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Abstract 

Piper sarmentosum Roxb. (Piperaceae) is a traditional medicinal and food plant widely distributed in the tropical 
and subtropical regions of Asia, offering both health and culinary benefits. In this study the secondary metabolites 
in different organs of P. sarmentosum were identified and their relative abundances were characterized. The meta-
bolic profiles of leaves, roots, stems and fruits were comprehensively investigated by liquid chromatography high-
resolution mass spectrometry (LC-HR-MS) and the data subsequently analyzed using multivariate statistical methods. 
Manual interpretation of the tandem mass spectrometric (MS/MS) fragmentation patterns revealed the presence 
of 154 tentatively identified metabolites, mostly represented by alkaloids and flavonoids. Principle component analy-
sis and hierarchical clustering indicated the predominant occurrence of flavonoids, lignans and phenyl propanoids 
in leaves, aporphines in stems, piperamides in fruits and lignan-amides in roots. Overall, this study provides extensive 
data on the metabolite composition of P. sarmentosum, supplying useful information for bioactive compounds discov-
ery and patterns of their preferential biosynthesis or storage in specific organs. This can be used to optimize produc-
tion and harvesting as well as to maximize the plant’s economic value as herbal medicine or in food applications.
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1  Introduction
Piper is one of the most diverse genera in the Piperaceae 
family [1], comprising approximately 2000 species, fol-
lowed by Peperomia with 1700 species [2, 3]. The Piper 
species are widely distributed in tropical regions, having 
its center of origin in Peninsular Malaysia, but are also 
common in the American tropics [4]. About 600 species 
of Piper are reported from Asia, most of them are dis-
tributed in the Malesia region [5]. Many of these Piper 
species have long been used as food and in traditional 
medicine. Some of such applications were pharmacologi-
cally proven [6]. The most famous representative of this 
genus is Piper nigrum L., the well-known black pepper 
(The "pepper") used as spice and seasoning [7, 8].

Piper sarmentosum Roxb. is common in several Asian 
countries. The whole plant, leaves, fruits, stems and roots 
have been used as medicines for decades and proved to 
have significant nutritional and medicinal value [9]. The 
tender leaves of P. sarmentosum are consumed as vegeta-
bles and are traditionally used in Malaysia and Indone-
sia to treat malaria, cough and rheumatic pain [10, 11]. 
The population of Thailand commonly employ the whole 
plant to treat muscle pain and hyperglycemia, while the 
leaf is consumed as an indigenous vegetable [12, 13]. In 

Chinese folk medicine, the whole plant, including leaves, 
stems, roots and fruits are used to treat a variety of dis-
eases such as uterine bleeding, rheumatic bone pain, 
traumatic injuries, insect and snake bites, toothache, 
fever, and stomach pain. In addition, some communities 
in the southern part of China often eat roots, fruits and 
leaves as traditional edible vegetables [14, 15].

Several previous studies on P. sarmentosum focused 
mainly on the constituents and pharmacological activi-
ties of the leaves [6, 15–17]. Pharmacological studies 
recently conducted in Malaysia showed that the extract 
of P. sarmentosum leaves has vascular protective, neuro-
protective, anti-obesity, and anti-hyperlipidemia activity 
[18–20]. However, little is known about the metabolite 
composition and medicinal value of other organs. More-
over, the metabolite profiles and inter-organ chemical 
differences have not been systematically elucidated in P. 
sarmentosum by LC-HR-MS-based metabolomics so far.

LC–MS-based metabolite profiling is the method of 
choice to address the complex patterns of biologically 
active natural products in herbal plants [21]. In its state-
of-the-art implementation, this technique relies on the 
ultra-high performance liquid chromatography (UHPLC) 
coupled on-line to electrospray ionisation-quadrupole 
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time-of-flight mass spectrometry (ESI-QqTOF-MS). 
Currently, UHPLC is the best method of liquid chroma-
tography in terms of resolution, sensitivity, and through-
put, while QqTOF-MS is one of the most sensitive, 
accurate, fast and processive detectors, which is ideal for 
identification and quantification of a wide range of natu-
ral products in the most complex and challenging sam-
ples. Due to its powerful strategic combination of high 
resolution and sensitivity, the coupling of UHPLC to ESI-
QqTOF-MS has been successfully used to analyze com-
plex samples [22]. The high throughput of this platform 
allows to discriminate different plant varieties [22–24], 
plant organs [25], plant developmental stages [26, 27], the 
geographical origins of plants [28–30], and to determine 
the quality of traditional medicinal plants and processed 
products [31–34].

Therefore, in the present study, the metabolic profiles 
of four different organs of P. sarmentosum, namely the 
leaf, stem, root and fruit, were comprehensively charac-
terized by UHPLC coupled on-line to ESI-QqTOF-MS. 
The variability of metabolite contents was measured, and 
potential biomarkers of each organ could be identified by 
multivariate analysis techniques, i.e. principal compo-
nent analysis (PCA) with loading plots, orthogonal par-
tial least squares-discriminant analysis (OPLS-DA), and 
hierarchical clustering. These statistical methods provide 
a comprehensive and intuitive description of the chemi-
cal constituents in the four organs of P. sarmentosum 
which can serve as valuable resources for further func-
tional studies on the species.

2 � Results and discussion
2.1 � Analysis and comparison of LC–MS fingerprints
The present study employed the high-resolution RP-
UHPLC-ESI-QqTOF-MS to determine the intra-organ 
variation and relative abundances of metabolites 
extracted from leaf, stem, root and fruit of P. sarmen-
tosum. The aim was to achieve high chromatographic 
resolution to detect as many individual chemical spe-
cies in a single batch analysis as possible. First, to deter-
mine the appropriate ion detection mode, the SWATH 
experiments were performed in both positive and nega-
tive ionization modes (See Figure S1 for TIC of each 
organ in negative ion mode). According to the results 
of these experiments, LC–MS analysis in positive ion 
mode revealed essentially more peaks, better sensitivity 
and more rich and explicit structural information. This 
can be explained by the presence of numerous metab-
olites in the test samples more likely to be ionized in 
the positive ion mode than in negative one, as e.g. alka-
loids. Major peaks in the negative ion mode represent 
flavonoids (Figure S1), however, this compound class 
also could be detected and analyzed in the positive ion 

mode. Therefore, only the positive ionization mode was 
used for all further series of MS analyses.

To monitor the reproducibility and instrument per-
formance, aliquots of a quality control (QC) sample 
(i.e. a pooled extract prepared from the samples of all 
organs) were systematically measured between sample 
sequences. Figure S2 shows the close clustering of QC 
samples in a principal component analysis score plot. 
The stability of retention times, UHPLC performance 
and especially the high-resolution mass accuracy was 
also examined by the presence of orcinol (C7H8O2) and 
kinetin (C10H9N5O) as internal standards (IS). Both 
cost-efficient and routinely used ISs eluted at specific 
retention times, (4.9  min for orcinol and 5.3  min for 
kinetin), showed good ionization properties and do not 
natively appear in any organ of P. sarmentosum. Ideally, 
internal standards should cover a wider polarity range 
of the chromatogram, however, the appearance of many 
compound peaks in the chromatogram region between 
10 and 20 min did not allow the application of an inter-
nal standard eluting in this retention time range with-
out overlap.

The representative total ion chromatograms (TICs) 
acquired from the extracts of the different organs are 
shown in Fig.  1. The efficient RP-UHPLC separation of 
P. sarmentosum metabolites was successfully achieved in 
23 min. Most major peaks from different organs exhibit 
clear qualitative and quantitative (intensity) differences. 
For example, the TICs of fruit and root extracts showed 
a lower intensity of peaks eluting between 5 and 10 min 
compared to the extracts prepared from other organs 
(Fig. 1). On the other hand, the peaks eluting between 11 
and 17 min demonstrated clearly higher intensity in these 
extracts. In contrast, the leaf extracts were featured with 
an opposite pattern of relative metabolite abundances, 
and stems were intermediate. Thus, our results clearly 
demonstrate that the quantitative patterns of character-
istic P. sarmentosum metabolites depend on the plant 
organ. (For qualitative differences see below).

In this study, these patterns were analyzed by electro-
spray (ESI) high-resolution-mass spectrometry (HR-MS) 
to enable the determination of the elemental compo-
sition. Based on these data, complemented with mass 
spectral fragmentation patterns obtained in MS/MS 
experiments, comparison with databases and co-elution 
experiments with authentic standard reference com-
pounds (see chapter 2.4 for details) the most prominent 
peaks found in the tR range of 11–17 min (Fig. 1) could be 
assigned to the groups of piperamides and phenylpropa-
noids. For example, peaks P93, P95, P112, P114 and P136 
were putatively identified as nigrinodine, trans-asarone, 
sarmentine, brachyamide B and guineensine, respectively 
(Fig. 2).
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Fig. 1  Comparison of the total ion chromatograms (TICs) acquired from methanolic extracts of different P. sarmentosum organs (leaves, stems, roots 
and fruits) in the positive ion mode: ISA  internal standard orcinol, ISB  internal standard kinetin, and P peak number
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2.2 � Characterization of the inter‑organ differences 
by untargeted metabolite profiling

Due to its high mass accuracy, sensitivity and resolution, 
the HR-QqTOF-MS is the most efficient analytical plat-
form for online structural elucidation of multiple com-
ponents in plants [35]. The inter-sample alignment of 
the individual TICs corresponding to all features in the 
dataset resulted in a consensus peak table (data matrix 
comprising individual features as defined pairs of tR-m/z 
values) containing 1272 entries. These matched features 
comprised protonated molecular ions and other adducts, 
as well as in-source fragmentation products associ-
ated with characteristic neutral losses (matrix data not 
shown). The data matrix was subjected to multivariate 
statistics analysis with MetaboAnalyst software.

Principal component analysis (PCA) is recognized to 
be an efficient tool for reducing complex data sets and 
providing important insight into the variation within 
and between experimental groups [24]. The results of the 
PCA analysis accomplished with our dataset (score and 
loadings plots) are shown in Fig. 3. As can be seen from 
the score plot, approximately 86% of the total variance 
was accounted for by the first two principal components. 
The first component (PC1) was responsible for 64.8% of 
the total variance, whereas the second component (PC2) 
explained 21.0% of the total variance.

