before they were stored 
at 4 °C.

A broth dilution method was used to determine 
the minimal inhibition concentration according to the 
method reported by Kaigongi et al. (2020b) against the 
six microbes all obtained from the Centre for Microbiol-
ogy Research (CMR) and the Kenya Medical Research 
Institute (KEMRI). The microbes were: Escherichia coli 
(ATCC 25,922), Staphylococcus aureus (ATCC 29,213), 
Bacillus cereus (ATCC 11,778), un-typed isolate of methi-
cillin resistant Staphylococcus aureus (MRSA), Candida 
albicans (ATCC 10,231) and Aspergillus flavus (ATCC 
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26,914). The plant extracts were serially diluted 2-fold 
from 1000 to 0.011 g/ml in 96 microwell plates. Omacilin 
and fluconazole, which were both bought from Sigma-
Aldrich (USA), were used as positive controls for the 
bacteria and fungi respectively. The lowest dilution with 
undetectable bacterial growth was recorded as the MIC. 
A lack of growth of the microorganisms was validated by 
the absence of turbidity after inoculating into agar. This 
was then followed by incubations for 24 and 72 h, for bac-
teria and fungi to grow, respectively (Valgas et al. 2007). 
Samples were tested in triplicate for every concentration.

Metabolite profiling

Sample preparation for metabolite profiling

Fifty mg of the sample was extracted with 2 ml methanol 
with vortexing and sonication for 30 min. Thereafter, sam-
ples were left for 16 h in the solvent at room temperature. To 
remove cell debris, samples were filtered and diluted 10-fold 
before LC–MS analysis. Extractions were performed in trip-
licate for statistical processing and all samples were rand-
omized to eliminate changes in the instrument conditions 
over time. Standards (quercetin, catechin, stigmasterol, ace-
tonyldihydrochelerythrine, sesamin, arnottianamide, meth-
oxycanthin-6-one, oxochelerythrine, and canthin-6-one) 
were analytically weighed out and dissolved in dimethyl 
sulfoxide (DMSO) and diluted in methanol to a calibration 
series of 10, 20, 50, 100, 200 mg/L (Albrecht et al. 2012; 
Kaigongi et al. 2020a).

Liquid chromatography mass spectrometry (LC–MS) 
analysis

The LC–MS analysis was conducted as described by Albre-
cht et al. (2012). Briefly, a Waters Synapt G2 Quadrupole 
time-of-flight (QTOF) mass spectrometer (MS) connected 
to a Waters Acquity ultra-performance liquid chromatograph 
(UPLC) (Waters, Milford, MA, USA) was used for high-
resolution UPLC-MS analysis. Electrospray ionization was 
used in positive and negative modes with a cone voltage of 
15 V, desolvation temperature of 275 °C, desolvation gas at 
650 L/h, and the rest of the MS settings optimized for best 
resolution and sensitivity. Data were acquired by scanning 
from m/z 150 to 1500 m/z in the mass spectroscopy engine 
(MSE), allowing two channels of MS data to be acquired: f1 
at a low collision energy (4 V) and f2 using a ramped a col-
lision energy (20–60 V) to simultaneously obtain fragmen-
tation data. Separation was achieved on a Waters ethylene 
bridged hybrid (BEH) C18, 2.1 × 100 mm, 1.7 μm column 
held at 55 °C. An injection volume of 2 μL was used and the 
mobile phase consisted of 0.1% formic acid (solvent A) and 

acetonitrile containing 0.1% formic acid as solvent B. The 
gradient started at 100% solvent A for 0.5 min, followed by a 
linear gradient to 22% acetonitrile (solvent B) over 2.5 min, 
44% solvent B over 4 min and finally to 100% solvent B over 
5 min. The column was subjected to a 100% solvent B wash 
for an additional 2 min and then re-equilibrated over 1 min to 
yield a total run time of 15 min. A flow rate of 0.4 ml min −1 
was utilized. Data was acquired and processed using Mass-
lynx 4.1 (Waters, Milford, USA). Three technical replicates 
were analysed for each sample.

