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Abstract The introduction of high throughput
screening in the 1990s aimed to shorten the drugs
discovery route. To fully use its high potential, this
technology requires a large number of compounds to
screen. Thus, increasing the number of chemicals for
initial screening is high on the agenda of pharmaceu-
tical companies. High throughput synthesis and com-
binatorial chemistry were developed to address this
demand. However, these technologies cannot fulfill
the expectation to increase new lead compounds. One
of the reasons is that the obtained compounds lack
relevant chemical diversity. On the other hand, it is
well known that an enormous molecular diversity and
biological functionality are two important features
which distinguish plant extracts as a drug source from
synthetic chemicals, although a natural products-
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based drug discovery project also poses some chal-
lenges, mostly connected with the presence of an
active compound in a complex matrix with all kind of
compounds. An elaborative purification to isolate and
identify active compounds is thus needed. The possi-
bility of antagonism or synergism between metabo-
lites present in the extracts, and the fact that some
common plant products have been found to be active
in a number of test systems even make lead finding
projects from natural sources become complicated.
This review summarizes recent studies reporting
metabolomics based techniques to uncover activity
related compounds in complex plant matrices.

Keywords Chromatography - Drugs discovery -
Medicinal plants - Metabolomics - NMR

Introduction
Natural products lead finding

Natural products (NP) have historically been a rich
source of lead molecules in drug discovery based on
their capability to create unique and diverse chemical
structures. The comparison of the major structural
differences between combinatorial compounds, drugs,
and NP molecules has been made. Natural products
have a higher number of chiral centers, a higher
number of oxygen atoms and a lower number of
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nitrogen, sulfur and halogen containing groups than
synthetic compounds. Natural products have a lower
ratio of aromatic ring atoms to total heavy atoms, and a
higher number of solvated hydrogen bond donors and
acceptor functional groups (Feher and Schmidt 2003;
Henkel et al. 1999; Newman and Cragg 2007;
Newman et al. 2003). With these unique properties,
in general, NP actually have more drug-like properties
than synthetic compounds (Feher and Schmidt 2003;
Koehn 2008).

Despite this clear advantage, supported by the fact
that of all novel drugs in the past decades almost 50 %
is a natural product or natural product derived
compound (Newman and Cragg 2007, 2012; Newman
et al. 2003), natural product lead discovery programs
are not as common as one may expect. The major
drawback is the supply. Being complex structures their
synthesis is often too difficult to be commercially
feasible, which means the production is dependent on
the original natural source, which e.g. in the case of
taxol was clearly a limiting factor for its development.
But even already on the scale of screening for activity,
plant material is many times not sufficient for a
successful bioassay guided fractionation. That means
sufficient yield for identification and structure eluci-
dation as well as for testing biological activity.
Another common problem is dereplication, i.e. to
rapidly sort out if the activity is due to false positives
or already known actives.

To address the problem of dereplication, one may
consider the following approaches:

e (lassical bioassay guided fraction

e Chromatographic screening for known actives or
false positives

e Coupling separation with bioassay

e Systems approach in which metabolomics is used
to rapidly link signals from the metabolomic
analysis with activity.

Many studies reported possible approaches which
could potentially help to overcome the above men-
tioned problem of known and false-positives in the NP
drug discovery process, including the generation of a
high quality NP compound library, the improvement
of fractionation methods, and of dereplication and
identification steps. Such studies involve the extensive
use of various chromatographic techniques such as
TLC, LC, and GC aiming at identification and
quantification of (known) bioactives. In this approach
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one tries to select samples for further analysis by
excluding the known and false positive ones, but in
fact this carries the risk that an unknown active is
discarded when a well known active is present.

To couple separation with a bioassay is, thus, much
more productive, it immediately links activity to
signals, that means it measures real actives at the same
time as the known and false positives. Several
applications of coupling HPLC or TLC with bioassays
have been reported, mostly involving various enzy-
matic bioassay systems (Ingkaninan et al. 2000; Rhee
etal. 2001; Schenk et al. 2003; Schobel et al. 2001; van
Elswijk et al. 2004). These techniques are useful to
accelerate the finding of new leads from natural
sources such as plants, microbes, or marine organisms.
However, the compatibility of the assay systems to be
incorporated into detection column is a prerequisite
that may limit its applications.

