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Mapping the Helichrysum metabolome:
uncovering species-specific chemistry through
an AI-guided LC-MS/MS workflow

Motseoa Mariam Lephatsi,a Mpho Susan Choene,a Abidemi Paul Kappo,a

Ntakadzeni Edwin Madalab and Fidele Tugizimana *a

Helichrysum species, of which 35% are native to South Africa, are renowned for their diverse medicinal

properties, yet their chemical composition remains largely unexplored. As such, continuous efforts are

needed to comprehensively characterize the phytochemistry of Helichrysum species which will

subsequently contribute to the discovery and exploration of Helichrysum-derived natural products for

drug discovery. Thus, a computational metabolomics work is reported herein to comprehensively

characterize the metabolic landscape of three medicinal species (H. italicum, H. petiolare, and H.

splendidum), which are less studied. The metabolites were extracted using hexane, ethyl acetate, and

methanol and analyzed on a liquid chromatography-tandem mass spectrometry (LC-MS/MS) system.

Different solvents were utilized to increase metabolome coverage in Helichrysum species. Spectral data

were mined using molecular networking (MN) strategies. The results revealed that multiple extraction

methods provide a more comprehensive analysis of the metabolome of the three plants. The measured

metabolome of Helichrysum species is rich in phenylpropanoids, lipids and lipid-like molecules, pointing

to a rich chemistry with potential bioactivities. Comparative analysis of the H. italicum, H. petiolare and

H. splendidum metabolomes revealed that the flavonoid glucoside and triterpenoid profiles of the three

species differ distinctively. These results expand the knowledge base on the chemistry of Helichrysum

plants and provide deconvoluted details of the various chemical classes that differentially define the

metabolome of the Helichrysum plants. Such actionable insights point to Helichrysum’s potential as a

valuable source of natural compounds with promising medicinal properties.

1. Introduction

Helichrysum plants have traditionally been used in various
societies across the globe, being highly popular for their
medicinal, cosmetic, and fragrant qualities. Traditional medi-
cine has frequently relied on Helichrysum species to address
health issues such as respiratory disorders, skin conditions,
digestive problems, and inflammation.1 Modern scientific
research has directed its focus toward the Helichrysum genus
to uncover the unexplored chemical diversity within the
Helichrysum species. The Helichrysum genus has been reported
to be highly rich in phenolic compounds, and the latter have
been attributed as the bioactive constituents2–4 of this genus.
Previous phytochemical investigations of Helichrysum species

have identified diverse classes of bioactive metabolites, includ-
ing flavonoids, terpenoids, and phenolic acids. For instance,
chlorogenic acids have been consistently reported in H. arenarium
and H. italicum, showing antibacterial and anti-inflammatory
properties.5,6 However, this is a tip of an iceberg, considering what
could be the diversity and the size of the chemical constellations
and space of Helichrysum plants. There are gaps that still exist in
the understanding and description of the metabolome of Helichry-
sum plants. This ‘dark matter’ of the Helichrysum metabolome
therefore limits the use and exploration of this plant. Furthermore,
characterizing metabolic charts of the lesser studied Helichrysum
species will in turn uncover the untapped potential of the plant,
discovering new bioactivities and pharmaceutical applications.

Furthermore, this knowledge gap in the chemistry of
Helichrysum plants is related to the metabolome coverage with
reference to metabolite annotation and identification, which
remains a major bottleneck in untargeted metabolomics and in
phytochemistry studies. Mass spectrometry (MS) has become
the most dominant analytical platform for obtaining structural
information of complex mixtures. Despite the advancements in
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MS technologies, only about 1.8% of spectra in an untargeted
metabolomics experiment can be annotated.7 This implies that
the vast majority of information collected by metabolomics is
‘‘dark matter’’, chemical signatures that remain uncharac-
terized.7,8 Considering that accurate annotation is vital for data
interpretation, the only way to overcome this challenge is
through the development and integration of artificial intelli-
gence (AI)-driven strategies, computational solutions and
methods.9,10 These strategies include molecular networking,
MS2LDA, NAP and SIRIUS which were proven to enhance
metabolite annotation, thus elucidating the molecular com-
plexity of H. splendidum and providing insights into the
chemical space of this plant. Molecular networking, which is
housed on the Global Natural Products Social Molecular Net-
working (GNPS) ecosystem, is a computational strategy that
takes advantage of the idea that MS/MS can be used as a proxy
for molecular structures.9,11

This study therefore involves the use of these computational
methods to comprehensively investigate the metabolomes of
three Helichrysum species namely, H. petiolare, H. italicum, and
H. splendidum. Furthermore, pre-analytical parameters, such
as metabolite extraction methods, are explored to expand
the metabolome coverage.12,13 Thus, herein we report a com-
prehensive metabolomic atlas, the first of its kind, of the
Helichrysum plants. As such, this AI-driven metabolomics study
provides actionable insights into the metabolomic landscape of
Helichrysum, expanding the current knowledge base on the
phytochemistry of the plant, and highlighting key metabolite
classes and subclasses that define the Helichrysum chemical
space. Such metabolite profiles are essential drivers of the
biological and pharmaceutical activities attributed to the
extracts from the Helichrysum plants. It is worth noting that
while this AI-guided LC-MS/MS workflow was optimized using
Helichrysum species, the pipeline itself is not taxonomically
restricted. The combination and integration of these emerging
AI and computational strategies can be applied and explored
in mining and interpreting metabolomics spectral data from
other plants.

2. Materials and methods
2.1. Chemicals and plant materials

All chemicals used in this study were of pure grade quality and
were acquired from various manufacturers. The organic sol-
vent, methanol, was of LC-MS-grade quality and was obtained
from Romil (Cambridge, UK), water was purified using a Milli-Q
gradient A10 system (Siemens, Munich, Germany) and formic
acid was purchased from Sigma Aldrich (Munich, Germany).
The different Helichrysum seeds were purchased from Seeds for
Africa (https://www.seedsforafrica.co.za, accessed on 17 March
2023) and the plants were cultivated separately by species to
avoid cross-contamination or environmental bias in 4 L pots
filled with potting soil mixed with Vita-Veg organic fertilizer
(Talborne Organics, Bronkhorstspruit, South Africa). For each
of the three Helichrysum species (H. italicum, H. petiolare, and

H. splendidum), 24 independent plants (3 plants per pot and
8 pots in total) were prepared to ensure reproducibility and
were placed under natural light. Each pot (containing 3 plants)
was considered as one biological replicate; this means that for
each Helichrysum species, there were 8 biological replicates
(i.e., 8 pots). The plants were harvested at a 4-month growth
stage. The stems and leaves of the three Helichrysum species
(H. italicum, H. petiolare and H. splendidum) were freeze-dried
and crushed, and the powdered samples were stored in dried
form at room temperature for metabolite extractions.