The leaves were separated from the other organs in 
PC1, whereas PC2 indicates that stems appeared to be 
significantly different from other organs, here espe-
cially fruits, in terms of their metabolite patterns. The 

Fig. 2  The structures of selected compounds representing the most prominent peaks in the TICs of extracts from different organs of P. 
sarmentosum 

Fig. 3  Principle component analysis (PCA) with scores (A) and loadings (B) plots accomplished with 1272 features detected 
in the RP-UHPLC-QqTOF-MS data of leaf, stem, root and fruit extracts from P. sarmentosum 
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loadings plot gives access to the features contributing to 
the separation of organs, which is primarily due to dif-
ferences in their abundance within the various test sam-
ples and specific p value (Fig. 3B). The presence of highly 
intense chromatographic signals corresponding to the 
neolignane andamanicin (P122), flavonoids (P30, P36) 
and the phenyl propanoid trans-asarone (P95) led to the 
positioning of leaves in a single group in PCA. Thereby, 
P122 was represented by two different features, namely 
its protonated molecular ion [M + H]+ (feature m765, tR 
14.5  min, m/z 417.2256) and the corresponding ammo-
nium adduct [M + NH4]+ (feature m793, tR 14.5  min, 
m/z 434.2530). Additionally, the existence of the unique 
aporphine-type compounds in stems, like magnoflorines 
(P12, P21), piperolactams A (P70) and B (P75), had a 
powerful discriminating effect for their separation from 
the other groups in the score plots. Finally, as can be seen 
from the TICs in Fig. 1, the metabolite profiles of fruits 
and roots are quite similar. Therefore, the corresponding 
individual samples are located in the same quadrant of 
the PCA score plot, though well separated. This fact can 
be explained by higher contents (manifested in the LC–
MS dataset by higher relative intensities of correspond-
ing molecular ionic species) of piperamides in these 
two organs, specifically pellitorine (P116), brachyamide 
B (P114) and guineensine (P136) (Fig.  3). Interestingly, 
peaks P93 (nigrinodine) and P112 (sarmentine), which 
are both derived from piperamide-type compounds, rep-
resent strong negative loadings located in the left side of 
PC1 compared to other common features (Fig. 3B). This 
indicates the relative high content of both P93 and P112 
in all organs except the leaves. The relative abundances 
of individual metabolites, corresponding to the most 
significant loadings (i.e. the most significant ones for 
the separation between the plant organs) are illustrated 
by boxplots as displayed in Fig.  4. The observed results 
are strongly supported and further detailed by PCA and 
OPLS-DA pairwise comparisons of metabolite profiles 
from different organs (See Fig. S3). This was performed 
for all organs resulting in 6 analyses (leaves/stems, leaves/
roots, leaves/fruits, stems/roots, stems/fruits and roots/
fruits). Beside the already described metabolites, vari-
ation within the groups is partly caused by unidentified 
features and artifacts (e.g. feature m226, tR 10.4 min; m/z 
230.2467 calculated for C14H32NO+).

Our results clearly indicate that production and accu-
mulation of secondary metabolites is organ-specific [25, 
36]. Additionally, as demonstrated by the differential 
responses of plant organs to environmental stressors, the 
stress adaptation responses are organ-specific [37]. This 
results in the existence of well-defined organ-specific 
patterns of metabolite accumulation, which facilitates 
interaction with the environment and helps to establish 

defense mechanisms with minimum expenditure of 
energy and valuable nitrogen containing compounds 
[38, 39]. Obviously, this factor affects the nutritional and 
medicinal value of the plant organs.

2.3 � Hierarchical clustering analysis
Hierarchical clustering with heat map representation 
proved to be an excellent technique to address the distri-
bution and relative abundances of the identified individ-
ual phytochemicals in different organs of P. sarmentosum 
(Fig.  5). The heatmap was constructed using a hierar-
chical clustering algorithm based on the inter-sample 
similarities in the relative abundances of all annotated 
metabolites (Fig. 5). Altogether, the hierarchical cluster-
ing was performed based on 154 annotated compounds 
with assigned structure from different organs belonging 
to the two major groups, alkaloids (A) and flavonoids 
including other metabolites (B). The individual replicates 
obtained from the same organ cluster nicely together 
indicating good reproducibility of results. The heatmap 
clearly shows the organ-specific accumulation of individ-
ual metabolites in leaves, stems, roots and fruits, indicat-
ing essential metabolic or storage differences between the 
P. sarmentosum organs which will influence their medici-
nal properties. Based on this dataset, seven clusters could 
be assigned including Cluster I-IV for alkaloids and Clus-
ter V-VII for flavonoids and other metabolites (Fig. 5).

Cluster I is primarily composed of lignanamides (P58, 
P60, P68, P74) and specific piperamides such as piper-
ettylines (P92, P98, P102) and piperettines (P109, P111) 
containing a benzodioxole group (type A and E). The 
accumulation of these compounds was found in the 
roots where they may serve as defense against feed-
ing and pathogens. Significant levels of similar pipera-
mides were recently also detected in cells distributed 
in the cortex of black pepper roots [8]. Several plants, 
including Piper species such as P. puberulum and P. 
flaviflorum, have been reported to contain lignana-
mides [40, 41]. However, no comparative analysis of 
lignanamides among plant organs has been reported. 
The general biosynthesis pathway of lignanamides in 
another plant species, Cannabis sativa L., has been 
discussed in the past. However, detailed mechanisms 
and molecular events throughout the biosynthesis of 
lignanamides remain inconclusive [42]. Lignanamides 
are natural products which are formed via an oxida-
tive coupling mechanism involving hydroxycinnamic 
acid amides (HCAAs) as intermediates [43]. The for-
mation of HCAAs is catalyzed by hydroxycinnamoyl-
CoA:tyramine N-(hydroxycinnamoyl) transferease 
(THT), an enzyme characteristic for several plant spe-
cies, including potato and tobacco [44]. The function of 
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Fig. 4  Boxplots illustrating the relative abundances of the individual secondary metabolites contributing to PCA separation demonstrate 
significantly different intensities of the corresponding chromatographic peaks, in fruits (red, A), leaves (green, B), roots (blue, C) and stems (cyan, D) 
of P. sarmentosum. Corresponding tR and m/z values of metabolites are summarized in Table 1 and Table S1. *The flavonoids P30 and P36 represent 
Vitexin 2ʺ-O-galactoside and Vitexin 4ʺ-(3-hydroxy-3-methylglutaroyl)-2ʺ-O-β-D-glucopyranoside, respectively
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Fig. 5  Hierarchical clustering with heatmap representation illustrating the relative inter-organ distribution of alkaloids (A) and flavonoids 
along with other metabolites (B), identified in different organs. The heatmap was established using a hierarchical clustering algorithm based 
on the similarities in abundances of aligned annotated metabolites. The red and blue color in the heatmap represent an increase and a decrease 
of metabolite levels compared to the average, respectively
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HCAAs in strengthening plant defense, as a response to 
fungal and pathogen challenge, has been described in 
potato tubers, onion roots and tomatoes [45].

Aporphines and benzylisoquinolines belong to the 
large group of isoquinoline alkaloids mainly present 
in Cluster II. Isoquinoline alkaloids such as magnoflo-
rine (P12, P21), cepharadione A (P81), aristolactam BIII 
(P97), coclaurines (P9, P26), and reticuline (P16) are 
among the metabolites responsible for the formation 
of this cluster. These compounds had elevated levels in 
stems. Several studies found that most of these phyto-
chemicals are abundant in specialized cell sites [46, 47]. 
For example, the analysis of isoquinoline alkaloids in the 
stems of Sinomenium acutum showed a differential dis-
tribution of alkaloids, especially within the outer cortical 
regions, phloem and xylem [46]. In opium poppy (Papa-
ver somniferum), sieve elements and specialized laticifers 
of the phloem produce and accumulate isoquinolines 
alkaloids, respectively [48]. The co-localization to vas-
cular tissue might explain the predominant occurrence 
in stems. Basically, these compounds are synthesized 
based on phenylpropanoids and amino acids, and the pri-
mary specific part of their biosynthesis is common to all 
these plants i.e., from norcoclaurine to reticuline. How-
ever, occasionally some mixed pathways may also occur 
to provide structural divergence [49]. In general, isoqui-
noline alkaloids play a role in defense against pathogens, 
and their ecological functions also appear to include 
plant-animal interactions [50–52].

Cluster III is featured with a high number of phenolic 
amides. This distinct class of metabolites accumulated 
predominantly in leaves and fruits. Some specific compo-
nents, such as P50 (paprazine) and P72 were most abun-
dant in leaves. Paprazine represents a tyramine derivative 
that contributes to active plant defense responses in 
infected leaf material. Biosynthesis of paprazine was 
induced in tomato leaves in response to wounding [53], 
and it was found to be associated with the resistance 
reactions of pepper leaves infected with Xanthomonas 
campestris [54]. According to Newman et  al. [54], the 
up-regulation of phenolic amides (e.g. paprazine) in 
plant tissues was preceded by an increase in the extract-
able activity of tyrosine decarboxylase in parallel to the 
enhancement in the transcription of genes encoding 
phenylalanine ammonia-lyase and tyramine hydroxycin-
namoyl transferase. This gene–gene interaction is accom-
panied by cell death, which is connected to a necrotizing 
reaction or hypersensitive response of the plant. Zacares 
et  al. reported that large amounts of hydroxycinnamic 
acid amides such as paprazine and trans-N-feruloylt-
yramine were detected in tomato leaves after bacterial 
infection. This suggested that phenolic amides could play 
a key role in plant resistance vs. pathogens [55].

The most promising group of phytochemicals for 
medicinal and food applications in Piper species are 
piperamides, including piperine (P91), pellitorine (P116), 
retrofractamide B (P128) and guineensine (P136), which 
are classified into Cluster IV. Multiple metabolites repre-
senting this compound class (which actually contributes 
to the pungent taste of pepper) were detected in fruits, 
but not in the other organs. Similar occurrences of these 
constituents were also reported in fruits of other Piper 
species such as P. nigrum L. and P. longum L. [22, 56]. 
The observations of these constituents in Piper fruits 
were supported by the study of Schnabel and co-work-
ers dealing with piperine synthase from P. nigrum. The 
authors propose that the accumulation of piperine and 
piperamides is related to the activity of piperine synthase 
(piperoyl-CoA: piperidine piperoyl transferase) and other 
BAHD-type enzymes that are preferentially expressed in 
fruits [57]. These secondary metabolites have a signifi-
cant ecological impact on fruit-frugivore interactions and 
plant reproductive success [58].

Not less importantly, piperamides possess numerous 
advantages for human health, food applications, and fea-
ture potential agricultural prospects. For example, pelli-
torine, the major metabolite in this organ, was reported 
to possess insecticidal, anticancer, and antiplatelet prop-
erties [59]. In addition, piperine, a well-known com-
pound derived from this species, has a wide range of 
biological activities and a distinct sharp flavor [60, 61]. 
Therefore, the fruits from Piper are predominantly used 
as food complements. Thus, the results obtained here 
provide insights in the perspectives for the use of P. sar-
mentosum fruits as an alternative to other Piper species.

Cluster VI is formed mostly by glycosides of vola-
tiles such as P4, P28, P45, and P53, which are primarily 
found in fruits. The Piper fruits are particularly appre-
ciated for their characteristics flavor and aroma that 
develops as fruits ripen [62]. A significant proportion 
of potential flavor contributors have been reported 
to exist as volatile compounds. Volatile aroma com-
pounds are typically discovered in plants in two forms: 
"free" and "bound" to a sugar unit. These compounds 
are not odoriferous when bound; however, upon gly-
coside hydrolysis, these metabolites are liberated and 
then can be volatilized [63]. Moreover, the hydrolysis of 
glycosides may occur during the fruit ripening (ageing, 
senescence), or chewing/mechanical disruption of stor-
age organs (e.g. vacuoles or lipid bodies, then combined 
with glycosidases from other cell compartments or 
cells), followed by the subsequent release of the volatile 
compounds that can olfactorily enhance the fruit flavor. 
Previous studies, e.g. such performed with the model 
plant Arabidopsis thaliana, show that glycosides are 
the result of glycosyltransferase activity. These enzymes 
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add an activated sugar unit to the aglycone in the cyto-
sol of the plant cell [64–66]. Recently, the analysis of 
the 7-deoxyloganetin glucosyltransferase-like (GGT) 
gene during fruit development of various Piper nigrum 
L. varieties revealed that increased GGT expression in 
Piper fruits correlated with up-regulation of volatile 
and nonvolatile metabolites [67]. Interestingly, some of 
the glycosides detected in this study contain 3-hydroxy-
3-methylglutaryl residues as also found in flavonoids in 
this species (see chapter 2.4.2.1.)