The last mentioned option is a systems approach in
which complex extracts can be tested in complex
bioassays. By using different accessions, different
extracts or fractions of an organism and measure the
bioactivity of these samples one may be able to
identify signals in the metabolomics data (chromato-
grams, mass- or NMR-spectra) that correlate to
activity. These signals can then be linked to com-
pounds. Advantage of this approach is that it can
identify several active compounds in the same mix-
ture, similar as in the chromatography coupled assays,
but on top of that it may identify prodrugs and synergy
in in vivo systems. Particularly in case of medicinal
plants this is a major advantage.

Metabolomics

Different spectroscopic (NMR, MS, MS-MS) and
chromatographic (HPLC, GC, GC-MS, LC-MS, TLC
etc.) methods are widely used for metabolomic
analysis of herbal medicines for quality control and
lead finding (Shyur and Yang 2008). Nuclear magnetic
resonance (NMR) is viewed as the most suited method
for metabolomics based work because its excellent
reproducibility, and thus suitability for public dat-
abases for data mining. Further advantages are simple
and fast pre-analytical sample preparation, short
measurement time, and the possibility to elucidate
structures of known or unknown compounds in a
complex mixture. However, its sensitivity (1 pM—
1 mM in NMR tube) is not as high as MS and
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chromatography based metabolomics platforms (Col-
quhoun 2007; Verpoorte et al. 2007), besides it is not
available in every laboratory due to its high initial
investment.

The main use of chromatographic techniques is to
separate the complex extracts prior to detection. LC
can be hyphenated with other techniques such as,
diode array UV detection, (high resolution) mass
spectrotroscopy (MS) and/or NMR. GC is commonly
coupled with MS. Depending on the type of plant
extract, GC-MS or LC-MS are the most common
analytical tools, covering a broad range of metabolites
(Badjakov et al. 2008). GC requires that the metab-
olites are volatile and thermostabile, which unfortu-
nately excludes many important plant secondary
metabolites such as phenolics, though derivatization
at least enables the detection of many primary
metabolites. Liquid chromatography is thus more
suited to cover a large range of compounds present,
though for LC the polarity window remains a
limitation.

Chromatography-free techniques based on mass
spectroscopy include different approaches of sampling
such as direct infusion, laser desorption/ionization,
imaging and some new ambient ionization methods
may also be used for metabolomic study of mixtures
(Han et al. 2009). The use of high resolution MS
allows the identification of the molecular formulae of a
compound, which is helpful in the identification of
known compounds, though for every low molecular
weight there are scores of compounds with the same
molecular weight, not to speak about the number of
novel un-known compounds that could have that
molecular weight. Coupling MS with chromato-
graphic tools (GC, LC, or CE) gives a further
parameter that can be used to identify known
compounds.

NMR-spectroscopy gives the most detailed infor-
mation about the compounds present, and by applying
various 2D NMR methods identification and structure
elucidation in mixtures is many times feasible. Like in
LC, in NMR the polarity of the solvent is a limitation.
Solid phase NMR is an option, but peak broadening
causes severe overlap of the signal. In any case the
major advantage of NMR is that each proton gives the
same signal intensity. Absolute quantification is thus
simple, it only requires an internal standard, whereas
in all other methods a calibration curve is required for
each single compound, otherwise only relative values

for each single compound can be measured, but no
quantitative comparison between peaks in the same
chromatogram or mass spectrum is possible.

A very important aspect is the pre-analytical part of
metabolomics. What you see is what you extract. What
you extract depends on the method of harvesting, the
quenching of all biochemical processes, the drying,
the grinding and finally the method of extraction (Kim
et al. 2010; Kim and Verpoorte 2010; Maltese et al.
2009; Verpoorte et al. 2008). Considering the extrac-
tion one should keep in mind that in any organism
there is a wide variety of compounds present that
differs greatly in physical properties, and that in any
solvent will have a maximal solubility. There is no
single solvent that dissolves everything. That means
that there always be certain compounds that are at
saturation level in the extraction solvent. Yuliana et al.
(2011b) developed a new extraction method namely
comprehensive extraction (Yuliana et al. 2011b). It is
based on the continuous extraction of plant material
with a mixture of solvents of increasing polarity (n-
hexane, acetone, water) and the collection of fractions
at predetermined intervals. In comprehensive extrac-
tion, the solvent is delivered directly into the column
filled with powdered plant material mixed with
Kieselguhr to remove void volume. The method
allows the extraction of a wide range of metabolites
with good resolution. Non-polar to polar compounds
are eluted subsequently according to solvent gradient
as can be seen in the PCA score plot (Fig. 1), resulting
in more clear spectra of chemical profile of the plant
material which are easier to interprete only by 'H
NMR spectra, or the NMR data can be subjected
further to metabolite-bioactivity correlation study by
using multivariate data analysis such as OPLS
(Orthogonal Projection to Latent Structure). Thus,
compounds correlated to the respected bioactivity can
be directly identified from the extracts.