2.2. Extraction of metabolites from plant materials and
sample preparation

One gram (1 g) of the powdered plant material, per biological
replicate, was weighed and dissolved in 20 mL of 80% metha-
nol at 4 1C. The mixture was spun overnight in a digital
rotisserie tube rotator at 70 rpm. The crude extracts were then
centrifuged at 2000 rpm for 30 min at 4 1C, and the resulting
supernatants were filtered through a 0.22 mm nylon filter into
pre-labeled glass vials with 500 mL inserts. The filtered samples
were then stored at 4 1C until further analysis. Thus, twenty-
four independent biological replicates (i.e., 8 biological replicates
per Helichrysum species) were prepared and each biological
replicate was analyzed three times (technical replicates) to account
for instrumental variability. Furthermore, pooled quality control
(QC) samples, prepared by combining equal aliquots from all
study samples, were injected at both the start and end of the batch
to ensure data validation and system stabilization. Additionally,
QC samples were analyzed after every 15 injections to monitor and
address any changes in the instrument’s response.

2.3. Sample analysis using liquid chromatography-
quadrupole time-of-flight tandem mass spectrometry
(LC-MS/MS)

The prepared Helichrysum extracts were then analyzed on a
liquid chromatography-quadrupole time-of-flight tandem MS
system (LCMS-9030 qTOF, Shimadzu Corporation, Japan). The
chromatographic separation was done using a Shim-pack Velox
C18 column (100 mm � 2.1 mm, 2.7 mm) (Shimadzu Corpora-
tion, Kyoto, Japan), thermostatted at 50 1C, with an injection
volume of 3 mL. A binary solvent system consisting of solvent A:
0.1% formic acid (Merck, Darmstadt, Germany) in Milli-Q water
and solvent B: methanol (Romil Pure Chemistry, Cambridge,
UK) with 0.1% formic acid was used as the mobile phase with a
flow rate of 0.4 mL min�1 to separate analytes over an opti-
mized run length. The gradient was set over 53 min with the
following separation conditions: 10% B maintained for 3 min,
10–60% B over 3–40 min, from 40–43 min the conditions were
maintained at 60% B, then the gradient was changed to 90% B
between 43 and 45 min and maintained at 90% B for 3 min. The
gradient returned to initial conditions between 48 and 50 min,
which was followed by a 3-min column equilibration time.

The chromatographic effluents were further analyzed utiliz-
ing the qTOF high-definition (HD) mass spectrometry (MS)
analytical platform. Negative electrospray ionization (ESI) was
used based on preliminary experiments (unpublished) that
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showed optimal ion peaks detected across the chromatographic
(polarity) range. The following parameters were set: an interface
voltage of 4.0 kV, an interface temperature of 300 1C, nebuliza-
tion and dry gas flow rate of 3 L min�1, a heat block tempera-
ture of 400 1C, a DL temperature of 280 1C, a detector voltage of
1.8 kV and a flight tube temperature of 42 1C. Sodium iodide
(NaI) was used as a calibration solution to monitor high mass
accuracy. MS1 and MS2 (through data-dependent acquisition,
DDA) were generated simultaneously for all ions with an m/z
range between 100 and 1000 Da, surpassing an intensity thresh-
old of 5000 counts. Fragmentation experiments were performed
using argon as a collision gas at a collision energy of 30 eV with
a spread of 5 eV. To ensure the acquisition of quality spectral
data, solvent blanks (50% aqueous methanol) and the pooled
quality control (QC) samples were also analyzed in parallel with
the sample extracts. The blank samples were used to monitor
background noise, whereas the QC samples were used to
condition the LC–MS system and to assess the reliability and
reproducibility of the analysis. The samples (extracts, blanks
and QC) were analyzed in a randomized manner. The LabSolu-
tion CS software (Shimadzu Corporation, Kyoto, Japan) was
used to operate the LC-MS system.

2.4. Data mining: molecular networking in the GNPS analysis
environment

The raw data obtained from the Shimadzu LCMS-9030 qTOF
were converted to an open-source format (.mzML) and follow-
ing this, molecular network (MN) methods were applied to
mine the spectral data, particularly the feature-based molecular
networking (FBMN) workflow14 on GNPS (https://gnps.ucsd.
edu).15 The mass spectrometry data were first processed with
MS-DIAL version 4.9.221218.16 The parameters used for MS-
DIAL data processing included mass accuracy MS1 and MS2
tolerance of 0.05 Da and 0.1 Da respectively, with the MS/MS
range of 50–1000 Da; the minimum peak height was 2000
amplitude, the mass slice width was 0.1 Da for peak detection,
a Sigma window value of 0.5 was used, and the retention time
tolerance was 0.1 min and the MS1 tolerance was set at 0.05.
The results were then exported to GNPS for FBMN analysis. The
precursor ion mass tolerance was set to 0.05 Da and the MS/MS
fragment ion tolerance to 0.05 Da. A molecular network was
then created where edges were filtered to have a cosine score
above 0.6 and more than 4 matched peaks. Furthermore, edges
between two nodes were kept in the network if and only if each
of the nodes appeared in each other’s respective top 10 most
similar nodes. Finally, the maximum size of a molecular family
was set to 100, and the lowest-scoring edges were removed from
molecular families until the molecular family size was below
this threshold.