Finally, Cluster VII is mostly represented by flavonoids 
(apigenin derivatives), including flavone-C-glycosides, 
and other phenolic metabolites such as phenylpropanoids 
and specific lignans. The compounds present in this clus-
ter were found in relatively high amounts in leaves and 
are congruent with the constituents isolated from leaves 
of P. sarmentosum in our previous study [17].

The nature of flavonoid accumulation in plants indi-
cates their important biological role. For instance, fla-
vones are involved in a broad range of physiological 
functions in plant development and defense, such as 
protection from pathogen attack and in plant resistance 
to unfavorable environmental conditions like oxidative 
stress, high-level UV radiation and water/drought stress 
[68]. In general, the precursors for flavonoid biosynthesis 
are delivered by the phenylpropanoid pathway. The last 
steps of flavonoid biosynthesis involve various chemical 
modifications on the flavonoid aglycons, such as methyl-
ation, hydroxylation, glycosylation, and acylation, which 
increase their diversity and contribute to the final chemi-
cal properties [69]. Most of the enzymes involved in fla-
vonoid metabolism are found in leaf mesophyll [70, 71]. 
This explains the greater content of flavonoids detected in 
the leaves in comparison to other organs. Leaves are the 
plant parts from P. sarmentosum which are preferentially 
consumed in Malaysia and other Asian countries, and 
which were shown to possess vascular protective, neuro-
protective, anti-obesity, and anti-hyperlipidemia activity 
[18–20]. These activities might be connected to the con-
tent of flavonoids and lignans which possess a high anti-
oxidative potential [72]. Previously, Miean et al. reported 
that the total flavonoid content including apigenin (TFC) 
of P. sarmentosum leaves can reach 120.5  mg/kg of dry 
weight [73]. According to Ugusman et al. [74], there is a 
positive correlation between the presence of flavonoids in 
P. sarmentosum leaves and its protective effects against 
oxidative stress. Other, earlier published studies reported 
that plant leaf extracts exhibited anti-inflammatory, anti-
bacterial and insecticidal properties [10, 75, 76]. Simple 
phenylpropanoid compounds as asarone and its deriva-
tives have an inhibitory effect on mosquitos and other 
insects, particularly larvae by inhibiting the hatching 
rates of eggs [77, 78].

Based on these data, the conclusion about the predom-
inant occurrence of specific metabolite classes in differ-
ent organs of P. sarmentosum is summarized in Fig. 6.

2.4 � Tentative identification of bioactives in P. sarmentosum
The untargeted metabolomic analysis which was used to 
characterize the metabolite composition of P. sarmento-
sum MeOH extracts revealed the differences between the 
plant organs. For annotation or identification of contrib-
uting constituents, their MS1 accurate monoisotopic ions 
were used to determine the likely elemental composition. 
As the mass accuracy of 5 ppm corresponded to the spec-
ification of the mass spectrometer used, this value was 
considered in the MS1 analysis. Moreover, a comparison 
of the fragmentation patterns with those reported in the 
literature and databases such as Reaxys and MassBank 
were performed to assign the compounds. The mass 
accuracy of fragment ions of 15  ppm was considered 
during the annotation process. This annotation strategy 
is well-established and is widely used [79–82]. In addi-
tion, isolated and fully elucidated compounds obtained 
from our previous work [17] were applied as reference 
compounds for the identification of individual metabo-
lites by comparison of their m/z values, retention times 
and fragmentation patterns. Since structurally different 
compounds require different suitable collision voltages 
to obtain fragment information [83–85], a range of col-
lision voltages between 15 and 60 V was used in the MS/
MS analysis to identify metabolites.

As a result, a total of 154 compounds were annotated, 
either unambiguously identified by co-elution with 
authentic standards verified by NMR spectroscopy data 
or tentatively assigned by m/z values and MS/MS frag-
mentation patterns. The identified species were num-
bered according to the order of their elution time (Fig. 1 
and Table  1 and S1). Alkaloids appeared to be the pre-
dominant metabolites, with 111 compounds annotated. 
In addition, 15 flavonoids and 28 other compounds 
were identified. Table 1 depicts the major organ-specific 
metabolites of P. sarmentosum characterized by both MS 
and MS/MS. The detailed list of all individual compounds 
annotated is summarized in Table S1.

2.4.1 � Alkaloids
Piper is a rich source of alkaloids, for which numerous 
biological activities have been reported [86, 87]. Further-
more, the quality of Piper species is usually assessed by 
their metabolite composition and the contents of some 
biologically active components [88]. In this study, a vari-
ety of alkaloids, mostly amides, were putatively identi-
fied in the organs of P. sarmentosum. According to their 
structure and MS breakdown pattern, piper alkaloids 
have been classified into types A-E in previous studies 
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(Fig. 7) [22, 32, 89–91]. In addition to piperamides, other 
alkaloids such as phenolic amides (U and V), lignana-
mides (W), isoquinolines (X) and aporphines (Y, Z) were 
also classified, and the general characteristics of the 
fragmentation patterns were determined (Fig.  7). Struc-
turally, piperamide types A, B and E have the same ben-
zodioxol group at the terminal part of the acyl moiety of 
the amide bond, condensed with different amines such as 
piperidine, isobutylamine or pyrrolidine at the other ter-
minus. In contrast, types C, D and pyrrolamides F have 
the benzodioxol group replaced by a short, saturated 
alkyl moiety.

In most of the cases, the analytes could be reliably 
assigned to the specific structural classes of alkaloids 
(mainly types A–E) by the signals of characteristic frag-
ments in the MS/MS spectra. Indeed, all piperamides 
showed a typical cleavage of the N-CO bond resulting 
in the formation of an (aryl-) acylium cation (b) and the 
corresponding protonated amine part (a). This is often 

followed by further cleavage of CO leading to fragment d. 
Thereby, especially the specific neutral losses of the amine 
part give valuable structural information. Thus, the loss 
of piperidine (C5H11N, 85.0891 Da) and/or formylpiperi-
dine (C6H11NO, 113.0841 Da) indicated the presence of 
type A or type D piperamides. The unique loss of isobu-
tylamine (C4H11N, 73.0891  Da) and/or formylisobutyl-
amine (C5H11NO, 101.0841 Da) referred to the presence 
of type B and type C piperamides. Similarly, the presence 
of a pyrrolidine unit was associated with the unique neu-
tral losses of the amine moiety (C4H9N, 71.0735 Da) and/
or formylpyrrolidine (C5H9NO, 99.0684 Da) (Fig. 7). The 
typical fragment ions, g at m/z 161 (C10H9O2

+), e at m/z 
135 (C8H7O2

+), and g −CH2O at m/z 131, indicated the 
existence of a benzodioxole group. These features proved 
the structure of the terminal part of type A, B and E 
piperamides.

For instance, the pathways of the gas phase reactions 
under CID conditions for type A, B and E piperamides 

Fig. 6  Predominant occurrence of compound classes in the organs of P. sarmentosum 
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Table 1  RP-UHPLC-QqTOF-MS/MS data of major and discriminating metabolites annotated in four organs of P. sarmentosum in 
positive ionization mode

Peak no tR (min) Molecular formula [M + H]+ [m/z] Diff. (ppm) MS2

m/z (key ions, rel. intensity 
[%]a)

CID (eV) Annotation [ref.]
(class)

P9 4.44 C17H20NO3
+ 286.1436 − 0.70 269.1179 (82), 237.0882 (5), 

209.0960 (13), 175.0744 (m, 
11), 145.0630 (4), 143.0473 
(6), 137.0579 (3), 137.0579 (7), 
107.0489 (k, 24)

20 Coclaurine [92]
(Benzylisoquinoline)

P12 4.66 C20H24NO4
+ 342.1702 0.58 299.1289 (12), 297.1128 (100), 

282.0888 (20), 265.0869 (75), 
237.0904 (11), 58.0654 (38)

30 Magnoflorine [93]
(Aporphine)

P21 5.00 C20H24NO4
+ 342.1705 1.46 297.1134 (100), 282.0895 (2), 

265.0867 (78), 237.0907 (2), 
58.0651 (3)

25 Magnoflorine isomer (Apor-
phine)

P30 5.69 C27H31O15
+ 595.1657 0.00 475.1249 (3), 433.1178 (89), 

415.1050 (60), 397.0942 (37), 
367.0829 (11), 337.0727 (20), 
313.0748 (100), 283.0616 (12), 
271.0617 (28)

40 Vitexin 2’’-O-galactosideb

(Flavonoid)

P36 6.18 C33H39O19
+ 739.2074 − 0.81 577.1591 (51), 559.1480 (29), 

475.1263 (57), 313.0730 (34), 
271.0623 (9)

30 Vitexin 4’’-glycosideb

(Flavonoid)

P70 9.60 C16H12NO3
+ 266.0813 0.38 2,510,580 (100), 223.0612 (9), 

195.0679 (37), 168.0556 (7), 
167.0728 (37)

40 Piperolactam Ab (Aporphine)

P75 10.11 C17H14NO4
+ 296.0922 1.69 281.0697 (44), 280.0514 (4), 

266.0462 (6), 264.0670 (12), 
263.0592 (74), 236.0707 (4), 
235.0642 (100)

30 Piperolactam B (Aporphine)

P92 11.66 C18H20NO3
+ 298.1430 − 2.68 227.0715 (b, 100), 199.0759 (d, 

20), 197.0600 (19), 169.0657 
(47), 161.0604 (g, 7), 159.0439 
(3), 150.0910 (5), 141.0702 (19), 
135.0429 (e, 1), 131.0490 (7), 
98.0602 (c, 36), 72.0810 (a, 3), 
70.0645 (1)

25 Piperettyline
(Piperamides E)

P93 11.66 C18H22NO3
+ 300.1590 − 1.33 229.0956 (b, 4), 201.0904 (d, 

10), 187.0747 (5), 171.0901 (1), 
161.0596 (g, 73), 139.0982 (h, 7), 
135.0433 (e, 8), 131.0488 (100), 
124.0750 (7), 103.0537 (18), 
98.0595 (c, 23), 72.0806 (a, 8)

25 Nigrinodine [94]
(Piperamides E)

P95 11.87 C12H17O3
+ 209.1171 − 0.48 194.0950 (46), 181.0869 (24), 

179.0726 (100), 178.0997 (26), 
177.0914 (6), 163.0757 (18), 
162.0678 (8), 151.0763 (73), 
147.0790 (8), 136.0520 (17), 
123.0447 (15), 121.0648 (20), 
107.0495 (7), 91.0543 (15)

30 trans-Asaroneb

(Phenylpropanoid)

P98 11.92 C18H20NO3
+ 298.1437 − 0.34 227.0728 (b, 100), 199.0767 (d, 

25), 197.0612 (25), 171.0934 
(1), 169.0661 (53), 161.0633 
(g, 8), 159.0444 (3), 150.0913 
(8), 141.0705 (23), 135.0444 
(e, 1), 131.0493 (10), 124.0760 
(3), 115.0537 (3), 103.0542 (3), 
98.0608 (c, 56), 72.0903 (a, 3), 
70.0854 (1), 55.0547 (5)

25 Piperettyline
(isomer-A)
(Piperamide E)
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with molecular adduct ions [M + H]+ at m/z 314.1747 
(P108), 302.1745 (P105) and 300.1590 (P93), respectively, 
were determined based on the MS/MS data as shown in 
Figure S4 in the supplementary material. The MS/MS 
data of these molecular ions show the same fragment 
ions at the m/z values of b (229), d (201), 187, g (161), e 
(135), g −CH2O (131) and 103 (g −CH2O −CO) in posi-
tive ion mode indicative for a benzodioxol group. The 
neutral losses are in accordance with the presence of a 
piperadine (P108), isobutylamine (P105) and pyrrolidine 

(P93) moiety. By matching the MS/MS spectra with those 
reported in the literature and databases, these com-
pounds could be putatively identified as piperdardine 
(P108), chingchengenamide A (P105) and nigrinodine 
(P93), respectively [22, 56, 94]. Generally, the number of 
double bonds in all compounds could be calculated by 
the degree of unsaturation and their positions were esti-
mated by the fragmentation losses and the literature data. 
Frequently detected isomers might result from cis/trans 
isomerization of the double bonds.