Standard protocols are thus an absolute requirement
for metabolomics to be able to obtain reproducible
results and to be able to separate the biological
variation from the variation due to the analytical
method. The different metabolomic approaches are all
needed to have an as complete picture as possible of
the metabolome of an organism, and direct compar-
ison between these methods can only be made if
exactly the same pre-analytical treatments are used,
which usually is not the case as the sample that will be
injected in LC, GC or measured in the NMR will be a
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Fig. 1 PCA score plot of Orthosiphon stamineus fractions
obtained from comprehensive extraction using combination of
nonpolar to polar solvent in gradient (n-hexane—acetone—water).
Numbers represent samples number while alphabets represent
replications. a Group of fractions where nonpolar metabolites
such as lipids, diterpenoids and methoxy flavonoids are
predominant b Group of fractions where semi-polar metabolites
such as glycoside flavonoids are predominant ¢ Group of
fractions where polar metabolites such are sugars and amino
acids are predominant

different solvent, and thus a different polarity window.
But by these approaches a variety of compounds (e.g.
terpenoids flavonoids, alkaloids, glucosinolates, fatty
acids, sugars, etc.) can be observed in metabolomic
studies (Steinmann and Ganzera 2011).

This review discusses the application of the afore-
mentioned chromatography and NMR techniques in

Fig. 2 Flow chart of
metabolomics based lead
finding from natural
products

Biological fluids
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metabolomics-based studies for quality control of
herbal medicine and for identification of the biological
active compounds in natural product extracts. A
summary of methods described in this review can
also be seen in Fig. 2.

Quality control of botanicals

Different metabolite profiles of natural product
extracts may occur due to variations between species
or variety, adulteration, environmental changes during
growth and harvesting, post harvesting treatment,
extraction and method of preparation. These factors
may significantly alter the bioactivity profile of the
extracts (Chang et al. 2011; van der Kooy et al. 2009;
Wang et al. 2005). Therefore, for a safe and effective
use of botanicals, a thorough quality control is
required. In case of a well known active compound,
a targeted approach will be the first choice, but for
most medicinal plants more than one active compound
is present, and even worse in most cases no active
compound is yet known. The use of an unbiased
method of analysis, i.e. metabolomics is thus a way to
define quality. Van der Kooy et al. (2009) reviewed the
application of metabolomics for this goal. Here we
will give some examples to illustrate this sort of
applications.
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The use of HPLC fingerprints followed by appli-
cation of PCA and PLS-DA was applied to examine
the authenticity of the traditional Chinese medicines
Pericarpium Citri Reticulatae and Pericarpium Citri
Reticulatae Viride which contain Citrus reticulata
‘Chachi’, Citrus reticulate ‘Dahongpao’ and Citrus
erythrosa Tanaka as well that of commercial prepa-
rations containing a mixture of many tangerine peels
which had been made with new tangerine mutations of
uncertain quality (Yi et al. 2007). Ma et al. (2008)
reported an example of application of GC and GC-MS
combined with multivariate data analysis to correlate
artemisinin concentration with the growth stage of
Artemisia annua L. and to distinguish between trans-
genic and wild type.

Ultra performance liquid chromatography (UPLC)
emerges as a fast chromatographic method, with
excellent peak shapes, and high reproducibility for the
analyis of complex biological samples, such as quality
control applications of herbal medicine. A study using
a combination of UPLC-UV coupled with time-
of-flight tandem mass spectrometry (RRLC-Q-TOF)
method, reported a simultaneous qualitative and
quantitative analysis of the main constituents present
in various Niu Huang Jie Du Pill from different
manufacturers (NHJDP, an ancient TCM, consists of
5 g of Calculus Bovis Artificialis, 50 g of Realgar,
200 gof Gypsum Fibrosum, 200 gofRadix et Rhizoma
Rhei Palmati, 150 g of Radix Scutellariae Baicalensis,
100 g of Radix Platycodi, 25 g of Borneol and 50 g of
Radix Glycyrrhizae). Ten major compounds could be
detected in every sample: baicalin, baicalein, wogon-
oside, and wogonin from Radix Scutellariae Baicalen-
sis; glycyrrhizic acid and liquiritin from Radix
Glycyrrhizae; rhein, emodin, chrysophanol, and phys-
cion from Radix et Rhizoma Rhei Palmati. Those
compounds were reported to be responsible for the
antipyretic and detoxicating effects of NHJDP. On a
PCA score plot, they found that these compounds were
responsible for the classification of different NHJDP
preparations. The results were also compared with the
conventional HPLC method where UPLC needed only
25 min to obtain similar separation, while conventional
HPLC needed 80 min (Liang et al. 2010).