The spectra in the network were then searched against GNPS
spectral libraries such as GNPS, HMDB, SUPNAT, CHEBI,
DRUGBANK and FooDB. All matches maintained between network
spectra and library spectra were required to have a score above 0.6
and at least 4 matched peaks. The DEREPLICATOR was used to
annotate MS/MS spectra.17 The molecular networks were then
visualized using Cytoscape software version 9.1.18 All matched

and some unmatched nodes were verified or putatively anno-
tated using their empirical formulas generated from accurate
mass and fragmentation patterns obtained from MS2 experiments.
These were also searched against some common dereplication
databases for natural products, such as KNApSAck,19,20 Chem-
Spider,21 PubChem,22,23 Dictionary of Natural Products24 and
available literature. The molecular network was also explored
using DEREPLICATOR for structural annotation. Substructure
exploration and annotation were performed using MS2LDA,25

interface in GNPS, from MotifDB, with MotifSets: Rhamnaceae
and GNPS Mass2Motifs included in the search. Default MS2LDA
parameters were used, locally providing sufficient insights
into the presence of substructure patterns in the mass spectral
data. To enhance chemical structural information within the
generated molecular network (FBMN), outputs from in silico
structure annotations from the GNPS Library Search, Network
Annotation Propagation (NAP), DEREPLICATOR, and MS2LDA
were incorporated into the network using the GNPS MolNetEn-
hancer workflow.26 All ions were set to be deprotonated, and
the consensus and fusion scores were calculated based on the
first 10 candidates. Chemical class annotations were performed
using the ClassyFire chemical ontology.27 The GNPS job links
are provided in the SI.

2.5. Relative quantification and pathway analysis

Relative quantification of the identified metabolites was per-
formed by generating heatmaps in MetaboAnalyst version 5.
Firstly, the peak intensity table was uploaded onto Metabo-
Analyst, and the data were then normalized by median to adjust
any systematic differences among the samples. The data were
then log-transformed and Pareto-scaled. Following this, heat-
maps were generated using the Euclidean distance measure
and the Ward clustering method. To focus on patterns from the
important features and to visualize the abundance of the
different metabolites across the three Helichrysum species, only
the top 25 features based on the t-test/ANOVA were shown.
Pathway analysis was performed by inputting the annotated
metabolites together with their KEGG IDs onto the MetPA
(metabolic pathway analysis) tool, also housed on Metabo-
Analyst. The hypergeometric test was used as the enrichment
method for the overview-representation analysis, relative-
betweenness centrality was chosen for topological analysis,
scatterplots were used for the visualization and Arabidopsis
thaliana (KEGG) was chosen as the pathway library.

3. Results and discussion
3.1. Exploring pre-analytical steps: impact of different
extraction methods on metabolome coverage

As the adage goes, ‘‘metabolomics: what you see is what you
extract’’,28 there is no single extraction method that can recover
all classes of metabolites with high reproducibility and robust-
ness. All extraction methods, individually, provide snapshots of
the structurally diverse and highly complex metabolome of any
biological system under consideration.29 As such, to expand the
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coverage of the metabolome under consideration, a combi-
nation of different extraction methods is devised. Thus, as
mentioned above, in this study, we explored three extraction
solvents, i.e., methanol, hexane, and ethyl acetate, to compre-
hensively characterize the metabolome of the three Helichrysum
plant species. Mining and visualizing the spectral data with
molecular networking methods revealed that the three solvents
were used to extract different numbers of features (Fig. 1).
Methanol showed the highest metabolome coverage across all
three plant species with a total of 8607 features (Fig. 1A).
Methanol is a commonly used solvent in metabolomics studies
due to its ability to extract a diverse range of metabolites.
Its polarity allows for the extraction of both polar and non-polar
compounds.30,31 Hexane and ethyl acetate, on the other hand,
were used to extract 726 and 2476 total features, respectively
(Fig. 1B and C). Thus, the total number of features extracted
using the three solvents was 11 809. Hexane is a non-polar
solvent used to extract compounds that are not polar, and ethyl
acetate, on the other hand, has moderate polarity. The use of
the three solvents led to the extraction of different metabolites,
which contributed to expanding the coverage of the metabo-
lome, thus illuminating the dark matter of the Helichrysum
phytochemical space.

To comprehensively delve into the extent to which these
three solvents enhance the coverage of the metabolome and
thus describe the ‘molverse’ of Helichrysum, different chemical
classes extracted using each solvent were elucidated within the
generated FBMN (Fig. 1). The NPClassifier tool was used to
elucidate and visualize the different chemical classes extracted
using the different solvents. NPClassifier is a deep-learning tool

used to classify natural products (NPs) based on their spectral
data by generating classification information at three levels,
including pathway, superclass, and class.32 This classification
information, therefore, reveals the measured chemical diversity
by each solvent, allowing for the comprehensive metabolome
coverage of Helichrysum species. The results showed that more
classes of metabolites were extracted with these three extraction
methods. Methanol was used to extract a wide range of differ-
ent metabolite classes including flavonols, flavones, oleanane
triterpenoids, cinnamic acids, coumarins, fatty acyl glycosides
and cholane steroids (Fig. 1A). Hexane was used to extract
classes including sesquiterpenoids, coumarins, flavonols and
pregnane steroids (Fig. 1B). Ethyl acetate, on the other hand,
was used to extract metabolite classes including phenolic acids,
cinnamic acids, monoterpenoids, sesquiterpenoids and cou-
marins (Fig. 1C). These findings highlight that multiple extrac-
tion methods are essential for a more comprehensive analysis
of the metabolite profile of a given sample. Leveraging a
combination of different extraction solvents therefore expands
the coverage of the metabolomic space by capturing a broader
range of metabolite classes present in the Helichrysum genus.

By using a combination of different solvent extractions such
as methanol, hexane and ethyl acetate extractions, a wider
range of metabolite classes is captured, elucidating the
chemical diversity present in the biological sample. Some
overlaps were also observed in the three solvents. All solvents
extracted coumarins and terpenoids (Fig. 1D). Interestingly,
hexane contributed an additional layer of complexity that could
not be deciphered using either methanol or ethyl acetate
(Fig. 1D). A class of compounds unique to this solvent was
identified as pregnane steroids, suggesting that hexane was
used to extract a distinct set of metabolites that are not
captured by methanol extraction (Fig. 1B and D). Pregnane
steroids are a class of steroids derived from pregnane and they
are characterized by a complex vinyl side chain.33 This class of
compounds has been reported to exhibit numerous potent
bioactivities such as anti-bacterial, anti-protozoal and cytotoxic
activities and has received much attention due to these multi-
ple activities.33–36 More recently, Song et al. (2023)37 reported
on eighteen pregnane steroid glycosides isolated from Marsdenia
tenacissima. These glycosides were evaluated for their chemo-
reversal ability against P-glycoprotein (P-gp)-mediated multidrug
resistance (MDR) in the MCF-7/ADR cell line, in which the reversal
folds ranged from 2.45–9.01.37 These compounds therefore pos-
sess chemo-reversal ability against multidrug resistance in cancer
cells and therefore have potential as therapeutic agents for cancer
treatment. The extraction of this class of compound using hexane
from Helichrysum plants therefore highlights the importance of
exploring more than one solvent for an enhanced metabolome
coverage.