Data analysis

Using GraphPad Prism (version 8.4.6), antioxidant data was 
analysed through one-way analysis of variance (ANOVA) 
followed by a post hoc test using the Dunnett Test to deter-
mine presence of any significant difference between the 
activities of the samples with that of the positive controls 
(Musila et al. 2017). In all cases, the data was analysed for 
normality using the Shapiro–Wilk Test before application 
of the ANOVA. For antimicrobial data, the minimal inhibi-
tion concentrations were noted for each extract against the 
targeted microbe. These data were then used to obtain Pear-
son’s correlation values and a matrix generated using the 
same software reported by Zonyane et al. (2020).

Waters *.raw data was converted to *.abf format using 
Reifycs Abf Converter and then processed using MSDial 
v4.6 to generate a matrix of retention time, m/z and peak 
height intensity data. Peak alignments were exported to 
MSFinder 3.5 to facilitate compound annotation by com-
parison of MS2 spectra with those generated by in-silico 
fragmentation against a host of in-built database libraries. 
Tentative compound names and peak height intensities’ were 
then uploaded to MetaboAnalyst for multivariate analysis. 
Targetlynx was used to quantify metabolites against a cock-
tail of compounds purified from the plants (10–200 mg/L) 
(Kaigongi et al. 2020a).

Identification of metabolites

Data were processed using MSDIAL and MSFINDER 
(RIKEN Center for Sustainable Resource Science: Metabo-
lome Informatics Research Team, Kanagawa, Japan). For-
mula prediction was performed by MSFinder using a mass 
tolerance of 10 ppm for both MS1 and MS2 data. Various 
databases were selected within MSFinder, namely HMDB, 
YMDB, PlantCyc, ChEBI, STOFF, NPA, NANPDB, COCO-
NUT, KNApSAcK, Pubchem and UNPD. A total score of 
greater than 5 was used as the cut-off threshold. Fragmenta-
tion spectra were also manually confirmed using MassLynx 
with upload to Metfrag and MoNA in certain instances. In 
certain cases, where standards were available, the MSE frag-
mentation patterns of these standard compounds provided 
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further validation of the tentative identifications (Kaigongi 
et al. 2020a).

Results and discussion

Phytochemical concentrations

The concentrations of the three phytochemicals evaluated 
(phenolics, alkaloids and flavonoids) differed significantly 
in the stem bark of five Zanthoxylum species (Fig. 2).

Production of phytochemicals in both qualitative and 
quantitative profiles is significantly influenced by different 
agronomic conditions (developmental stage, plants organs, 
fertilization and soil pH), climatic factors such as light inten-
sity and water availability as well as genetics (Björkman 
et al. 2011; Vázquez-León et al. 2017) In this study, all the 
five species recorded high concentration of alkaloids fol-
lowed by flavonoids while phenolics were least abundant in 
the test species, except in Z. gilletii. Z. holtizianum, a species 
growing along the Kenyan coast had the highest concentra-
tions of alkaloids (207.19 mg ME/g extract) and flavonoids 
(186.41 107 mg CE/g extract). This was followed closely by 
Z. chalybeum, a cosmopolitan species in Kenya mainly in the 
drylands. The average total concentration of phenolics in the 
evaluated species was 68.023–145.272 mg TAE/g extract 
where Z. holtzianum recorded the highest concentration fol-
lowed by Z. gilletii (134.16 mg TAE/g extract) a species 

growing in the highlands of Kenya. The high concentration 
of alkaloids in the genus Zanthoxylum has been reported 
elsewhere (Patiño et al. 2012) For example, a report by Mar-
quez et al. (2005) showed that alkaloids are the most impor-
tant class of compounds for this genus as they are found in 
almost all species with high concentrations in stem and root 
barks. A study conducted on Ugandan Z. chalybeum (within 
East African region)  reported high content of phenolics than 
that of alkaloids in both the leaf and stem bark extracts that 
were extracted using methanol (Nantongo et al. 2018).