Table 1  (continued)

Peak no tR (min) Molecular formula [M + H]+ [m/z] Diff. (ppm) MS2

m/z (key ions, rel. intensity 
[%]a)

CID (eV) Annotation [ref.]
(class)

P110 12.98 C20H24NO3
+ 326.1752 0.31 255.1031 (b, 4), 227.1069 (d, 5), 

187.0754 (9), 165.1152 (h, 100), 
161.0594 (g, 32), 150.0905 (5), 
135.0439 (e, 4), 131.0488 (29), 
103.0538 (4), 98.0599 (c, 58), 
72.0804 (a, 3), 70.0643 (1)

25 6,7-Dehydrobrachyamide B [95]
(Piperamide E)

P112 13.14 C14H24NO+ 222.1852 0.00 194.1906 (2), 168.1744 (1), 
150.0918 (h, 15), 124.0761 
(27), 110.0963 (15), 98.0604 
(c, 71), 95.0492 (15), 91.0539 
(3), 81.0342 (100), 72.0810 (a, 
13), 70.0654 (14), 69.0698 (10), 
67.0545 (29), 53.0390 (92), 
55.0540(38)

40 Sarmentine
(Pyrrolamide)

P114 13.39 C20H26NO3
+ 328.1898 − 2.74 229.1236 (d, 22), 199.1124 (7), 

161.0600 (g, 11), 135.0449 (e, 
100), 131.0494 (7), 98.0602 (c, 
22), 84.0804 (5), 72.0812 (a, 12)

30 Brachyamide B
(Piperamide E)

P116 13.59 C14H26NO+ 224.2006 − 1.34 168.1390 (j, 39), 151.1121 (b, 
13), 123.1168 (d, 18), 112.0760 
(13), 109.1010 (33), 98.0901 
(46), 95.0496 (42), 93.0696 
(12), 83.0855 (21), 81.0344 
(61), 79.0538 (16), 74.0966 (a, 
1), 69.0701 (54), 67.0544 (43), 
57.0704 (i, 100)

30 Pellitorine [56]
(Piperamide C)

P122 14.45 C24H33O6
+ 417.2267 − 1.20 385.1992 (5), 249.1497 (100), 

217.1229 (39), 209.1178 (29), 
181.0860 (17)

15 Andamanicinb

(Lignan)

P135 16.29 C24H32NO3
+ 382.2363 − 3.66 311.1674 (b, 1), 283.1719 (d, 

1), 213.0928 (1), 201.0920 (1), 
187.0766 (4), 175.0760 (2), 
161.0808 (g, 9), 135.0451 (e, 
100), 131.0500 (15), 103.0545 
(3), 98.0606 (c, 26), 84.0812 
(22), 81.0334 (2), 72.0812 (a, 5), 
55.0545 (3)

35 Brachyamide A [22]
(Piperamide E)

P136 16.40 C24H34NO3
+ 384.2525 − 2.08 311.1664 (b, 4), 283.1715 (d, 

8), 187.0762 (4), 175.0758 (4), 
161.0602 (g, 9), 135.0446 (e, 
100), 131.0491 (5), 123.0439 (4), 
109.1010, 95.0851 (2), 86.0965 
(18), 81.0994 (2), 74.0961 (a, 1), 
57.0999 (3)

30 Guineensine [22]
(Piperamide B)

a Relative intensity of parent ion is 100% if none of fragment ions stated. bConfirmed by co-elution with authentic standards (isolated compounds with the structure 
confirmed by NMR spectroscopy) [17]
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The detected phenolic amides, which included cou-
maroyl or feruloyl groups as well as various amino groups, 
generated fragment ions at m/z 147 and 177, respectively. 
Many of them contained a tyramine moiety (137  Da), 
accompanied with a loss of a NH3 moiety to form a vinyl-
phenol ion i at m/z 121 [96]. Compound P50 displaying a 
[M + H]+ at m/z 284.1290 (C17H18NO3

+, cal. 284.1281) in 
the MS2 spectrum was identified to be paprazine which 
produced fragment ions b at m/z 147 and i at m/z 121 
(Fig. S5). The b ion at m/z 147 was yielded by the neu-
tral loss of a tyramine unit. Whereas peak P55 displaying 

a [M + H]+ at m/z 314.1403 (C18H20NO4
+, cal. 314.1387) 

was identified as trans-N-feruloyltyramine. The charac-
teristics product ions at m/z 177 (b) and m/z 121(i) indi-
cated the existence of feruloyl and tyramine moieties in 
the molecule (Fig. S5). The substances behind both peaks 
P50 and P55 were confirmed by isolated compounds.

Moreover, further alkaloid groups were detected and 
identified like aporphines and benzylisoquinolines. The 
aporphine group possesses a common isoquinoline skel-
eton in a highly conjugated tetracyclic structure and mul-
tiple methoxy, methylenedioxy, or hydroxyl substituents 

Fig. 7  Classification of major alkaloid types found in P. sarmentosum and their characteristic fragmentation ions
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attached to this aromatic system conferring on the class 
a great structural diversity [97]. Most of the MS/MS 
fragmentation patterns of aporphine-type compounds 
contain characteristic neutral losses of the substituents 
on A and D rings and N-vicinal moieties through B-ring 
cleavage. Peak P12 with a molecular parent ion of m/z 
342 [M + H]+ exhibited a major fragment ion at m/z 297 
(C18H17O4

+) which could be attributed to the elimina-
tion of (CH3)2NH, representing a key characteristic of 
the aporphines fragmentation pathway (Fig. S6). Subse-
quently, the fragment ions at m/z 282 (C17H14O4

●+) and 
m/z 265 (C17H13O3

+) were produced by the consecutive 
losses of ●CH3 and CH3OH, respectively, from the frag-
ment ion at m/z 297. The subsequent removal of CO 
from the fragment ion at m/z 265 to m/z 237 (C16H13O2

+) 
is described as the preferred fragmentation pathway of 
metabolites with methoxy and hydroxyl groups in ring 
A [92, 93, 98]. Thus, peak P12 with the molecular ion 
[M + H]+ m/z 342 was deduced as magnoflorine compar-
ing with the reported data [93].

Figures 7 and S7 depict the MS fragmentation patterns 
of benzylisoquinoline-type skeletons, which strongly 
indicate the presence of key ions (k, l, m) and the loss 
of the NH group. The k-type ion represents the benzyl 
group and is generated on the MS/MS secondary to the 
formation of ion l. The l ion is produced under the MS/
MS conditions after an “even electron”- type McLafferty 
rearrangement, involving the nitrogen proton and the 
aromatic ring of the benzyl conjugate [99]. The m ion 
occurs as a rearrangement after the elimination of the 
benzyl groups and amine moiety [92]. The m/z values 
of these key ions indicate the substituents present in the 
benzyl (ring C) and the isoquinoline part (ring A).

For example, the fragmentation of peak P16 (m/z 330) 
among the compounds listed in the group of benzyliso-
quinolines is shown in Figure S7. It was identified as a ter-
tiary amine by the loss of 31 Da in the MS/MS spectrum 
resulting in an ion with m/z 299 ([M + H − CH3NH2]+). 
The ion l with m/z 192 indicates the vicinal OCH3 and 
OH group present at ring A. Furthermore, ion k with 
m/z 137 suggested the existence of OCH3 and OH on the 
benzyl moiety. This data was supported by the m ion of 
this compound, with m/z 175. Therefore, peak P16 was 
postulated as the well-known alkaloid reticuline in com-
parison with literature data [92].

2.4.2 � Flavonoids
Flavonoids are referred to as a large group of polyphenol 
natural products with many members possessing vari-
ous biochemical properties, such as antimicrobial, anti-
inflammatory and anti-cancer activities. They serve as 
antioxidants, UV-protectants and play a pivotal role as 
coloring components of flowering plants [100]. MS/MS 

analysis can provide structural information about flavo-
noids including the structure of aglycones, glycosylation 
patterns and the presence of other substituents such as 
3-hydroxy-3-methylglutaryl and other acyl residues 
[101]. According to previous studies of P. sarmentosum, 
the major identified flavonoid aglycone was apigenin 
(aglycon m/z 271) [102]. Several types of flavonoid sub-
stitutions have also been reported, such as  C-glycosyl 
and  O-glycosyl flavones with mono- and di-substituted 
glycosides [74, 103].

In the present study, a total of 15 compounds could be 
annotated as flavone derivatives, which were variously 
C-glycosylated and substituted with 3-hydroxy-3-meth-
ylglutaryl and other acyl residues. The annotation relied 
on comparison of their accurate monoisotopic masses 
and unique fragments with databases, published in litera-
ture reports and spectral data of isolated compounds. All 
compounds were assigned to possess an apigenin agly-
cone based on the corresponding fragment peaks appear-
ing at  m/z  313 (C17H13O6

+) and  m/z  271 (C15H11O5
+). 

The most relevant flavonoids identified are summarized 
in Table 1 and Table S1.

The fragmentation behavior of a 3-hydroxy-3-meth-
ylglutaryl residue (HMG) attached to a sugar moiety 
is in positive ion mode mainly characterized by diag-
nostic ions of [M + H–264]+, [M + H–162]+, and/or 
[M + H–102]+ [104, 105]. In contrast, in the negative ion 
mode, the separate neutral loss of the HMG moiety is 
visible as [M–H–144]− (Figure S10_36b and 38b). Peaks 
P36, P38 and P39 were consistent with the presence of an 
HMG substituent on the saccharide residue. For exam-
ple, the MS/MS spectra of the peak P36 (m/z 739.2130, 
C33H39O19

+) showed fragment ions at m/z 577, 559, 475, 
313 and 271 as explained in Fig. 8. The fragment ions are 
resulting from neutral losses of 264 and 162 Da indicat-
ing the simultaneous loss of HMG and glucose residues. 
The abundant ion at m/z 475 ([M + H − 264]+) is further 
decomposed by the loss of a second C6H10O5 unit lead-
ing to ions at m/z 313 and m/z 271. The ion at m/z 313 is 
indicative for flavonoid C-glycosides. The identity of peak 
P36 (Vitexin 4ʺ-(3-hydroxy-3-methylglutaroyl)-2ʺ-O-β-
D-glucopyranoside) was confirmed by comparison with 
the tR and fragment ions of this compound previously 
isolated for the first time from leaves of P. sarmentosum 
[17].