Hexane and ethyl acetate on the other hand were used to
extract different metabolites, suggesting that using different
solvents for metabolite extraction expands the metabolome
coverage of Helichrysum plants (Fig. 2). For example, zooming
into the different classes, such as phenylpropanoids and terpe-
noids, which were both extracted with the two solvents, hexane

Fig. 1 Class chemical space of Helichrysum species using different sol-
vents, highlighting the expansion of metabolome coverage. The three
solvents were used to extract different metabolite classes, showing the
expansion of the metabolome with some overlaps also observed.
(A) Methanol extraction, (B) hexane extraction, (C) ethyl acetate extraction
and (D) sunburst plot summarising the different classes covered by each
solvent.
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was used to extract compounds such as vincanidine (Fig. 2A
and B). In contrast, ethyl acetate solvent allowed for the
extraction of skullcapflavone II and aformasin (Fig. 2C). Some
overlaps were also identified between the three solvents.
Common to the three extraction methods were jaceidin, cirsi-
maritin and 50,7-dihydroxy-3,6-dimethoxyflavone which all
belong to the methylated flavonoid class. Methylated flavo-
noids have been reported to possess numerous bioactivities
such as antioxidant activity, anti-inflammatory effects, anti-
cancer potential, neuroprotective effects and anti-microbial
activity.38,39 Jaceidin, for example, has been reported to exhibit
in vitro cytotoxicity and in vivo anti-tumor effect of Ehrlich’s
ascites carcinoma in mice.40 It is worth noting that the overlapping
metabolites were not extracted at the same levels. For example,
cirsimaritin was present in low levels in H. petiolare when hexane
was used as a solvent (Fig. 2A). The opposite was however observed
in the case of ethyl acetate, where H. petiolare was the species that
had the highest level of cirsimaritin (Fig. 2C). Similar to the
findings of this study, Nawaz et al. (2020)41 reported on the effect
of solvent polarity on the extraction yield from Phaseolus vulgaris, in
which highly polar solvents resulted in a high extract yield as
compared to non-polar ones. Additionally, the differences in all the
three species (H. italicum, H. petiolare, and H. splendidum) also
highlight that a metabolite profile is influenced by the type of
solvent used during the extraction process.

The intriguing interplay between the solvents underscores
the intricate balance required in metabolomics research, where

each solvent choice serves as a strategic tool, unveiling specific
facets of the Helichrysum metabolome. The use of three differ-
ent solvents in extracting the metabolites from Helichrysum
plants allowed for the expansion of the metabolome coverage
(Fig. 1). With different solvents, it was possible to see additional
classes of metabolites which was not possible by using a single
solvent for extraction. Exploring various solvents has uncovered
the existence of secondary metabolites in the Helichrysum
genus that have not been reported before, such as vincanidine,
cirsimaritin, skullcapflavone II and aformasin, offering significant
knowledge about the plant’s chemical diversity. As such, these
findings reaffirm the importance of exploring multiple extraction
solvent systems to ensure comprehensive metabolome coverage in
plant metabolomics studies, since no single extraction method can
indeed extract or cover the entire metabolome (due to the inherent
complexity of the metabolome).12,42,43

MolNetEnhancer was used to elucidate the metabolome
coverage of the Helichrysum plants, and only methanol extracts
were used for an epistemological clarity of discussions. MolNe-
tEnhancer reveals molecular families, subfamilies and struc-
tural nuances between family members and provides a more
comprehensive metabolite assignment at various molecular
levels (from wide chemical classes to structurally diverse scaf-
folds and candidate structures).26 As such, MolNetEnhancer
provides a comprehensive overview of the chemical space
present in MS experiments. Thus, the use of MolNetEnhancer
to visualize the overall chemical space of the three species of
Helichrysum (Fig. 3) revealed the presence of distinct chemical
superclasses within their metabolomic landscapes. As infogra-
phically depicted (Fig. 3), the measured metabolome of Heli-
chrysum species is rich in phenylpropanoids, lipids and lipid-
like molecules. Functionally, phenylpropanoids and polyke-
tides (Fig. 3) are oxy-prenylated secondary metabolites that

Fig. 2 Feature-based molecular networks showing identified classes and
metabolites from different solvents. The hexane extraction and ethyl
acetate extraction yielded distinct classes of metabolites, highlighting the
specificity of each solvent. The FBMNs provide a visual representation of
the identified metabolites. (A) and (B) Hexane extraction and (C) ethyl
acetate extraction together with the annotated metabolites.

Fig. 3 Helichrysum chemical space visualization with molecular net-
working. MolNetEnhancer network analysis of spectral data from Heli-
chrysum methanol extracts. The network shows different superclasses
identified, which define the Helichrysum chemical space: lipid and lipid-
like molecules, phenylpropanoids and organic oxygen-containing com-
pounds. The coloured nodes represent the MS/MS spectra matched to
GNPS libraries.
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represent a rare group of natural products. Due to their in vitro
and in vivo pharmacological activities, as well as their great
therapeutic and nutraceutical potential for the chemopreven-
tion of acute and chronic diseases affecting humans, this group
of phytochemicals has become a topic of intense research
activity by several teams worldwide over the last two decades.44

Such studies have revealed that oxy-prenylated secondary meta-
bolites can interact with a range of biological targets at various
levels, accounting for their anti-carcinogenic, anti-inflammatory,
neuroprotective, immuno-modulatory, anti-hypertensive, and
metabolic properties.45–47