A metabolomics analysis of secondary metabolites
of a pharmacologically active Isatis tinctoria leaves
dichloromethane extract was carried out (Mohn et al.
2009). The activity of this medicinal plant is thought to
be due to a synergistic interaction among its

compounds. Therefore, detailed information of the
chemical composition of the plant is a prerequisite
before addressing the possibility of pharmacological
synergies. Metabolomics analysis was performed
using multiple detection systems hyphenated with
LC, including diode array detector (DAD), evapora-
tive light scattering detector (Mangelsdorf et al. 1995),
atmospheric pressure chemical ionization (APCI) and
electrospray ionisation mass spectrometry (ESI-MS),
and electrospray ionisation time-of-flight mass spec-
trometry (EI-TOF-MS) detectors. As a result, more
than 65 compounds from diverse structural classes
such as alkaloids, flavonoids, fatty acids, porphyrins,
lignans, carotenoids, glucosinolates and cyclohexe-
nones were identified.

UPLC coupled with photo-diode array detector and
time-of-flight mass spectrometry (UPLC-PDA-TOF-
MS) based chemical profiling approach was used to
investigate the chemical equivalence of traditional and
dispensing granule decoctions of traditional medicine
combinatorial formulae (Li et al. 2010). A traditional
granule decoction is made from the granule form of a
single botanical, while a dispensing granule decoction
is prepared by patients by mixing and dissolving
different granules with hot water according to the
recipe. There is a debate about the chemical compo-
nents in dispensing granule decoction that might be
different from those of a traditional decoction due to
possible chemical interaction between mixed herbs.
As a model, the authors chose San—Huang—Xie—Xin—
Tang (SHXXT), a traditional combinatorial formula
consisting of Radix et Rhizoma Rhei (Rheum palma-
tum L.), Rhizoma Coptidis (Coptis chinensis Franch)
and Radix Scutellariae (Scutellariae baicalensis Geor-
gie). SHXXT is commonly prescribed for treating
hypertension and other various symptoms in oriental
medicine. In this study, two different forms of SHXXT
decoctions (traditional and dispensing granules) were
subjected to UPLC-DAD-TOFMS analysis. The
datasets of tR—m/z pairs, ion intensities and sample
codes were analyzed with supervised orthogonal
partial least squared discriminant analysis (OPLS—
DA) to holistically compare the two kinds of samples.
It was found that the preparations differed in the
levels of berberine, epiberberine, palmatine, baicalin,
wonogoside, and 2-O-golloyl-1-O-cinnamoylglucose
which were higher in the dispensing granule decoc-
tion, and in the level of emodin which was higher in
the traditional decoction (Li et al. 2010).
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Also NMR-based metabolomics has been applied
for quality control of botanicals. Kim et al. (2005)
reported the analysis of Ephedra plant material by
means of NMR. The four species that can grow in
Taiwan can easily be distinguished and analyzing
samples bought on the market can directly be recog-
nized to the species level by using this method.
Samples consisting of mixtures of species are imme-
diately recognized, Moreover the ephedrine can be
quantified by means of NMR (Kim et al. 2003; Kim
et al. 2005).