Antioxidant activity

Antioxidants operate through several mechanisms of action, 
including inhibition of free radical generation, enhancement 
of scavenging capacity against free radicals, and reducing 
power; thus, no single assay can accurately reflect all of the 
antioxidants in a mixed or complex system. It is therefore 
necessary to use at least two different methods to evalu-
ate the antioxidant capacities of products (Gan et al. 2017). 
Here, DPPH for radical scavenging activity and FRAP for 
reducing power were used. The two were chosen based on 
their convenience, sensitivity, rapid, reproducibility, sam-
ple-polarity independent and ability to provide preliminary 
information for lead-finding of novel antioxidants (Koleva 
et al. 2002). The DPPH assay is based on hydrogen donating 
ability of the plant extract by reducing DPPH to DPPH-H 

Fig. 2   Metabolites concentrations in the five Kenyan Zanthoxy-
lum species. Blue bars represent total alkaloid concentration (mg 
ME/g extract) total flavonoid concentration (mg CE/g extract) and 
total phenolic concentration (mg TAE/g extract) are represented by 
pink and green coloured bars, respectively. Values are expressed as 

Mean ± Standard error of mean (SEM), species with different letters 
(a–e) above bars of similar colour denote statistically significant dif-
ferences in metabolite concentration while those with similar letters 
indicate insignificant differences (p < 0.05)
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indicated by the bleaching of a purple-coloured DPPH solu-
tion (Nunes et al. 2012). The FRAP assay measures the abil-
ity of an antioxidant to reduce ferric(III) to ferrous(II) in 
a redox-linked colourimetric reaction that involves single 
electron transfer (Benzie and Strain 1996).

In this study, some degree of antioxidant activity was 
observed in all the evaluated extracts, with a direct relation-
ship between antioxidant activity and concentration of plants 
extracts. Although all plants do show antioxidant activity 
as phenolics occur ubiquitously in nature in plants, there is 
still value in considering those plants with high antioxidant 
power as they can be explored further as high antioxidant 
capacity is often implicated in other pharmacological activi-
ties such as anticancer action (Zonyane et al. 2020). All the 
Zanthoxylum species indicated a dose-dependent trend for 
antioxidant activity of the tested extracts. The RSA val-
ues were significantly higher in Z. holtizianum (93.72%), 
Z. chalybeum (90.70%), Z. usambarense (86.59%) and Z. 
paracanthum (82.73) (p < 0.05), while the lowest activity 
was exhibited by Z. gilletii (81.77%) (Table 2). The RSA 
of ascorbic acid (70.64%), used in this study as a positive 
control, was lower than all the plant extracts at 1000 μg/ml.

As shown in Fig. 3, the antioxidant capacities of the five 
Zanthoxylum species varied with the concentration of the 
sample that can scavenge 50% of DPPH free radical (IC50) 
for DPPH radical scavenging activity ranging from 5.1 to 
14.92 μg/ml. The Ferric ion reducing antioxidant power 
results from the FRAP assay indicated average activity of 
9.13–17.20 mM TE/g extract. In all the two antioxidant 
assays, DPPH and FRAP the highest antioxidant activity 
among the species was found in Z. holtzianum and Z cha-
lybeum. Furthermore, Z. holtzianum had the highest antioxi-
dant activity of all while Z. gilletii had the lowest activity. 
Results from both DPPH and FRAP assays in this study were 
consistent with each other and therefore able to conclusively 

show species that were more potent in their bioactivities. 
Secondary metabolites are often similar within members of 
a clade which translates to likeness in their bioactive prop-
erties (Wink 2015). Although little information exists on 
molecular phylogeny of the Kenyan Zanthoxylum species, 
morphological phylogenetics showed that Z. chalybeum 
and Z. holtzianum belonged to one phenetic group while Z. 
usambarense, Z. gilletii and Z. paracanthum belonged to a 
different group (Beentje et al. 1994; Kaigongi and Lukhoba 
2021). The antioxidant activity in this study therefore cor-
relates to species that occur in a similar phenetic group.