Lipids on the other hand serve a range of biological roles in
plant cells, both structurally and as bioactive compounds. For
instance, phospholipids and sphingolipids are cell membrane
components that participate in cell signalling; galactolipids are
chloroplast membrane components that participate in photo-
synthesis; and triacylglycerols (TAGs) are used for energy
storage.48,49 Beyond their fundamental cellular functions, some
of these lipid molecules have been reported to provide specific
health benefits to humans. Depending on their modes of
action, plant-derived lipids can stimulate the human immune
system, reduce inflammation, improve bone health, eye, and
brain function, minimize coronary heart disease, and act as
antioxidants and anti-carcinogens.50–52 Having, thus, uncovered
the structurally diverse and complex metabolome of Helichrysum,
it is possible that there are nuances between Helichrysum species.
Post MolNetEnhancer analysis for metabolome coverage,
the metabolomes of the three Helichrysum species were then
compared to fish out any differences among the species. The
presence of any differences in the metabolic makeup may
suggest the existence of unique pathways and compounds in
these Helichrysum species that perhaps have contributed to the
different biological properties of the individual species. This
study is therefore of immense significance as the comparison
of the three metabolomes could unveil novel bioactive com-
pounds and their application in natural product research or
perhaps provide insights for targeted investigations.

3.2. Comparative analysis of the metabolomes of the three
Helichrysum species: H. italicum, H. petiolare and
H. splendidum

Methanol extracts occupy a large fraction of the metabolome
compared to other solvents (Fig. 1) and therefore only the
methanol extract data were used to investigate the nuances in
the metabolomes of the three Helichrysum species. Thus, che-
mometrically, multivariate methods were applied to descrip-
tively highlight trends and groupings within the dataset from
methanol extracts, to understand the relationships between
and within the samples. The principal component analysis
(PCA) model revealed plant species-related sample groupings
in the score space (Fig. S1A). Such sample groupings point to
the underlying differential metabolic profiles of the three
Helichrysum plants, i.e., H. italicum, H. splendidum and
H. petiolare. Furthermore, the hierarchical cluster analysis
(HCA) was applied to further examine the PCA-extracted trends
in the data. HCA helps in evaluating natural groupings or

distinct subspaces in the metabolite space.53,54 The computed
HCA model revealed that H. petiolare and H. splendidum are
clustered closer compared to H. italicum on the dendrogram
(Fig. S1B). This points to nuances in the metabolite profiles of
the three Helichrysum species, with H. petiolare and H. splendi-
dum being more similar in comparison with the metabolic
profiles of H. italicum.

To articulate these differential metabolomic landscapes
of the three Helichrysum species (Fig. S1), spectral data were
annotated using molecular networking (MN) strategies. The LC-
MS/MS data of methanolic extracts of H. splendidum, H. italicum
and H. petiolare were submitted to the GNPS web platform and
classical molecular networking was employed. The resulting
molecular network consisted of 2971 mass spectral nodes orga-
nized into 118 molecular families (two or more connected nodes
of a graph) through spectral similarities (Fig. 4). By grouping
metabolites into clusters based on their fragmentation spectra,
MN provides a comprehensive understanding of the chemical
diversity present in Helichrysum species. From the putatively
annotated metabolites (Table S1), most were identified as flavo-
noids such as quercetin-3-O-rutinoside, quercetin-3-O-glucoside
and quercetin-3-O-glucose-6-acetate (Fig. 4) which were identified
in all the three species. Flavonoids are secondary metabolites that
are abundant in plants and serve several functions such as
regulating cell growth, attracting pollinators, and defending
against (a)biotic stresses.55 For example, flavonoids can serve as
signaling molecules and shield against the damaging effects of
UV radiation while also aiding in physiological functions
associated with drought, cold and heat tolerance.56,57 Addition-
ally, due to their bioactive properties, flavonoids have been
linked to human health benefits. Flavonoids possess anti-
inflammatory, anti-cancer, anti-diabetic, anti-bacterial, anti-
parasitic and anti-viral properties.58,59

The three Helichrysum species are also highly rich in chloro-
genic acids (CGAs) such as 3,4-dicaffeoylquinic acid and 3-O-
coumaroylquinic acid (Fig. 4). Chlorogenic acids belong to the
polyphenol family and are esters of quinic acid (QA) and one
trans-cinnamic acid residue such as caffeic acid (CA), p-coumaric

Fig. 4 Classical molecular network of Helichrysum. The network high-
lights flavonoids and chlorogenic acids and their abundance in each
species. Different flavonoids and chlorogenic acids are differentially dis-
tributed in the three Helichrysum species, as depicted in the pie chart in
the spectral nodes.
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acid (p-CoA), and ferulic acid (FA), which are known as caffeoyl-
quinic acids (CQAs), p-coumaroylquinic acids (p-CoQAs) and
feruloylquinic acids (FQAs).60,61 These compounds have drawn
significant attention in natural product research due to their
potential health benefits such as anti-inflammatory, anti-
bacterial, anti-viral, anti-parasitic and anti-cancer properties.62–65

Numerous studies have reported on the presence of chlorogenic
acid-type compounds in Helichrysum species which serve as anti-
HIV activity biomarkers.66–68 Gradinaru et al. (2014)69 also
reported on the anti-bacterial activity of methanol extracts from
Helichrysum arenarium (L.) Moench subsp. inflorescences against
lower respiratory tract pathogens. The authors reported that
several caffeic acid conjugates (chlorogenic acid and dicaffeoyl-
quinic acids) which were identified as major constituents of
the extract exhibited anti-bacterial activity against methicillin-
resistant Staphylococcus aureus, penicillin-resistant Streptococcus
pneumoniae and ampicillin-resistant Moraxella catarrhalis isolates.

In addition to the shared metabolic profiles, such as the
presence of flavonoids and CGAs in the three Helichrysum
species, some compounds were specific to a particular species.
For instance, 7-(6-O-beta-D-xylopyranosyl-beta-D-glucopyranosyloxy)
coumarin (a coumarin derivative) and its structurally related
compounds were present in H. petiolare and absent in the
two other species (Fig. 4). Coumarin derivatives are a group of
compounds that have garnered attention in the field of natural
product research. These compounds, characterized by their
nature and fusion of a benzene ring with a pyrone ring, offer a
range of biological activities and potential therapeutic applica-
tions.70,71 Coumarins have captured the interest of researchers
who have discovered derivatives with properties. This has
prompted exploration within the realm of natural product
research to uncover their roles and functions. Coumarin deriva-
tives have been reported to exhibit a wide range of biological
activities, including anti-inflammatory, antioxidant, anti-
coagulant, anti-viral, anti-cancer, and anti-microbial proper-
ties.72–74 These activities make them attractive candidates for
natural product-based therapeutics and therefore H. petiolare
may serve as a candidate for coumarin derivatives with diverse
bioactivities.