The most common acyl groups generally found as sub-
stituents of flavonoids are hydroxycinnamic acids such as 
caffeic, ferulic, and sinapic acid. The characteristic prod-
uct ions of these were previously reported [105–107]. 
Based on the characteristic ion fragments and neutral 
losses observed for this type of flavonoid, four acyl con-
taining compounds linked to glycosides (P43, P47, P48 
and P54) were identified. Peak P48 and P54 (Fig. S8), 
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for example, are isomers which both have a molecu-
lar weight of 914 Da. The characteristic ions at m/z 339 
(C16H19O8

+) and 177 (C10H9O3
+) and the neutral losses 

of 264 and 162 suggest that both compounds contain fer-
uloyl and HMG substituents. However, the relative inten-
sity of the ion m/z 339 was higher for peak P48 (100%) 
than for P54 (19%), indicating for the former (P48) that 
the feruloyl moiety is linked to the other hexose unit in 
the diglycoside. In contrast, the feruloyl-glycoside of P54 
might occur on the C-6 of flavone due to the lower rela-
tive intensity of the signal at m/z 339. These C-6 isomers 
are often eluted later than the corresponding 8-C-glyco-
sides. To the best of our knowledge, acylated O-glycosyl 
flavones with two groups have not yet been described in 
the genus Piper.

2.4.3 � Other metabolites
Another 28 compounds were classified as asarones, cou-
marins, quinones, lignans and their glucoside derivatives. 
As a typical representative, the MS/MS fragmentation of 
peak P95 was investigated as shown in Figure S9. Its pro-
tonated molecular ion was m/z 209.1182 in positive ion 
mode, and its main fragment appeared at m/z 179.0726 
[M + H − 30]+ corresponding to the loss of C2H6. The 
radical fragment m/z 194.0950 [M + H − 15]+ was 
yielded through demethylation. The fragment ion at m/z 
151.0763 [M + H − 28]+ was produced by decarboxylation 

of a fragment at m/z 179. Peak P95 represented the most 
abundant peak in P. sarmentosum which could be 
detected in all organs. The tR and fragmentation pattern 
of P95 at m/z 209.1182 [M + H]+ were consistent with the 
isolated compound trans-asarone.

3 � Conclusions
In this study, RP-UHPLC-QqTOF-MS and MS/MS were 
used to characterize separately the metabolic profiles 
of leaves, stems, fruits and roots from the traditional 
medicinal plant P. sarmentosum. As a result, altogether 
154 secondary metabolites were annotated. The assigned 
compounds were dominated by diverse alkaloids together 
with flavonoids and lignans. The individual MS frag-
mentation patterns allowed the distinct attribution to 
compound classes while specific substitution patterns 
or stereochemical information remained uncertain. In 
addition, the relative abundances of these metabolites in 
various organs were determined. Roots and fruits shared 
many common phytochemicals, especially piperamide 
types A-E, as evidenced by TICs, PCA score and load-
ings plots, and hierarchical clustering analysis. On the 
one hand, this finding indicates the similarity to other 
Piper fruits and the potential economic, medicinal, and 
nutritional value of P. sarmentosum. On the other hand, it 
supports the culinary application of roots by some com-
munities in southern China. Stems generally contained 

Fig. 8  Fragmentation scheme of P36 (Vitexin 4ʺ-(3-hydroxy-3-methylglutaroyl)-2ʺ-O-β-D-glucopyranoside)



Page 17 of 21Ware et al. Natural Products and Bioprospecting           (2024) 14:30 	

the most significant amounts of aporphine alkaloids 
compared with other organs. In contrast, the leaves con-
tained relatively high amounts of flavonoids. Several 
compounds could be identified as unique metabolites to 
distinguish different P. sarmentosum organs. The results 
obtained in this study provide valuable insight into the 
distribution of bioactive compounds in different P. sar-
mentosum organs and could also maximize the plant’s 
economic value as herbal medicine, for drug discovery 
or in food applications. As for the plant it is yet to be 
determined what the ecological role of the distribution 
of piperamides especially in root and fruit is. Since fruits 
(seeds) at some point hit the ground for germination, the 
constituents may serve the same purpose, e.g. as deter-
rent for feeding animals or invertebrates. Also, it remains 
yet unresolved to what extent they are produced inde-
pendently in the two organs or transported. However, if 
in analogy to P. nigrum where special cells perform the 
piperamide synthesis, they likely are produced indepen-
dently in both organs [8]. In any case, our finding shows, 
that separate harvesting and utilization of P. sarmento-
sum organs is relevant to the composition of any concoc-
tion thereof, be it for food or medicinal purposes.

4 � Experimental section
4.1 � Chemicals
All chemical standards were obtained from Merck 
(Darmstadt, Germany). Methanol and acetonitrile (both 
LC–MS CHROMASOLV™) were purchased from Rie-
del-de Haёn/Honeywell, (Seelze, Germany), ammonium 
formate (≥ 99%, MS eluent additive) was obtained from 
Sigma Aldrich (Steinheim, Germany), formic acid (LC–
MS grade, 98–100%) from Fluka™/Honeywell (Seelze, 
Germany). Water was purified in-house on the water 
conditioning and purification system Millipore Milli-Q 
Gradient A10 (resistivity > 18 mΩ/cm, Merck Millipore, 
Darmstadt, Germany).

4.2 � Plant material and extraction
Piper sarmentosum Roxb. was collected in January 
2019 from Negeri Sembilan, Malaysia. A voucher was 
authenticated (Number: MFI 0039/19) by Dr. Mohd Fir-
daus Ismail, a botanist at the Institute of Biosciences, 
Universiti Putra Malaysia. A duplicate of the Herbar-
ium specimen is kept at the Department of Bioorganic 
Chemistry in the Leibniz Institute of Plant Biochem-
istry, Halle/Saale, Germany. Various plant organs such 
as leaves, stems, roots and fruits were collected from 
different plants. After the organs were sorted, samples 
were pooled, cleaned, and dried in the oven at 50 °C for 
92  h. The dried samples were ground in a Mixer Mill 
MM 400 with a 20 mm stainless steel ball (Retsch, Haan, 
Germany) at a vibration frequency of 30  Hz for 60  s. 

Briefly, for sample preparation 4  mg dried plant organs 
were weighed in a 2  mL centrifuge tube. Then 1  mL of 
methanol containing 2 pmol/µL of kinetin and 50 pmol/
µL orcinol as internal standards were added, the tubes 
were vortexed vigorously for 20  s, and extraction was 
performed by sonication in the ultrasound bath (40  °C) 
for 20  min. The extracted samples were centrifuged for 
15  min at 14,000 × g and clear supernatants were trans-
ferred to LC–MS vials for analysis. Equivalent volumes of 
the extracts obtained from different organs were pooled. 
The aliquots (50 µL) of this pool were used as quality 
controls (QCs) to characterize the instrument and sam-
ple stability. Two QC samples were injected after every 
six injections of the randomized sample sequence during 
the RP-UHPLC- QqTOF MS analysis.

4.3 � LC–MS and MS/MS
Analysis of the extracts relied on reversed phase-
ultra high-performance liquid chromatography (with 
3  mmol/L aq. ammonium formate and acetonitrile as 
eluents A and B, respectively) coupled on-line to electro-
spray ionization quadrupole-time-of-flight mass spec-
trometry (RP-UHPLC-QqTOF-MS). For this, 5 µL of 
individual extracts were injected in a Waters ACQUITY 
I-Class UPLC System (Waters GmbH, Eschborn, Ger-
many). After a two-min wash at 5% eluent B, the samples 
were separated at the flow rate of 400 µL/min on an EC 
150/2 NUCLEOSHELL RP C18 column (150 × 2  mm, 
particle size 2.7 µm) thermostated at 40 °C in a linear gra-
dient to 95% eluent B in 17 min. After a 2 min isocratic 
step at 95% eluent B, the column was re-equilibrated at 
5% eluent B during 9  min. The column effluents were 
infused via an ESI part of DuoSpray™ Ion Source in a 
hybrid QqTOF mass spectrometer Sciex TripleTOF 6600 
LC–MS System (AB Sciex, Darmstadt, Germany), oper-
ated in positive sequential window acquisition of all theo-
retical mass spectra (SWATH) mode and controlled by 
Analyst™ TF Software 1.8. The source was hold at 450 °C 
with nebulizer (GS1), drying (GS2) and curtain (CUR) 
gases set to 60, 70 and 55 psig, respectively, whereas the 
ion spray voltage was 5.5  kV. The SWATH experiments 
were performed with 1.11  s period time and comprised 
one TOF–MS scan and 48 product ion scans in the m/z 
range of 65 – 1250. The data were acquired at the pulser 
frequency of 19.1 Hz and the accumulation times of 100 
and 20 ms for TOF–MS and product ion scans, respec-
tively. The MS/MS data were obtained in 48 SWATH 
windows of 25  m/z each with collision potential (CE), 
collision energy spread (CES) and declustering potential 
(DP) set to 45, 35 and 35 V in positive mode. The targeted 
MS/MS data were acquired in positive ion mode at CEs 
of 15, 20, 30, 40, 50 and 60 V with CES set to 0 V and DP 
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set to 35 V (total cycle time 0.9 s, 16 scans per cycle, scan 
accumulation time 50 ms, starting from m/z 50).

4.4 � Data processing and post‑processing
The acquired chromatograms and spectra were examined 
in PeakView TM software (version 2.2) to accesses data 
quality and to adjust the settings for further processing. 
Deconvolution of the mass spectra, peak picking, reten-
tion time-based alignment, feature filtering and quantita-
tion of individual signals in extracted ion chromatograms 
(XICs), i.e. integration of peak areas, were accomplished 
in MSDial software (version 4.12) after conversion of the 
raw data in ABF (analysis base file) format. The optimized 
peak detection parameters for processing in MSDial were 
set as follows: MS1 tolerance—0.015  m/z, MS2 toler-
ance—0.025  m/z, minimum peak width—5  s, minimum 
peak height—2000 counts, for alignment: retention time 
(tR) tolerance—0.15 min, MS1 tolerance—0.015 m/z.

Relative quantitation relied on integrated peak areas 
as intensity values of corresponding analytes. For this, 
the integrated peak areas of the metabolites annotated 
in each sample were organized as a digital matrix which 
was subjected to processing and statistical interpreta-
tion by means of the MetaboAnalyst 5.0 online platform 
(available for free at www.​metab​oanal​yst.​ca). Prior to the 
statistical analysis, the data were filtered to remove the 
features which were detected in less than 20% of the sam-
ples. Imputation of missing values relied on the MetImp 
algorithm (https://​metab​olomi​cs.​cc.​hawaii.​edu/​softw​are/​
MetImp/) and the random forest method for analytes 
detected in at least 80% of samples. Variables of the data 
sets were pareto-scaled and median normalized before 
multivariate analysis. Multivariate data analysis, includ-
ing principal component analysis (PCA), OPLS-DA and 
hierarchical clustering were used to address intra- and 
inter-group variability and to assess the underlying group 
separation in the data.

4.5 � Metabolite annotation
Metabolites were annotated based on their correspond-
ing accurate m/z, chromatographic retention times and 
similarity of the acquired tandem mass spectrometric 
(MS/MS) fragmentation patterns with those reported 
in the literature. Additionally, spectral libraries and in-
silico fragmentation tools (e.g. MetFrag, MassBank—see 
https://​www.​ipb-​halle.​de/​en/​infra​struc​ture/​datab​ases-​
and-​tools/?​MP=6-​1058—and in-house library based on 
authentic reference standards) were employed for analyte 
annotation or identification. Briefly, the criteria for iden-
tification were as follows: the tR was ± 0.1  min of refer-
ence standard, the mass error of MS1 was below or equal 
to 5 ppm, spectrum similarity match of the MS/MS frag-
mentation patterns.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s13659-​024-​00453-z.