Antimicrobial activity of the genus Zanthoxylum

Zanthoxylum species are popularly known to treat microbial 
related ailments in the Kenyan traditional medicine (Kokwaro 
2009). There has, however, been no consistency and congru-
ency in recorded data on antimicrobial activity of members of 
this genus in Kenya as most studies are conducted on single 
species. This triggered the interest to evaluate the possibility 
of variation in antimicrobial activity of extracts from different 
Zanthoxylum species in Kenya. Normally, quantitative deter-
mination through minimal inhibition concentration (MIC) 
is recommended for proper evaluation of the antimicrobial 
activity of a plant extract (Compean and Ynalvez 2014). In 
the present study, MIC values (Table 3) for all the extracts 
were in the range 0.97–1000 µg/ml indicating the antimicro-
bial potential of five Zanthoxylum species. It is worth noting 
that MIC values are indirectly proportional to antimicrobial 
potential of an extract and thus high MIC values indicate less 
activity and vice versa (Manandhar et al. 2019).

All the five Zanthoxylum species evaluated for antimicro-
bial activity showed different minimal inhibition concen-
trations against different microbes. Overall, Z. holtzianum 
recorded the best results in the inhibition of all the selected 
microbes followed by Z. chalybeum, Z. usambarense, Z. 
paracanthum while Z. gilletii recorded the least activity.

There was a consistent trend in the MIC values of the dif-
ferent species against the six microbes evaluated. For exam-
ple, very high MIC values were required to curb the growth 
of MRSA followed by C. albicans and E. coli. Inhibition of 
S. aureus resulted in low MIC values followed by B. cereus 
and finally A. flavus. While this is the first report on the anti-
microbial activity of stem bark extracts of Z. paracanthum 
and Z. holtzianum, this study corroborates with literature 
reports (He et al. 2002; Matu and Van Staden 2003) on the 
broad spectrum antimicrobial activity of the root and stem 
bark extracts of Z. usambarense. This report concurs with 
findings from Gaya et al. (2013) and Kaigongi et al. (2014b) 
on the antimicrobial activity of Z. gilletii and Z. chalybeum 
respectively. The high antimicrobial activity in both Z. 
holtzianum and Z. chalybeum could be attributed to their 

Table 2   Radical scavenging activity of dichloromethane/methanol 
(1:1) extracts of the stem bark of five Zanthoxylum species found in 
Kenya. The activity is generated from DPPH assay

DPPH-1, 1-diphenyl-2-picrylhydrazyl assay, values are expressed as 
Mean ± SEM
Values in the same column followed by different superscript (a–e) 
show that they are significantly different while those with similar 
superscript are not significantly different (p < 0.05)

Species 1000 μg/ml 100 μg/ml 10 μg/ml

Z. chalybeum 90.70 ± 1.34d 76.17 ± 0.39c 50.15 ± 1.69b

Z. gilletii 81.77 ± 0.67b 65.54 ± 1.09b 47.94 ± 1.78b

Z. holtzianum 93.72 ± 0.17e 73.38 ± 1.34c 55.47 ± 1.67c

Z. paracanthum 82.73 ± 1.27b 65.82 ± 1.77b 50.92 ± 0.73b

Z. usambarense 86.59 ± 0.90c 75.56 ± 1.58d 50.85 ± 1.27b

Ascorbic acid 70.64 ± 1.49a 60.23 ± 0.78a 25.78 ± 0.35a



937A versatile untargeted metabolomics‑driven technology for rapid phytochemical profiling…

1 3

Fig. 3   Antioxidant activity of dichloromethane/methanol extracts of 
five Zanthoxylum species in Kenya. A shows the average IC50 val-
ues generated from DPPH-1,1-diphenyl-2-picrylhydrazyl assay, B 
FRAP- Ferric ion reducing antioxidant power. Values for each assay 

are expressed as Mean ± Standard error of mean (SEM), Species with 
different letters (a–e) above average bars in the same graph are sig-
nificantly different while those with similar letters are insignificantly 
different (p < 0.05)