Interestingly, H. splendidum also displayed a distinctive
metabolomic profile, setting it apart from the other two species.
Anabsinthin, a sesterterpenoid, and its structurally related
compounds were identified in H. splendidum extracts and were
absent in H. petiolare and H. italicum extracts (Fig. 4). It is worth
noting that the presence of these sesterterpenoids only unique
to H. splendidum highlights the potential for chemical diversity
in Helichrysum plant species. Sesterterpenoids are a group of
terpenes known for their distinctive chemical structures.75

These compounds exhibit a range of activities, such as suppres-
sion of cancer cell growth, inhibition of enzyme activity, modu-
lation of receptor signalling and anti-microbial effects.76,77

Extensive research has been dedicated to isolating, identifying,
and characterizing these compounds leading to the discovery of
new sesterterpenoid structures as they are attractive targets
in natural product research.78 Given their structures and bio-
activity, this class of compounds are highly appealing targets,

and therefore H. splendidum may serve as a source for sester-
terpenoids.

To further interrogate the Helichrysum metabolic landscape,
the different subclasses present in the phenylpropanoid and
polyketide superclasses were also highlighted using MolNet-
Enhancer, and the chemical space was dominantly occupied
by flavonoid glycosides (Fig. 5A). Further analysis of these
flavonoid glycosides could provide valuable insights into
the potential biological activities and medicinal properties of
Helichrysum species. Additionally, the identification of this
subclass offers valuable insights into the potential bioactive com-
pounds present in Helichrysum and their potential applications.
One particular cluster of interest within the glycoside subclass
consisted of compounds such as quercetin-3-glucuronide-7-
glucoside, quercetin-3-O-glucoside, kaempferol-3-O-glucoside,
kaempferol-3-O-glycosyl-600-acetate, kaempferol-3-(600-malonyl-
glucoside), quercetin-3-galactoside-7-glucoside, quercetin-3,7-di-
glucoside, kaempferol-3-O-galactoside, kaempferol-7-O-glucoside,
kaempferol-7-O-galactoside and quercetin-3-O-glucosyl-600-acetate
(Fig. 5B). Flavonoid glycosides are naturally occurring compounds
that consist of an aglycone linked to a sugar moiety known as
a glycosidic bond.56 The wide range of glycosides includes

Fig. 5 Molecular network highlighting different flavonoid glycosides in
Helichrysum. (A) A cluster of flavonoids characterized by a molecular
network showing different flavonoid glycosides occupying a large portion
of the plants’ chemical space. (B) Kaempferol and quercetin are the main
backbones of this cluster, with various modifications and substitutions
giving rise to different flavonoid glycosides.
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compounds like quercetin glycosides and kaempferol gluco-
sides. Different studies have pointed to the health benefits of
flavonoid glycosides. For example, the latter have been found to
exhibit anti-cancer effects.58,59

In addition to flavonoid glycosides, the Helichrysum meta-
bolome is characterized by triterpenoids (Fig. 6A), which have
also been reported to possess anti-cancer, anti-inflammatory,
anti-bacterial and anti-viral activities. The Helichrysum triterpe-
noid profile comprises echinocystic acid, (3b,6b)-Stigmast-4-
ene-3,6-diol, 31-norcycloartenol, neotigogenin, oleanolic acid,
corosolic acid, ursonic acid, pinicolic acid A, cucurbitacin H,
cucurbitacin F and oryzanol A (Fig. 6B). Triterpenoids are
derived from squalene and are a subcategory of the larger
group of terpenoids, which are among the most diverse and
widespread natural compounds in plants.79 The presence of
triterpenoids in Helichrysum species, therefore, contributes to
its therapeutic potential. For example, echinocystic and olea-
nolic acids have been reported to inhibit the growth of cancer-
ous cells and inflammation.80,81 Oryzanol A, on the other hand,
has been found to possess antioxidant activity, protecting cells
from oxidative damage.82 Overall, the identification of these
triterpenoids in Helichrysum species adds to the potential
therapeutic value of these plants.

Interestingly, the triterpenoid profile of the three species
differed distinctively. Cucurbitacin H, for example, was only
present in H. splendidum and not detected in the other two
species (Fig. 6B). Cucurbitacins are highly oxidized tetracyclic
triterpenoids that interact with various cellular targets and have
been reported to have anti-tumour properties.83 Additionally,

these compounds have been demonstrated to have analgesic,
anti-inflammatory, anti-microbial and anti-viral activities.84

H. splendidum can therefore be prioritized for the potential
application in the aforementioned bioactivities using the tri-
terpenoid profile when compared to the other two species.
A unique profile in pentacyclic triterpenoids was also observed
across the three species. Ursonic acid and neotigogenin were
highly abundant in H. petiolare, echinocystic acid and oleanolic
acid in H. splendidum and pinicolic acid A more abundant in
H. italicum and H. splendidum (Fig. 6B). Pentacyclic triterpe-
noids are naturally occurring organic compounds that possess
a five-ring structure. These compounds are synthesized either
by and through the mevalonate or the non-mevalonate pathway
and exhibit a wide variety of biological activities85,86 such as the
anti-cancer activity common to all the compounds. For example,
ursonic acid and oleanolic acid inhibit the growth of various
cancer cells, including lung, liver, ovarian, and prostate cancer by
promoting apoptosis and inducing cell cycle arrest, making them
attractive agents for the development of anti-cancer drugs.87,88

The nuances of pentacyclic triterpenoids in the three Helichrysum
plants therefore highlight the potential of this genus as an anti-
cancer agent and suggest that H. italicum and H. splendidum
species may have a higher potential as potent anti-cancer agents
compared to other Helichrysum species. This metabolic diversity
also underscores the intricate biochemical variations that can
occur among closely related plant species.