Supplementary Material 1.  Figure S1: Comparison of the total ion chroma-
tograms (TICs) acquired from methanolic extracts of different P. sarmento-
sum organs in the negative ion mode; Figure S2: PCA scores plot showing 
the close clustering of quality control samples (QC); Figure S3: The PCA 
and OPLS-DA plots derived from pairwise comparisons of metabolite pro-
files from different organs; Figure S4: The general fragmentation patterns 
of selected piperamides P108 (m/z 314), P105 (m/z 302), and P93 (m/z 
300); Figure S5: Key characteristics product ions b and i of paprazine (P50), 
and trans-N-feruloyltyramine (P55); Figure S6: MS/MS spectrum of magno-
florine (P12); Figure S7: Proposed fragmentation pathway and MS2 spectra 
of reticuline (P16); Figure S8: Proposed structures of flavone derivatives 
giving peaks P48 and P54 with characteristic fragment ion at m/z 339; Fig-
ure S9: MS/MS spectral fragmentation of the [M + H]+ ion of trans-asarone 
(P95); Figure S10: MS/MS spectral fragmentation of the peak P1– P154; 
Table S1: RP-UHPLC-QqTOF-MS/MS data of metabolites annotated in four 
organs of P. sarmentosum in positive ionization mode.

Acknowledgements
The authors are indebted to Ayu Christien Rahaweman for helpful discussions 
and Kevin Knuth for the MS annotation table review.

Author contributions
Conceptualization, L.A.W.; Methodology, I.W., K.F. and A.F.; Formal analysis, I.W., 
K.F., A.F., K.B., E.K. and M.Y.; Investigation, I.W. and K.F.; Resources, L.A.W. and 
H.A.E.E.; Data curation, I.W. and K.F.; Writing—original draft preparation, I.W., 
K.F. and L.A.W.; Writing—review and editing, I.W., K.F., A.F., K.B., E.K., M.Y., H.A.E.E. 
and L.A.W.; Visualization, I.W. and K.F.; Supervision, K.F. and L.A.W.; Project 
administration, H.A.E.E. and L.A.W.; Funding acquisition, I.W. and L.A.W. All 
authors have read and agreed to the published version of the manuscript.

Funding
This study was supported by the German Academic Exchange Service (DAAD) 
as a grant scholarship and part of the Ph.D. thesis of IW. Funding program/-ID: 
Research Grants – Doctoral Programs in Germany, 2017/18 (57299294), ST34. 
The funder had no role in the study design, decision to publish, or manuscript 
preparation.

Data availability
The data presented in this study are available on request from the correspond-
ing author.

Declarations

Competing interests
The authors declare no conflict of interest.

Author details
1 Department of Bioorganic Chemistry, Leibniz Institute of Plant Biochemistry, 
06120 Halle (Saale), Germany. 2 Biotechnology Research Institute, Universiti 
Malaysia Sabah, Jalan UMS, Kota Kinabalu 88400, Sabah, Malaysia. 3 Institute 
of Bioproduct Development, Universiti Teknologi Malaysia (UTM), 81310 Johor 
Bahru, Johor, Malaysia. 4 Institute of Biology/Geobotany and Botanical Garden, 
Martin Luther University Halle-Wittenberg, 06108 Halle (Saale), Germany. 
5 German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, 
04103 Leipzig, Germany. 6 City of Scientific Research and Technology Applica-
tions, New Borg Al Arab, Alexandria 21934, Egypt. 

Received: 28 February 2024   Accepted: 5 May 2024

http://www.metaboanalyst.ca
https://metabolomics.cc.hawaii.edu/software/MetImp/
https://metabolomics.cc.hawaii.edu/software/MetImp/
https://www.ipb-halle.de/en/infrastructure/databases-and-tools/?MP=6-1058
https://www.ipb-halle.de/en/infrastructure/databases-and-tools/?MP=6-1058
https://doi.org/10.1007/s13659-024-00453-z
https://doi.org/10.1007/s13659-024-00453-z


Page 19 of 21Ware et al. Natural Products and Bioprospecting           (2024) 14:30 	

References
	 1.	 Simmonds SE, Smith JF, Davidson C, Buerki S. Phylogenetics and 

comparative plastome genomics of two of the largest genera of 
angiosperms, Piper and Peperomia (Piperaceae). Mol Phylogenet Evol. 
2021;163: 107229.

	 2.	 Quijano-Abril MA, Callejas-Posada R, Miranda-Esquivel DR. Areas of 
endemism and distribution patterns for neotropical Piper species 
(Piperaceae). J Biogeogr. 2006;33:1266–78.

	 3.	 Ware I, Franke K, Hussain H, Morgan I, Rennert R, Wessjohann LA. 
Bioactive phenolic compounds from Peperomia obtusifolia. Molecules. 
2022;27:4363.

	 4.	 Suwanphakdee C, Chantaranothai P. A new species and three 
taxonomic changes in Piper (Piperaceae) from Thailand. Blumea. 
2011;56:235–9.

	 5.	 Asmarayani R. Phylogenetic relationships in malesian–pacific 
Piper (Piperaceae) and their implications for systematics. Taxon. 
2018;67:693–724.

	 6.	 Salehi B, Zakaria ZA, Gyawali R, Ibrahim SA, Rajkovic J, Shinwari ZK, Khan 
T, Sharifi-Rad J, Ozleyen A, Turkdonmez E, Valussi M, Tumer TB, Fidalgo 
LM, Martorell M, Setzer WN. Piper species: a comprehensive review on 
their phytochemistry, biological activities and applications. Molecules. 
2019;24:1364.

	 7.	 Schnabel A, Cotinguiba F, Athmer B, Vogt T. Piper nigrum CYP719A37 
catalyzes the decisive methylenedioxy bridge formation in piperine 
biosynthesis. Plants. 2021;10:128.

	 8.	 Jackel L, Schnabel A, Stellmach H, Klauss U, Matschi S, Hause G, Vogt 
T. The terminal enzymatic step in piperine biosynthesis is co-localized 
with the product piperine in specialized cells of black pepper (Piper 
nigrum L.). Plant J. 2022;111:731–47.

	 9.	 Burkill IH, Birtwistle W, Foxworthy FW, Scrivenor JB, Watson JG. A dic-
tionary of the economic products of the Malay Peninsula. Governments 
of Malaysia and Singapore by the Ministry of Agriculture and coopera-
tives: 1966.

	 10.	 Zakaria ZA, Patahuddin H, Mohamad AS, Israf DA, Sulaiman MR. 
In vivo anti-nociceptive and anti-inflammatory activities of the aque-
ous extract of the leaves of Piper sarmentosum. J Ethnopharmacol. 
2010;128:42–8.

	 11.	 Hussain K, Hashmi FK, Latif A, Ismail Z, Sadikun A. A review of the litera-
ture and latest advances in research of Piper sarmentosum. Pharm Biol. 
2012;50:1045–52.

	 12.	 Ridtitid W, Rattanaprom W, Thaina P, Chittrakarn S, Sunbhanich M. 
Neuromuscular blocking activity of methanolic extract of Piper sarmen-
tosum leaves in the rat phrenic nerve-hemidiaphragm preparation. J 
Ethnopharmacol. 1998;61:135–42.

	 13.	 Chanwitheesuk A, Teerawutgulrag A, Rakariyatham N. Screening of 
antioxidant activity and antioxidant compounds of some edible plants 
of Thailand. Food Chem. 2005;92:491–7.

	 14.	 Chaveerach A, Mokkamul P, Sudmoon R, Tanee T. Ethnobotany of the 
genus Piper (Piperaceae) in Thailand. Ethnobot Res Appl. 2006;4:223–31.

	 15.	 Sun X, Chen W, Dai W, Xin H, Rahmand K, Wang Y, Zhang J, Zhang S, Xu 
L, Han T. Piper sarmentosum Roxb.: a review on its botany, traditional 
uses, phytochemistry, and pharmacological activities. J Ethnopharma-
col. 2020;263: 112897.

	 16.	 Li CY, Tsai WJ, Damu AG, Lee EJ, Wu TS, Dung NX, Thang TD, Thanh L. 
Isolation and identification of antiplatelet aggregatory principles from 
the leaves of Piper lolot. J Agric Food Chem. 2007;55:9436–42.

	 17.	 Ware I, Franke K, Dube M, El Enshasy HA, Wessjohann LA. Characteriza-
tion and bioactive potential of secondary metabolites isolated from 
Piper sarmentosum Roxb. Int J Mol Sci. 2023;24:1328.

	 18.	 Md. Salleh MFRR, Aminuddin A, Hamid AA, Salamt N, Japar-Sidik FZ, 
Ugusman A. Piper sarmentosum Roxb. attenuates vascular endothelial 
dysfunction in nicotine-induced rats. Front Pharmacol. 2021;12: 667102.

	 19.	 Chan EWL, Yeo ETY, Wong KWL, See ML, Wong KY, Yap JKY, Gan SY. 
Piper sarmentosum Roxb. attenuates beta amyloid (αβ)-induced neu-
rotoxicity via the inhibition of amyloidogenesis and tau hyperphos-
phorylation in SH-SY5Y cells. Curr Alzheimer Res. 2021;18:80–7.

	 20.	 Kumar SR, Ramli ESM, Nasir NAA, Ismail NM, Fahami NAM. Metha-
nolic extract of Piper sarmentosum attenuates obesity and hyper-
lipidemia in fructose-induced metabolic syndrome rats. Molecules. 
2021;26:3985.

	 21.	 Wolfender JL, Marti G, Thomas A, Bertrand S. Current approaches and 
challenges for the metabolite profiling of complex natural extracts. J 
Chromatogr A. 2015;1382:136–64.

	 22.	 Luca SV, Minceva M, Gertsch J, Skalicka-Woźniak K. LC-HRMS/MS-
based phytochemical profiling of Piper spices: global association of 
piperamides with endocannabinoid system modulation. Food Res 
Int. 2021;141: 110123.

	 23.	 Afzan A, Kasim N, Ismail NH, Azmi N, Ali AM, Mat N, Wolfender JL. 
Differentiation of Ficus deltoidea varieties and chemical marker deter-
mination by UHPLC-TOFMS metabolomics for establishing quality 
control criteria of this popular Malaysian medicinal herb. Metabo-
lomics. 2019;15:35.

	 24.	 Farag MA, Abdelwareth A, Zayed A, Eissa TF, Dokalahy E, Frolov A, 
Wessjohann LA. A comparative metabolomics approach for Egyptian 
mango fruits classification based on UV and UPLC/MS and in relation to 
its antioxidant effect. Foods. 2022;11:2127.

	 25.	 Pei H, Su W, Gui M, Dou M, Zhang Y, Wang C, Lu D. Comparative analysis 
of chemical constituents in different parts of lotus by UPLC and QTOF-
MS. Molecules. 2021;26:1855.

	 26.	 Oh JH, Ha IJ, Lee MY, Kim EO, Park D, Lee JH, Lee SG, Kim DW, Lee TH, 
Lee EJ, Kim CK. Identification and metabolite profiling of alkaloids 
in aerial parts of Papaver rhoeas by liquid chromatography coupled 
with quadrupole time-of-flight tandem mass spectrometry. J Sep Sci. 
2018;41:2517–27.

	 27.	 El Senousy AS, Farag MA, Al-Mandy DA, Wessjohann LA. Developmen-
tal changes in leaf phenolics composition from three artichoke cvs. 
(Cynara scolymus) as determined via UHPLC-MS and chemometrics. 
Phytochemistry. 2014;108:67–76.