Table 3   MIC values (µg/
ml) for the positive controls 
and extracts of different 
Zanthoxylum species against the 
selected microbes

Values are expressed as mean, values in the same column followed by different superscript (a–e) show that 
they are significantly different while those with similar superscript are not significantly different (p < 0.05)

Antimicrobial activity

Microbial names

Species names C. albicans A. flavus MRSA S. aureus E.coli B. cereus

Z. chalybeum 7.81c 3.91c 31.25b 1.95c 7.81c 3.91c

Z. gilletii 500e 125f 1000c 7.81e 125e 62.25e

Z. holtzianum 3.91b 1.95b 15.63a 0.97b 3.91b 1.95b

Z. paracanthum 15.63d 15.63e 31.25b 7.81e 15.63d 7.81d

Z. usambarense 15.63d 7.81d 15.63a 3.91d 7.81c 7.81d

Omacilin 15.63a 0.24a 0.97a 0.49a

Fluconazole 0.97a 0.49a
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phylogeny as the two belong to a common clade (Beentje 
et al. 1994; Kaigongi and Lukhoba 2021).

Correlation of phytochemical content, antimicrobial 
and antioxidant activities

Studies relating antioxidant and antimicrobial activities to 
alkaloids and flavonoids have been reported (Karou et al. 
2005; Kumar et al. 2008; Adamczak et al. 2020). There was 
a consistent trend connecting the antioxidant and antimi-
crobial activities of the tested specimens. Z. holtzianum 
and Z. chalybeum were superior in terms of the two bio-
activities while Z. gilletii was less effective. A Pearson’s 
correlation matrix (Fig. 4) was used to reveal the correla-
tion of the phytochemical content, antioxidant and anti-
microbial activities at p = 0.05. The degree of antioxidant 
activity depends mainly on the ability of compounds pro-
viding protons to neutralize free radicals at the initial stage 
of oxidation or terminating the radical chain reaction (Wu 
et al. 2013). The correlation between phytochemicals and 
antioxidant activity was strongly positive for alkaloids and 
flavonoids recording r values as 0.913 (p = 0.031) and 0.861 
(p = 0.043), respectively against FRAP and 0.717 (p = 0.049) 
and 0.909 (p = 0.033) correspondingly against percent-
age DPPH. A weak/negative correlation was recorded for 
phenolics and antioxidant activity with r values of 0.286 
(p = 0.641) and − 0.230 (p = 0.71) against percentage DPPH 
and FRAP respectively. Additionally, phenolics were nega-
tively correlated to antimicrobial activity (r =  − 0.008, 
p = 0.990) while alkaloids and flavonoids recorded a strong 

correlation (r = 0.806, p = 0.047) for alkaloids and r = 0.855 
and p = 0.045 for flavonoids. The correlation for antimicro-
bial and antioxidant was positively recorded as r = 0.775 
and p = 0.048 for FRAP and r = 0.938 and p = 0.019 for per-
centage DPPH. A significant correlation was considered at 
p ≤ 0.05. This implies that flavonoids and alkaloids signifi-
cantly influenced the bioactivities of the tested extracts. A 
correlation of antimicrobial and antioxidant activities to the 
chemical content of the Zanthoxylum species in this study 
showed that the higher the alkaloids and flavonoids content, 
present in the different species, the lower the MIC, IC50 and 
DPPH values and thus the higher the antimicrobial activity. 
This study is consistent with research findings by Gan et al. 
(2017) who observed negative correlation between the total 
alkaloids with the antioxidant IC50 values in Maca plants. 
On the other hand, Farasat et al. (2014) and Kimondo et al. 
(2019) showed that flavonoid content caused low IC50 val-
ues, and hence the higher the antioxidant activity per gram 
of extract.