Echinacea spp. are native North American plants
widely used as herbal medicine and food supplement.
Commercial Echinacea products often consist of
substitutes of Echinacea plants which are not well
defined chemically. Moreover, other factors may
affect the chemical composition, and thus the efficacy
of Echinacea preparations. The three most used
medicinal Echinacea species, E. purpurea, E. pallida,
and E. angustifolia grown under organic farming
conditions, were subjected to supercritical fluid
extraction (SFE) coupled with GC-MS to generate
their metabolite profiles, which were compared using
various approaches, including principal component
analysis (PCA) and generalized association plots
(GAP). Alkamides were identified as the major
lipophilic constituents in E. purpurea and E. angust-
ifolia root extracts and were found as the active anti-
inflammatory compounds in this species. Echinacea
pallida contains significantly less alkalamides, but
higher amounts of ketoalkenes and ketoalkynes. The
alkamides content of the three Echinacea species was
higher in roots than in aerial parts. The total alkamides
content of E. purpurea root was found to be signif-
icantly decreased by pre- and post-harvest abiotic
stress, such as striking the leaves with a metal brush,
simulated drought, incubation at 42 °C for 2 h, shade-
drying, and sun-drying (Hou et al. 2010). In another
study, by using UPLC-Q-TOF-MS based metabolo-
mic, Lee et al. (2012) tried to differentiate Aloe vera L.
leaves by size which reflects the leaves maturity
stages. It was suggested that Aloin A, aloin B, and
isoaloeresin D were the major compounds responsible
for the antioxidant activity of Aloe vera L. leaves since
the compounds were found to be the highest in leaves
which length was 20-30 cm. The leaves had the
highest antioxidant activity among other samples with
different size while the leaves commercially used in
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industry are the ones with 50 cm length (Lee et al.
2012).

There are many other examples of the use of
metabolomics for quality control of botanicals (van
der Kooy et al. 2008), but none of them established a
correlation between metabolites and activity. That
means that the methods are only confirming identity
but not quality in terms of the dose of the compounds
related with activity.

Bioactivity—metabolite profiles correlation

The perfect quality control would be one that directly
relates the activity to certain marker compounds in the
metabolic profile. These compounds do not necessar-
ily have an activity themselves, but could also be
prodrugs or compounds that play a role in synergism.
Several interesting examples have now been reported.

GC-MS-based metabolic profiling coupled with
anti-inflammatory activity data of ginger (Zingiber
officinale) from different sources and of some other
Zingiber species showed that two other closely related
Zingiber species had similar anti-inflammatory activ-
ity as Z. officinale, but there was no correlation with
the content of gingerol, a compound specific to
Z. officinale, and thought to be responsible for the
anti-inflammatory activity. Therefore, it was con-
cluded that other unidentified compounds contribute
to this activity and need to be identified and quantified
in order to guarantee the bioactivity of a particular
Zingiber sample (Jiang et al. 2006).

The coupling of LC and TOF-MS was used to
compare constituents and anticancer potential of
gingers (Zingiber officinale Rosco, Zingiberaceae)
treated in different ways (fresh, dried, and steamed at
different temperature for different time: 100 °C for
1 h, or 120 °C for 0.5, 1, 2, 4, and 6 h). It was found
that the steaming process at 120 °C for 4 h enhanced
the anti-cancer effects of ginger on human HeLa
cancer cells. Since the content of gingerols were
decreased, while those of shogaols were increased
with this treatment, the authors concluded that the
shogaols in steamed ginger contribute to its anti-
cancer potential (Cheng et al. 2011).

GC-EI-MS and LC-ESI-TOF-MS were used for
metabolite profiling of Pancratium canariense Ker
Gawler (Amaryllidaceae). The alkaloids rich-
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methanol extract of different parts of this plant showed
medium acetylcholine esterase (AChE) inhibitory
activity according to the order of bulbs (29.80 %),
leaves (40.93 %), and fruits (58.06), respectively.
Silylated methanolic extracts of bulbs, leaves and
fruits of P. canariense were subjected to GC-MS
analysis, where 102 compounds including some
Amaryllidaceae alkaloids were detected. The concen-
trated bioactive alkaloid fractions were analyzed by
GC-MS without any derivatisation step and as a result
31 alkaloids including galanthamine, haemanthamine,
lycorine, homolycorine, tazettine and montanine were
detected. Unknown compounds which had no refer-
ence spectra in the databases, were further subjected to
LC-ESI-TOF-MS, through which additionally sev-
eral other alkaloids were identified including a new
compound, 3-O-acetylhabranthine (Torras-Claveria
et al. 2010).

LC and LC-ESI-MS were used for fingerprinting
of Hypericum gentianoides plant methanolic extracts.
It was found that H. gentianoides has a very different
chemical profile as compared to H. perforatum since it
does not contain hypericin and hyperforin, instead it
showed 9 metabolites with distinct UV absorption
spectra in the active extract. Based on the UV spectra,
retention times, and molecular ions of the compounds
which were abundant in the active fraction, the authors
presumed that the active compounds responsible for
anti-inflammatory activity might be acyl-phlorogluci-
nols (Hillwig et al. 2008).