	 28.	 Schutz D, Achten E, Creydt M, Riedl J, Fischer M. Non-targeted LC-MS 
metabolomics approach towards an authentication of the geographi-
cal origin of grain maize (Zea mays L.) samples. Foods. 2021;10:2160.

	 29.	 Farag MA, Khaled SE, El Gingeehy Z, Shamma SN, Zayed A. Comparative 
metabolite profiling and fingerprinting of medicinal cinnamon bark 
and its commercial preparations via a multiplex approach of GC-MS, UV, 
and NMR techniques. Metabolites. 2022;12:614.

	 30.	 Hegazi NM, Khattab AR, Frolov A, Wessjohann LA, Farag MA. Authen-
tication of saffron spice accessions from its common substitutes via a 
multiplex approach of UV/VIS fingerprints and UPLC/MS using molecu-
lar networking and chemometrics. Food Chem. 2022;367: 130739.

	 31.	 Lee JW, Ji SH, Choi BR, Choi DJ, Lee YG, Kim HG, Kim GS, Kim K, Lee YH, 
Baek NI, Lee DY. UPLC-QTOF/MS-based metabolomics applied for the 
quality evaluation of four processed Panax ginseng products. Molecules. 
2018;23:2062.

	 32.	 Li K, Fan Y, Wang H, Fu Q, Jin Y, Liang X. Qualitative and quantitative 
analysis of an alkaloid fraction from Piper longum L. using ultra-high 
performance liquid chromatography-diode array detector-electrospray 
ionization mass spectrometry. J Pharm Biome Anal. 2015;109:28–35.

	 33.	 Farag MA, Porzel A, Mahrous EA, El-Massry MM, Wessjohann LA. 
Integrated comparative metabolite profiling via MS and NMR tech-
niques for Senna drug quality control analysis. Anal Bioanal Chem. 
2015;407:1937–49.

	 34.	 El-Hawary EA, Zayed A, Laub A, Modolo LV, Wessjohann LA, Farag MA. 
How does LC/MS compare to UV in coffee authentication and deter-
mination of antioxidant effects? Brazilian and middle eastern coffee as 
case studies. Antioxidants. 2022;11:131.

	 35.	 Han YX, Wang PF, Zhao M, Chen LM, Wang ZM, Liu XQ, Gao HM, Gong 
MX, Li H, Zhu JZ, Liu CG. Chemical profiling of Xueshuan xinmaining 
tablet by HPLC and UPLC-ESI-Q-TOF/MS. Evid Based Complement 
Alternat Med. 2018;2018:2781597.

	 36.	 Wu C, Liu H, Rong X, Liu J, Ding W, Cheng X, Xing J, Wang C. Phy-
tochemical composition profile and space–time accumulation of 
secondary metabolites for Dracocephalum moldavica Linn. via UPLC–Q/
TOF–MS and HPLC–DAD method. Biomed Chromatogr. 2020;34: e4865.

	 37.	 Trapp SC, Croteau RB. Genomic organization of plant terpene synthases 
and molecular evolutionary implications. Genetics. 2001;158:811–32.

	 38.	 Selmar D, Kleinwachter M. Influencing the product quality by deliber-
ately applying drought stress during the cultivation of medicinal plants. 
Ind Crops Prod. 2013;42:558–66.

	 39.	 Yang LL, Yang L, Yang X, Zhang T, Lan YM, Zhao Y, Han M, Yang LM. 
Drought stress induces biosynthesis of flavonoids in leaves and 



Page 20 of 21Ware et al. Natural Products and Bioprospecting           (2024) 14:30 

saikosaponins in roots of Bupleurum chinense DC. Phytochemistry. 
2020;177: 112434.

	 40.	 Zheng YK, Su BJ, Wang YQ, Wang HS, Liao HB, Liang D. New tyramine- 
and aporphine-type alkamides with no release inhibitory activities from 
Piper puberulum. J Nat Prod. 2021;84:1316–25.

	 41.	 Wu Y, Zheng CJ, Deng XH, Qin LP. Two new bis-alkaloids from the aerial 
part of Piper flaviflorum. Helv Chim Acta. 2013;96:951–5.

	 42.	 Leonard W, Zhang PZ, Ying DY, Fang ZX. Lignanamides: sources, biosyn-
thesis and potential health benefits—a mini review. Crit Rev Food Sci 
Nutr. 2021;61:1404–14.

	 43.	 Flores-Sanchez IJ, Verpoorte R. Secondary metabolism in cannabis. 
Phytochem Rev. 2008;7:615–39.

	 44.	 Yoshikawa M, Yamaguchi S, Murakami T, Matsuda H, Yamahara J, 
Murakami N. Absolute stereostructures of trifoliones A, B, C, and D, 
new biologically active diterpenes from the tuber of Sagittaria trifolia L. 
Chem Pharm Bull. 1993;41:1677–9.

	 45.	 Facchini PJ, Hagel J, Zulak KG. Hydroxycinnamic acid amide metabo-
lism: physiology and biochemistry. Can J Bot. 2002;80:577–89.

	 46.	 Yi L, Liang ZT, Peng Y, Yao X, Chen HB, Zhao ZZ. Tissue-specific metabo-
lite profiling of alkaloids in Sinomenii caulis using laser microdissection 
and liquid chromatography–quadrupole/time of flight-mass spectrom-
etry. J Chromatogr A. 2012;1248:93–103.

	 47.	 Gorpenchenko TY, Grigorchuk VP, Bulgakov DV, Tchernoded GK, Bulga-
kov VP. Tempo-spatial pattern of stepharine accumulation in Stephania 
glabra morphogenic tissues. Int J Mol Sci. 2019;20:808.

	 48.	 Samanani N, Alcantara J, Bourgault R, Zulak KG, Facchini PJ. The role of 
phloem sieve elements and laticifers in the biosynthesis and accumula-
tion of alkaloids in opium poppy. Plant J. 2006;47:547–63.

	 49.	 Singh S, Pathak N, Fatima E, Negi AS. Plant isoquinoline alkaloids: 
advances in the chemistry and biology of berberine. Eur J Med Chem. 
2021;226: 113839.

	 50.	 Morris JS, Facchini PJ. Isolation and characterization of reticuline 
N-methyltransferase involved in biosynthesis of the aporphine alkaloid 
magnoflorine in opium poppy. J Biol Chem. 2016;291:23416–27.

	 51.	 Marques JV, Dalisay DS, Yang H, Lee C, Davin LB, Lewis NG. A multi-
omics strategy resolves the elusive nature of alkaloids in Podophyllum 
species. Mol Biosyst. 2014;10:2838–49.

	 52.	 Priestap HA, Velandia AE, Johnson JV, Barbieri MA. Secondary metabo-
lite uptake by the aristolochia-feeding papilionoid butterfly Battus 
polydamas. Biochem Syst Ecol. 2012;40:126–37.

	 53.	 Pearce G, Marchand PA, Griswold J, Lewis NG, Ryan CA. Accumulation 
of feruloyltyramine and p-coumaroyltyramine in tomato leaves in 
response to wounding. Phytochemistry. 1998;47:659–64.

	 54.	 Newman MA, von Roepenack-Lahaye E, Parr A, Daniels MJ, Dow JM. 
Induction of hydroxycinnamoyl-tyramine conjugates in pepper by 
Xanthomonas campestris, a plant defense response activated by hrp 
gene-dependent and hrp gene-independent mechanisms. Mol Plant-
Microbe Interact. 2001;14:785–92.

	 55.	 Zacares L, Lopez-Gresa MP, Fayos J, Primo J, Belles JM, Conejero V. 
Induction of p-coumaroyldopamine and feruloyldopamine, two novel 
metabolites, in tomato by the bacterial pathogen Pseudomonas syrin-
gae. Mol Plant-Microbe Interact. 2007;20:1439–48.

	 56.	 Yu L, Hu XL, Xu RR, Ba YY, Chen XQ, Wang X, Cao B, Wu X. Amide alka-
loids characterization and neuroprotective properties of Piper nigrum L.: 
a comparative study with fruits, pericarp, stalks and leaves. Food Chem. 
2022;368: 130832.

	 57.	 Schnabel A, Athmer B, Manke K, Schumacher F, Cotinguiba F, Vogt T. 
Identification and characterization of piperine synthase from black pep-
per Piper nigrum L. Commun Biol. 2021;4:445.

	 58.	 Whitehead SR, Bowers MD. Chemical ecology of fruit defence: synergis-
tic and antagonistic interactions among amides from Piper. Funct Ecol. 
2014;28:1094–106.

	 59.	 Jeon HJ, Kim K, Kim YD, Lee SE. Naturally occurring Piper plant amides 
potential in agricultural and pharmaceutical industries: perspectives of 
piperine and piperlongumine. Appl Biol Chem. 2019;62:63.

	 60.	 Haq IU, Imran M, Nadeem M, Tufail T, Gondal TA, Mubarak MS. Piper-
ine: a review of its biological effects. Phytother Res. 2021;35:680–700.

	 61.	 Quijia CR, Chorilli M. Characteristics, biological properties and 
analytical methods of piperine: a review. Crit Rev Anal Chem. 
2020;50:62–77.

	 62.	 Takahashi M, Hirose N, Ohno S, Arakaki M, Wada K. Flavor character-
istics and antioxidant capacities of hihatsumodoki (Piper retrofractum 
Vahl) fresh fruit at three edible maturity stages. J Food Sci Technol. 
2018;55:1295–305.

	 63.	 Hjelmeland AK, Ebeler SE. Glycosidically bound volatile aroma com-
pounds in grapes and wine: a review. Am J Enol Vitic. 2015;66:1–11.

	 64.	 Vogt T, Jones P. Glycosyltransferases in plant natural product 
synthesis: characterization of a supergene family. Trends Plant Sci. 
2000;5:380–6.

	 65.	 Bowles D, Lim EK, Poppenberger B, Vaistij FE. Glycosyltransferases of 
lipophilic small molecules. Annu Rev Plant Biol. 2006;57:567–97.

	 66.	 Jones P, Vogt T. Glycosyltransferases in secondary plant metabolism: 
tranquilizers and stimulant controllers. Planta. 2001;213:164–74.

	 67.	 Khew CY, Harikrishna JA, Wee WY, Lau ET, Hwang SS. Transcriptional 
sequencing and gene expression analysis of various genes in fruit 
development of three different black pepper (Piper nigrum L.) varieties. 
Int J Genomics. 2020;2020:1540915.

	 68.	 Hostetler GL, Ralston RA, Schwartz SJ. Flavones: food sources, bioavail-
ability, metabolism, and bioactivity. Adv Nutr. 2017;8:423–35.

	 69.	 Falcone Ferreyra ML, Rius S, Casati P. Flavonoids: biosynthesis, bio-
logical functions, and biotechnological applications. Front Plant Sci. 
2012;3:222.

	 70.	 Böttner L, Grabe V, Gablenz S, Böhme N, Appenroth KJ, Gershenzon J, 
Huber M. Differential localization of flavonoid glucosides in an aquatic 
plant implicates different functions under abiotic stress. Plant Cell 
Environ. 2021;44:900–14.

	 71.	 Printz B, Lutts S, Hausman JF, Sergeant K. Copper trafficking in plants 
and its implication on cell wall dynamics. Front Plant Sci. 2016;7:601.

	 72.	 Rodriguez-Garcia C, Sanchez-Quesada C, Toledo E, Delgado-Rodriguez 
M, Gaforio JJ. Naturally lignan-rich foods: a dietary tool for health pro-
motion? Molecules. 2019;24:917.