Flavonoids have been shown to be highly effective scav-
engers of the most oxidizing molecules implicated in several 
diseases (Nithya et al. 2016). Reports on antioxidant activity 
of flavonoids indicate their ability on free radical scavenging 
activity, chelation of transition metals, quenching of sin-
glet oxygen, and inhibition of enzymes (Cos et al. 2000). 
According to Heim et al. (2002) and Xie et al. (2015), the 
antioxidant and antimicrobial activities of flavonoids depend 
strongly on the number and position of hydroxyl groups in 
the molecule. Dihydroxylated B-ring (catechol structure), 
presence of 4-oxo function and unsaturation in the C-ring are 
also presumed to increase the antioxidant capacity. Alkaloids 
have a wide range of pharmacological activities including 
anticancer, anti-inflammatory, antidiabetic and antibacterial 
activities, and hence, are responsible for many healing prop-
erties in natural medicine (Fattorusso and Taglialatela-Sca-
fati 2007). While a few reports exist on the alkaloids-anti-
oxidant and antimicrobial structure relationship, Zhao et al. 
(2006) associated the high antioxidant activity of alkaloids 
to the nitrogen lone pair electron as well as the number and 
position of phenolic hydroxyl in their molecular structure.

Phenolics are very important in plants as they help in 
pigmentation, growth, reproduction, structural integrity and 
scaffolding support (Lattanzio et al. 2008). The weak cor-
relation of phenolics to both antimicrobial and antioxidant 
potential in this study is contrary to the reports made by 
Rumbaoa et al. (2009) and Tungmunnithum et al. (2018) 
who found  strong positive correlations between phenolic 
content and DPPH. These chemicals possess different bio-
activities such as anticancer, antimicrobial, and antioxidant 
actions (Soobrattee et al. 2005; Ambriz-Pérez et al. 2016; 
Zonyane et al. 2020). However, phenolics are reported to 
possess strong antimicrobial activity (Jawhari et al. 2021), 
the weak correlation of these chemicals to antimicrobial 
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activity recorded in this study is similar  to findings by 
Osman et al. (2020) who recorded weak correlation between 
antimicrobial activity and phenolics in ten different Egyp-
tian plants. Phenolics are polar compounds and thus the low 
levels recorded here could be attributed to the extracting 
solvents, a mixture of dichloromethane and methanol (1:1) 
(Şensoy et al. 2006; Rocchetti et al. 2020).

Biochemometric analysis

The isolation of bioactive compounds from natural sources 
is a key step in drug discovery and development, however, 
this procedure is usually expensive and difficult due to 
the complexity and the low concentration of some of the 
metabolites in the extracts. Thus, targeted identification of 
potential compounds is becoming more popular to reduce 
bottlenecks in natural products research (Plazas et al. 2019). 
Unsupervised metabolomic profiling of the data obtained 
from the LC–MS analysis of five extracts of Zanthoxylum 
produced a total of 3000 features (RT; m/z) in both positive 
and negative modes. Of these, 52 compounds were tenta-
tively identified in positive mode (Table 4) and their spec-
tra deposited to ftp://​massi​ve.​ucsd.​edu/​MSV00​00880​44/. 
Based on the PCA plot combining both the activities and 
the chemicals (Fig. 5), the five Zanthoxylum species stem 
bark extracts were grouped into three clusters. Zanthoxylum 
gilletii and Z. usambarense formed cluster 1 (green line) 
irrespective of them being from distinct locations. On the 
other hand, all extracts from both biological and technical 
replicates of Z. paracanthum were grouped in a totally sepa-
rate cluster (red line), pointing out a chemical variability of 
this species compared to the others studied. Zanthoxylum 
holtizianum and Z. chalybeum formed cluster 2 (blue line). 
Members of a single cluster implied a similarity in terms of 
chemical composition while differences in clustering was 
brought about by varied phytochemicals being present. The 
reported antioxidant and antimicrobial activities of the tested 
species was likely due to the chemical composition of these 
plants as the members of different clusters showed similarity 
in terms of these bioactivities (Yuliana et al. 2011; Amenu 
2014).