The absence of specific triterpenoids such as cucurbitacin H
in H. italicum, H. splendidum and H. petiolare despite their close
botanical relationship highlights the potential divergence in
their genetic and enzymatic machinery responsible for triterpe-
noid biosynthesis. Understanding the differences in triterpe-
noid profiles can provide insights into these plants’ medicinal
properties and potential therapeutic uses. The discovery of
flavonoid glycosides and triterpenoids in the three species of
Helichrysum marks a step forward in our understanding of the
chemical composition of these plants. These results expand the
knowledge base on the chemistry of Helichrysum plants, pro-
viding deconvoluted details of the various chemical classes that
differentially define the metabolome of the Helichrysum plants.
Such actionable insights point to the potential of Helichrysum
as a valuable source of natural compounds with promising
medicinal properties. Each unique chemical compound or
group may possess properties that can be utilized in medicinal
applications; as such, the chemistry of the genus may hold
pharmaceutical potential. The synthesis of complex com-
pounds by plants is an intricate process that gives rise to a
wide range of metabolites. These metabolites have diverse
modifications which may lead to a myriad of bioactivities, thus
denoting their potential as important sources of pharmaceuti-
cals. Among all plant metabolites, flavonoids are a prominent
and structurally diverse group of compounds (Fig. 5) produced
through a variety of modifications to yield numerous flavonoid
derivatives. This structural variety of flavonoids has opened a
plethora of pharmaceutical prospects.

3.2.1. Flavonoid decoration in Helichrysum species revealed
by molecular networking. The Helichrysum chemical space is

Fig. 6 Molecular network highlighting different triterpenoids in Helichrysum
methanol extracts. (A) A cluster of terpenoids characterized by a molecular
network showing triterpenoids identified in Helichrysum species. (B) The
abundances differ in each plant species with some containing higher levels
of triterpenoids than others or none.
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predominantly occupied by flavonoid glycosides (Fig. 5) which
exhibit structural diversity. The generated MolNetEnhancer
networks revealed the exact modifications and decorations that
take place, resulting in the biosynthesis of various complex
flavonoids (Fig. 7). These modifications included methylation,
demethylation, dehydration, decarboxylation, and glycosylation
(Fig. 7) which are crucial for the formation of diverse flavonoids
with varying potential bioactivities. Quercetin-3-oleate (m/z
300.227) underwent methylation resulting in the formation of
3-O-methylquercetin (m/z 315.0611) which in turn was glycosy-
lated and demethylated, resulting in the formation of
quercetin-3-O-glucoside (m/z 455.0554) (Fig. 7). This therefore
highlights how chemical modifications result in the formation
of different compounds of structural diversity. Molecular net-
working (MN) allowed for the elucidation of the different
chemical decorations that occur in Helichrysum plants. MN
compares the fragmentation spectra of related molecules based
on their structural similarity.89 The generated MN networks
were therefore used to identify clusters of related compounds
which allowed for the visual identification of patterns that
revealed structural variation. Additionally, since metabolites
that are grouped in an MN share a common fragmentation
pattern translated into a molecular fingerprint, the different
chemical modifications were revealed (Fig. 7).

In the context of glycosylation in flavonoids, the MN generated
enabled the identification of glycosylated forms by grouping
spectra with similar glycosylation patterns. Quercetin-3-O-
glucoside (m/z 455.0554), quercetin-3-O-(600-malonylglucoside)
(m/z 549.099) and quercetin-3-O-glycosyl-600-acetate (m/z 565.098)
were closely structured together (Fig. 7). This revealed the
chemical modifications and relationships among the mass
spectra, indicating the presence and types of sugar moieties
attached to the flavonoid structures. Glycosylation is one of the
major modifications that occurs in numerous biological pro-
cesses, resulting in the formation of a wide range of NPs.90 This
modification is catalyzed by glycosyltransferases (GTs) which
transfer a sugar moiety from nucleotide-sugar donors to the
aglycones.91 Donor molecules include uridine 5-diphosphate
(UDP) sugars, whereby GTs are referred to as UDP-glycosyl-
transferases (UGTs).92 These UGTs are located in the cytosol,
where they are responsible for the biosynthesis of a wide range

of NPs such as flavonoids, phenylpropanoids and steroids.93

In the case of flavonoids, the sugars are glucose moieties which
accumulate in either mono-, di- or tri-glycosides.90 Glycosyla-
tion of flavonoids has been reported to increase the chemical
stability, solubility, and bioavailability of flavonoids, enabling
access to plant membrane transportation systems which recog-
nise the glycosylated forms instead of the aglycones.94

Furthermore, glycosylation increases structural complexity
and diversity which has sparked interest since flavonoid glyco-
sides have been reported to modulate numerous pharmaco-
kinetic parameters such as anti-viral, anti-inflammatory,
anti-cancer, and anti-bacterial properties.95,96 These decora-
tions can also be used as biomarkers to distinguish different
species from each other. In this study, kaempferol-3-O-
glucoside was detected in high levels in H. splendidum and H.
petiolare, but the opposite was observed with the glycosylated
form (kaempferol-3-O-rutinoside) (Fig. 7). Nengovhela et al.
(2021)97 reported on the modifications of the flavonoid chemical
in two closely related species Coccinia grandis and Coccinia
rehmannii. In this study, sugar acylation by cinnamic acids such
as caffeic acid and coumaric acid was noted in C. rehmannii but
not in C. grandis, revealing that glycosylation patterns do differ in
species of the same genus. These findings therefore suggest that
the glycosylation patterns of flavonoids can vary in closely related
species, resulting in complex and diverse metabolomes which can
be correlated to species-specific pharmacological properties.53,54

Molecular networking comprehensively revealed the flavonoid
chemical alterations across Helichrysum species, creating a
detailed molecular map that reflects the distinctive biochemical
profile of the Helichrysum genus. Further elucidation of the
metabolomic complexity in this genus through pathway analysis
therefore describes the annotated chemistry in a biological con-
text and space.