	 73.	 Miean KH, Mohamed S. Flavonoid (myricetin, quercetin, kaempferol, 
luteolin, and apigenin) content of edible tropical plants. J Agric Food 
Chem. 2001;49:3106–12.

	 74.	 Ugusman A, Zakaria Z, Hui CK, Nordin NA, Mahdy ZA. Flavonoids of 
Piper sarmentosum and its cytoprotective effects against oxidative 
stress. EXCLI J. 2012;11:705–14.

	 75.	 Lee JH, Cho S, Paik HD, Choi CW, Nam KT, Hwang SG, Kim SK. Investiga-
tion on antibacterial and antioxidant activities, phenolic and flavonoid 
contents of some Thai edible plants as an alternative for antibiotics. 
Asian-Australas J Anim Sci. 2014;27:1461–8.

	 76.	 Baba MS, Hassan ZAA. Piper sarmentosum leaf as a promising non-toxic 
antiparasitic agent against trypanosoma evansi-induced mice. Malays J 
Microsc. 2019;15:46–60.

	 77.	 Hematpoor A, Liew SY, Chong WL, Azirun MS, Lee VS, Awang K. Inhibi-
tion and larvicidal activity of phenylpropanoids from Piper sarmentosum 
on acetylcholinesterase against mosquito vectors and their binding 
mode of interaction. PLoS ONE. 2016;11: e0155265.

	 78.	 Hematpoor A, Liew SY, Azirun MS, Awang K. Insecticidal activity and 
the mechanism of action of three phenylpropanoids isolated from the 
roots of Piper sarmentosum Roxb. Sci Rep. 2017;7:12576.

	 79.	 Alseekh S, Aharoni A, Brotman Y, Contrepois K, D’Auria J, Ewald J, Ewald 
JC, Fraser PD, Giavalisco P, Hall RD, Heinemann M, Link H, Luo J, Neu-
mann S, Nielsen J, de Souza LP, Saito K, Sauer U, Schroeder FC, Schuster 
S, Siuzdak G, Skirycz A, Sumner LW, Snyder MP, Tang H, Tohge T, Wang 
Y, Wen W, Wu S, Xu G, Zamboni N, Fernie AR. Mass spectrometry-based 
metabolomics: a guide for annotation, quantification and best report-
ing practices. Nat Methods. 2021;18:747–56.

	 80.	 Li Z, Zhang X, Liao J, Fan X, Cheng Y. An ultra-robust fingerprint-
ing method for quality assessment of traditional Chinese medicine 
using multiple reaction monitoring mass spectrometry. J Pharm Anal. 
2021;11:88–95.

	 81.	 Wu Z, Wang X, Chen M, Hu H, Cao J, Chai T, Wang H. A study on 
tissue-specific metabolite variations in Polygonum cuspidatum by high-
resolution mass spectrometry-based metabolic profiling. Molecules. 
2019;24:1058.

	 82.	 dos Santos CHC, de Carvalho MG, Laub A, Franke K, Wessjohann LA. 
UHPLC-ESI-Orbitrap-HR-MS analysis of cyclopeptide alkaloids from 
Ziziphus joazeiro. Nat Prod Commun. 2021;16.



Page 21 of 21Ware et al. Natural Products and Bioprospecting           (2024) 14:30 	

	 83.	 Szabo D, Schlosser G, Vekey K, Drahos L, Revesz A. Collision energies on 
QTOF and orbitrap instruments: how to make proteomics measure-
ments comparable? J Mass Spectrom. 2021;56: e4693.

	 84.	 Li CR, Hou XH, Xu YY, Gao W, Li P, Yang H. Manual annotation combined 
with untargeted metabolomics for chemical characterization and 
discrimination of two major Crataegus species based on liquid chroma-
tography quadrupole time-of-flight mass spectrometry. J Chromatogr 
A. 2020;1612: 460628.

	 85.	 Revesz A, Rokob TA, JeanneDitFouque D, Turiak L, Memboeuf A, Vekey 
K, Drahos L. Selection of collision energies in proteomics mass spec-
trometry experiments for best peptide identification: study of mascot 
score energy dependence reveals double optimum. J Proteome Res. 
2018;17:1898–906.

	 86.	 Pei H, Xue L, Tang M, Tang H, Kuang S, Wang L, Ma X, Cai X, Li Y, Zhao 
M, Peng A, Ye H, Chen L. Alkaloids from black pepper (Piper nigrum L.) 
exhibit anti-inflammatory activity in murine macrophages by inhibiting 
activation of NF-кB pathway. J Agric Food Chem. 2020;68:2406–17.

	 87.	 Islam MT, Hasan J, Snigdha H, Ali ES, Sharifi-Rad J, Martorell M, Mubarak 
MS. Chemical profile, traditional uses, and biological activities of Piper 
chaba hunter: a review. J Ethnopharmacol. 2020;257: 112853.

	 88.	 Mayr S, Bec KB, Grabska J, Schneckenreiter E, Huck CW. Near-infrared 
spectroscopy in quality control of Piper nigrum: a comparison of per-
formance of benchtop and handheld spectrometers. Talanta. 2021;223: 
121809.

	 89.	 Sun C, Pei S, Pan Y, Shen Z. Rapid structural determination of amides in 
Piper longum by high-performance liquid chromatography combined 
with ion trap mass spectrometry. Rapid Commun Mass Spectrom. 
2007;21:1497–503.

	 90.	 Rios MY, Gomez-Calvario V. 1H and 13C NMR data, occurrence, bio-
synthesis, and biological activity of Piper amides. Mag Reson Chem. 
2019;57:993–993.

	 91.	 Luca SV, Gaweł-Bęben K, Strzępek-Gomółka M, Czech K, Trifan A, 
Zengin G, Korona-Glowniak I, Minceva M, Gertsch J, Skalicka-Woźniak K. 
Insights into the phytochemical and multifunctional biological profile 
of spices from the genus Piper. Antioxidants. 2021;10:1642.

	 92.	 Conceição RS, Reis IMA, Cerqueira APM, Perez CJ, Junior MCDS, Branco 
A, Ifa DR, Botura MB. Rapid structural characterisation of benzylisoqui-
noline and aporphine alkaloids from Ocotea spixiana acaricide extract 
by HPTLC-DESI-MSn. Phytochem Anal. 2020;31:711–21.

	 93.	 Sim HJ, Yoon SH, Kim MS, Kim B, Park HM, Hong J. Identification of 
alkaloid constituents from Fangchi species using pH control liquid-
liquid extraction and liquid chromatography coupled to quadrupole 
time-of-flight mass spectrometry. Rapid Commun Mass Spectrom. 
2015;29:837–54.

	 94.	 Wolff T, Santos PFP, Valente LMM, Magalhaes A, Tinoco LW, Pereira RCA, 
Guimaraes EF. Piperamides from Piper ottonoides by NMR and GC-MS 
based mixture analysis. J Braz Chem Soc. 2015;26:2321–30.

	 95.	 Strunz GM, Finlay HJ. Expedient synthesis of unsaturated amide alka-
loids from Piper spp: exploring the scope of recent methodology. Can J 
Chem. 1996;74:419–32.

	 96.	 Xiao X, Ren W, Zhang N, Bing T, Liu XJ, Zhao ZW, Shangguan DH. 
Comparative study of the chemical constituents and bioactivities of 
the extracts from fruits, leaves and root barks of Lycium barbarum. 
Molecules. 2019;24:1585.

	 97.	 Stévigny C, Jiwan JLH, Rozenberg R, de Hoffmann E, Quetin-Leclercq 
J. Key fragmentation patterns of aporphine alkaloids by electrospray 
ionization with multistage mass spectrometry. Rapid Commun Mass 
Spectrom. 2004;18:523–8.

	 98.	 Carnevale Neto F, Andréo MA, Raftery D, Lopes JLC, Lopes NP, Castro-
Gamboa I, Lameiro de Noronha Sales Maia BH, Costa EV, Vessecchi 
R. Characterization of aporphine alkaloids by electrospray ionization 
tandem mass spectrometry and density functional theory calculations. 
Rapid Commun Mass Spectrom. 2020;34: e8533.

	 99.	 Schmidt J, Raith K, Boettcher C, Zenk MH. Analysis of benzylisoqui-
noline-type alkaloids by electrospray tandem mass spectrometry 
and atmospheric pressure photoionization. Eur J Mass Spectrom. 
2005;11:325–33.

	100.	 Kumar S, Pandey AK. Chemistry and biological activities of flavonoids: 
an overview. Sci World J. 2013;2013: 162750.

	101.	 Hu L, Liang Z, Wang Y, Wei G, Huang YC. Identification of C-glycosyl 
flavones and O-glycosyl flavones in five Dendrobium species by 

high-performance liquid chromatography coupled with electrospray 
ionization multi-stage tandem MS. Rapid Commun Mass Spectrom. 
2022;36: e9158.

	102.	 Purba RAP, Paengkoum S, Paengkoum P. Development of a simple 
high-performance liquid chromatography-based method to quantify 
synergistic compounds and their composition in dried leaf extracts of 
Piper sarmentosum Roxb. Separations. 2021;8:152.

	103.	 Tagrida M, Benjakul S. Ethanolic extract of betel (Piper betle L.) and 
chaphlu (Piper sarmentosum Roxb.) dechlorophyllized using sedimenta-
tion process: production, characteristics, and antioxidant activities. J 
Food Biochem. 2020;44: e13508.

	104.	 Rodríguez-Rivera MP, Lugo-Cervantes E, Winterhalter P, Jerz G. Metabo-
lite profiling of polyphenols in peels of Citrus limetta Risso by combina-
tion of preparative high-speed countercurrent chromatography and 
LC–ESI–MS/MS. Food Chem. 2014;158:139–52.

	105.	 Wang Y, Liao X, Zhou C, Hu L, Wei G, Huang Y, Lei Z, Ren Z, Liu Z, Liu Z. 
Identification of C-glycosyl flavones and quality assessment in Dendro-
bium nobile. Rapid Commun Mass Spectrom. 2021;35: e9012.

	106.	 Pascale R, Acquavia MA, Cataldi TRI, Onzo A, Coviello D, Bufo SA, Scrano 
L, Ciriello R, Guerrieri A, Bianco G. Profiling of quercetin glycosides and 
acyl glycosides in sun-dried peperoni di Senise peppers (Capsicum ann-
uum L.) by a combination of LC-ESI (-)-MS/MS and polarity prediction in 
reversed-phase separations. Anal Bioanal Chem. 2020;412:3005–15.

	107.	 Parejo I, Jáuregui O, Viladomat F, Bastida J, Codina C. Characterization 
of acylated flavonoid-O-glycosides and methoxylated flavonoids from 
Tagetes maxima by liquid chromatography coupled to electrospray 
ionization tandem mass spectrometry. Rapid Commun Mass Spectrom. 
2004;18:2801–10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Comparative metabolite analysis of Piper sarmentosum organs approached by LC–MS-based metabolic profiling
	Abstract 
	1 Introduction
	2 Results and discussion
	2.1 Analysis and comparison of LC–MS fingerprints
	2.2 Characterization of the inter-organ differences by untargeted metabolite profiling
	2.3 Hierarchical clustering analysis
	2.4 Tentative identification of bioactives in P. sarmentosum
	2.4.1 Alkaloids
	2.4.2 Flavonoids
	2.4.3 Other metabolites


	3 Conclusions
	4 Experimental section
	4.1 Chemicals
	4.2 Plant material and extraction
	4.3 LC–MS and MSMS
	4.4 Data processing and post-processing
	4.5 Metabolite annotation

	Acknowledgements
	References