Some of the identified compounds have been reported to 
exhibit high antioxidant and antimicrobial activities. It is 
possible that the high bioactivities recorded in the studied 
Zanthoxylum species is due to synergistic effect from these 
compounds as claimed by Amenu (2014). The varied struc-
ture activity relationship of different compounds in an extract 
attributes to high bioactivity of the extract (Zhao et al. 2006; 
Fattorusso and Taglialatela-Scafati 2007; Tungmunnithum 

et al. 2018; Plazas et al. 2019). It is arguable that Z. holtizi-
anum and Z. chalybeum had the best activities due to high 
relative abundance of both alkaloids and flavonoids com-
pared to other species. Some of these chemicals, which were 
detected at higher relative abundances (Fig. 6) in the two 
species, are known to possess high antimicrobial and anti-
oxidant activities including: canthin-6-one, chelerythrine, 
dihydrochelerythrine, arnottianamide, fagaronine, catechin, 
psoralen, chlorogenic acid, kaempferol 3-O-rhamnoside and 
quercetin 3-O-rhamnoside (Şensoy et al. 2006; Plazas et al. 
2019; Kaigongi et al. 2020b; Rocchetti et al. 2020). It is 
apparent that metabolomics has been shown to be a potential 
facilitator in the discovery of natural products as outstanding 
sources for novel leads (Soobrattee et al. 2005; Rumbaoa 
et al. 2009; Ambriz-Pérez et al. 2016). This made it possible 
for profiling of metabolites that were shown in the studied 
plants for the first time in this study as listed in Table 4.

Conclusion

The incorporation of metabolomics-based tools into natu-
ral product screening helped us to discover novel chemi-
cal scaffolds through metabolite-mining methods. All the 
species studied here  exhibited antioxidant and antimi-
crobial potential. The stem bark extracts of Z. holtzianum 
and Z. chalybeum had the highest levels of alkaloids and 
flavonoids. These were correlated to the high antioxidant 
and antibacterial activities recorded in the two species. 
However, phenolics are well known as antioxidant mol-
ecules, but, their content in the Zanthoxylum species ana-
lysed were low and showed weak correlations with the two 
tested bioassays. Based on these results, there is need to 
isolate the specific alkaloids and flavonoid compounds that 
are correlated with the antioxidant activity of Zanthoxylum 
as well as to follow with an evaluation of synergistic inter-
actions of these chemicals. The antioxidant activity of leaf 
extracts of this group of plants needs to be investigated as 
leaves are sustainable medicinal plant materials compared 
to stem and root barks. This study justifies the use of Zan-
thoxylum species in the Kenyan traditional medicine sys-
tem and could be exploited as a potential source of natural 
antimicrobial and antioxidant agents. Stem bark extracts of 
Z. holtzianum and Z. chalybeum are reported as superior 
species in terms of antioxidant and antimicrobial proper-
ties compared to other Kenyan Zanthoxylum species.

ftp://massive.ucsd.edu/MSV000088044/
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Table 4   List of compounds tentatively identified in all the studied Zanthoxylum spp showing retention times, detected ions in positive ESI mode, 
proposed compound names, Pubchem ID and their respective formulae

No Average Rt Average mz Tentative ID Pubchem ID Formula

1 2.3 192.10246 Dehydrocorypalline CID7154 C11H14NO2

2.5 358.1654 Phyllocryptonine CID21582944 C20H24NO5

2.6 355.10193 Neochlorogenic 3-CQA CID12310831 C16H18O9

2.7 360.18124 Dimethoxy-1-(3,4,5-trimethoxyphenyl)-1,2,3,4-tetrahydroisoquinolinium CID1755755 C20H26NO5

2.9 476.2278 Magnocurarine glucoside – C25H34NO8

2.9 355.10187 5-caffeoylquinic acid CID1794427 C16H18O9

3.1 344.18628 Xylopinidine CID12144635 C20H26NO4

3.2 342.16995 Magnoflorine CID73337 C20H24NO4

3.3 274.14343 Platydesminium CID5319758 C16H20NO3+
3.4 314.17603 Magnocurarine CID53266 C19H24NO3+
3.7 328.19113 Petaline CID163032 C20H26NO3