3.3. Pathway analysis: understanding the metabolic
landscape of Helichrysum species

To situate the identified metabolites in three Helichrysum
species in a metabolome view context and to identify the most
enriched biological pathways based on the measured meta-
bolome, pathway analysis was employed using the metabolic
pathway analysis (MetPA) – an integral module of MetaboAna-
lyst 5.098 (Table S2). Pathway enrichment analysis is funda-
mental for integrating metabolomics data into biological
contexts. Comprehensive databases, such as KEGG, contain
manually selected pathways exhibiting well-structured func-
tions or biological processes involving several compounds.
Enrichment methods such as over-representation analysis
(ORA) can be used with these resources. These methods com-
pare the list of metabolites detected in an experiment with the
metabolites associated with each pathway in the database to
identify significantly enriched pathways. ORA calculates a
statistical score, such as a p-value, to determine the significance
of pathway enrichment.99 This provides insights into the under-
lying biological mechanisms and pathways that the measured
metabolome impacts. The overview-representation and path-
way topological analysis based on a hypergeometric test

Fig. 7 Flavonoid modifications in Helichrysum species. Key flavonoid
modifications observed in Helichrysum species shown by the chemical
structures, highlighting points at which these modifications occur.

Molecular Omics Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
23

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mo00118h


756 |  Mol. Omics, 2025, 21, 747–759 This journal is © The Royal Society of Chemistry 2025

algorithm and relative-betweenness centrality respectively revealed
eight significant metabolomic pathways with an impact score
40.1, out of a total of 35 pathways that were impacted in the three
Helichrysum plant species (Table S2). The significant pathways
included the flavonoid biosynthesis, flavone and flavonol biosynth-
esis, alanine, aspartate and glutamate metabolism and linoleic acid
metabolism pathways (Fig. 8A), with flavonoid biosynthesis and
the flavone and flavonol biosynthesis pathways showing the
highest hits. In the flavonoid biosynthesis (Fig. 8B) and the
flavone and flavonol biosynthesis (Fig. 8C) pathways, aglycones
such as kaempferol (C05903), apigenin (C01477) and naringenin
(C00509) could be mapped onto them. Aglycones are core
structures of flavonoids that lack sugar molecules attached to
them. These aglycones play a role in the potential of flavonoids
and contribute to their wide range of health-promoting effects
such as their anti-inflammatory, antioxidant, and anti-cancer
properties.100 The aglycones identified serve as precursors to
produce diverse compounds such as flavonoids which have been
identified in the Helichrysum species, as highlighted in Fig. 5.
The presence of these aglycones in Helichrysum species therefore
suggests their potential therapeutic applications and highlights
the importance of understanding the biosynthetic pathways
involved in their production.

The alanine, aspartate and glutamate metabolism and lino-
leic acid metabolism pathways were also significantly impacted
in the three Helichrysum species (Fig. 8A). Alanine, aspartate,
and glutamate metabolism in plants is crucial since it con-
tributes to the production of compounds with therapeutic

benefits. These amino acids serve as the foundation for meta-
bolites, like alkaloids, flavonoids and polyphenols that have
been recognized for their properties.101 These amino acids act
as building blocks for metabolites like alkaloids, flavonoids
and polyphenols which have been reported for their medicinal
properties.101,102 Additionally, these metabolic pathways are
associated with the plants’ stress response since certain sec-
ondary metabolites serve as compounds against herbivores and
environmental stressors. Furthermore, specific glutamate-
related compounds found in plants may interact with neuro-
transmitter systems in humans and offer potential benefits for
maintaining a healthy nervous system.103 Linoleic acid meta-
bolism, on the other hand, is a crucial process that significantly
impacts plant growth and development and the capacity to
adapt to environmental factors. Furthermore, linoleic acid
plays a role in producing triacylglycerols (TAGs) which serve
as an energy reserve for seed development and germination.104

4. Conclusion

The computational metabolomics study reported herein provides a
global metabolic chart of Helichrysum italicum, Helichrysum petio-
lare and Helichrysum splendidum plants, highlighting the diverse
and complex chemical composition of these plants. These species
are characterized by a wide spectrum of chemical (sub)classes,
which can be grouped into superclasses ranging from lipid and
lipid-like molecules to organic oxygen compounds. The analysis
reveals that the chemical superclasses dominating the metabolo-
mic landscape of these Helichrysum species are (i) lipids and lipid-
like molecules, (ii) phenylpropanoids and polyketides, and
(iii) organic oxygen compounds. This extensive variety of chemical
classes not only underscores the biochemical diversity within the
Helichrysum genus but also contributes to their potential pharma-
cological properties. Notably, these chemical constituents have
been linked to various therapeutic activities, such as anti-
inflammatory, antioxidant, anti-cancer, and antimicrobial effects.
Collectively, the rich metabolomic landscape within Helichrysum
plants suggests that they represent a valuable reservoir of bioactive
compounds, positioning this genus as a promising source for the
development of novel therapeutic agents. The actionable insights
derived from this study further emphasize the potential of Heli-
chrysum species in the discovery of natural compounds with
significant medicinal applications. Although this study maps key
Helichrysum metabolites with known bioactivities, functional vali-
dation remains limited. Bioactivity inferences are based on puta-
tive annotations and the literature, without direct experimental
assays. Moreover, species selection and extraction constraints may
have excluded additional metabolites with pharmacological rele-
vance, necessitating broader bioassays and expanded taxonomic
sampling for translational insights.
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Fig. 8 Summary of pathway analysis in Helichrysum species. (A) The
graph, ‘‘metabolome view,’’ contains all the matched pathways (the meta-
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N. Bandeira, M. Wang and P. C. Dorrestein, Nat. Methods,
2020, 17, 905–908.

15 M. Wang, J. J. Carver, V. V. Phelan, L. M. Sanchez, N. Garg,
Y. Peng, D. D. Nguyen, J. Watrous, C. A. Kapono,
T. Luzzatto-Knaan, C. Porto, A. Bouslimani, A. V. Melnik,
M. J. Meehan, W. T. Liu, M. Crüsemann, P. D. Boudreau,
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G. P. P. Lima, Int. J. Mol. Sci., 2016, 17(8), 1107.

83 H. S. Tuli, P. Rath, A. Chauhan, A. Ranjan, S. Ramniwas,
K. Sak, D. Aggarwal, M. Kumar, K. Dhama, E. H. C. Lee
et al., Biomolecules, 2023, 13, 57.

84 E. E. Delgado-Tiburcio, J. Cadena-Iñiguez, E. Santiago-
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