3.9 356.18579 N-methylcorydine CID52949574 C21H26NO4

4.0 368.151 Usambanoline CID21770854 C21H22NO5

4.1 338.13858 Jatrorrhizine CID 72323 C20H20NO4+
4.2 370.16626 Fagarine II CID15559220 C21H23NO5

4.2 338.13858 Methylstylopine CID5460426 C20H20NO4

4.4 354.1713 Methylcanadine CID439844 C21H24NO4

4.7 336.12308 Berberine CID2353 C20H18NO4

4.7 352.15573 Palmatine CID19009 C21H22NO4

4.8 348.12256 Nitidine CID4501 C21H18NO4

5.0 348.1236 Chelerythrine CID2703 C21H18NO4

5.8 258.11243 Haplamine (6-methoxy-flindersine) CID648601 C15H15NO3

6.0 221.07098 Canthin-6-one* CID97176 C14H8N2O
6.2 260.09283 Skimmianine CID6760 C14H13NO4

6.2 251.08058 9-Methoxycanthin-6-one* CID9881423 C15H10N2O2

6.8 353.2288 (2S)-2-Amino-3-[2-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]ethoxy]-N-
(2-methoxyethyl)propanamide

CID156206504 C15H32N2O7

7.0 477.21292 Luzonoid E CID11179020 C25H32O9

7.6 235.16974 Oxysolavetivone CID74427721 C15H22O2

7.9 382.12906 Arnottianamide* CID3085181 C21H19NO6

8.0 570.2026 Chelerythine derivative – C35H28N3O5

8.2 299.17618 CNP0106539 – C18H22N2O2

8.3 380.14954 6-Methoxydihydrochelerythrine CID11740441 C22H21NO5

8.6 242.11806 N-Methylflindersine CID72819 C15H15NO2

9.0 706.2652 Chelerythine derivative – C21H17NO4

9.0 570.20374 Chelerythine derivative – C23H31N5O12
9.1 408.14404 8-Carboxymethyldihydrochelerythrine CID13946324 C23H22NO6

9.1 258.14896 N-Methylatanine CID15460082 C16H19NO2

9.2 380.15057 Bocconoline CID181121 C22H21NO5

9.4 483.22745 Pteledimerine CID5380012 C30H30N2O4

9.5 224.20209 Gymnamide CID16091097 C14H25NO
9.6 334.10764 Dihydrosanguinarine CID124069 C20H15NO4

9.9 350.13895 Dihydrochelerythine* CID485077 C21H19NO4

10.0 274.2073 gamma-sanshool CID6440615 C18H27NO
10.3 276.23221 Lanyuamide III CID5318941 C18H29NO
10.9 582.28571 CNP0089515 – C36H39NO6

11.1 589.23425 CNP0215658 – C36H32N2O6
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The tentatively identified compounds with asterisk (*) were confirmed using standards, the Pubchem ID shown with a dash (–) indicates a new 
compound

Table 4   (continued)

No Average Rt Average mz Tentative ID Pubchem ID Formula

11.7 570.32263 4-(3-aminopropyl)-15′-(1-hydroxybutylidene)-6′-methyl-18′-propyl-3H-
16′-oxaspiro[2-benzofuran-1,19′ pentacyclo[12.3.2.0?,??.0?,??.0?,??]
nonadecane]-2′(11′),3′,8′-triene-3,17′-dione

– C36H43NO5

12.4 614.34888 Chelerythine-derivative – C38H48NO6
12.6 590.34918 UNPD118908 – C36H47NO6

12.7 616.3653 Chelerythine-derivative – C38H50NO6
12.7 546.32361 Tridecanonchelerythrine CID71598516 C34H43NO5

12.8 584.33752 Chelerybulgarine CID86302378 C37H45NO5

Fig. 5   Scores plot of principal 
component analysis of five 
Kenyan Zanthoxylum species 
based on metabolites production 
and bioactivities tested. PC 1 
accounted for 95.1% variation 
while PC 2 accounted for 4.5%
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