Using targeted metabolomics data from conven-
tional LC-DAD, PCA was able to differentiate Chenpi
(dried peels of Citrus tangerine Tanaka), a Chinese
traditional medicine for the treatment of indigestion
and inflammatory syndromes), which was stored for 1
and 3 years, and heat treated (90 min at 120 °C, and
3 h at 120 °C). Total phenolic compounds and anti-
oxidant activity were found to be higher in samples
stored for longer period or had a longer heat treatment
(Choi et al. 2011).

Rice bran has shown to have a beneficial effect on
chronic diseases, and consequently it is used in
functional food and dietary supplements. The results
of a cell viability assay and a targeted approach using
GC-MS, three rice varieties fermented with Saccha-
romyces boulardii were analyzed and the results were
evaluated with multivariate data analysis (PCA, PLS-
DA and OPLS). The results revealed a reduction in
human B lymphomas by fermented rice bran extracts

from all three rice varieties as compared to all other non
fermented controls. An altered metabolomic profile
was found in the bioactive fermented varieties, where
salicylic-, p-coumaric-, ferulic-, and caffeic acid, and
also a-tocopherol and B-sitosterol were found as the
major discriminating metabolites through PCA, PLS—
DA and OPLS (significantly different as analyzed by
student’s ¢ test and ANOVA) (Ryan et al. 2011).

The variation between plants is a disadvantage for
the use, but can be an advantage in identifying the
active compounds. Cardoso-Taketa et al. (2008)
studied the sedative effect of the medicinal plant
Galphimia glauca collected in 6 different places in
Mexico. Out of the 6 accessions 2 were clearly much
more active than the other 4. PCA analysis of the NMR
spectra of all plants showed large differences between
all plants, as one may expect, but no grouping of active
and inactive plants. In such a case supervised multi-
variate data analysis methods such as PLS-DA and
OPLS-DA can help by classifying all samples into two
groups, one of actives and one of inactives. By doing
so only the signals related to activity are considered
and separated from all the “noise” of the large amount
of variable compounds. Indeed a clear separation was
observed in this approach and separation is based on
triterpenoids that could be identified as the compounds
that correlate with activity (Cardoso-Taketa et al.
2008).

Khatib and co-workers (2009) showed that PCA
with TLC in combination with the results of an
adenosine Al receptor binding assay can lead to the
identification of the active compounds in the leaves of
Orthosiphon stamineus (Khatib et al. 2009).

As described above, one of the limitations in
metabolomics is the polarity window of the extraction
solvent. Active compounds might be missed because
of low solubility. Moreover in complex extracts minor
compounds might be active, but in screening on crude
extracts these activities might be too low to be
observed. Based on these considerations we have
developed a novel method for extraction that is the
comprehensive extraction. As previously described,
this is a continuous extraction with a polarity gradient,
yielding a number of fractions. After measuring the
metabolome of each fraction by NMR they were
subject to a receptor binding assay. By matching
increased activity with increased level of a compound,
the active compounds can be identified in the active
fractions (Yuliana et al. 2011a, b). Similar technique
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was used by Ching et al. (2012) to identify anti-platelet
agent from the leaves of Ardisia elliptica, a Malay
native plant traditionally used to treat chest pains. In
this study, methanolic extract of the plant was parti-
tioned with n-hexane, butanol, and water. The data of
plant extracts effect on platelet aggregation in vitro was
correlated to their chemical profile generated from
GC-MS by using OPLS and PLS-DA. B-amyrin was
one of the identified compounds with the highest
correlation to the activity (Ching et al. 2012).

Proof of efficacy and identification mode of action

The major challenge in studies of medicinal plants is
the identification of the active compounds and the
target(s) they work on, i.e. the mode of action. A
reductionist approach like bioassay guided fraction-
ation can be used, but it is not always clear on what
target one should focus, and working with in vivo tests
usually quite large amounts are needed for a bioassay,
which in such an approach is difficult to obtain. A
systems biology approach in which bioassays are
combined with metabolomics analyses is a novel and
promising approach. Particularly when working with a
whole organism, including clinical trials, one may see
the total of the effects of a number of compounds
present in the complex extracts, and even mixtures of
extracts. That includes also synergism and prodrugs.
This approach may lead to the discovery of novel
bioactive compounds, but also in novel modes of action
(and thus possibly novel targets). This new approach is
now rapidly developing for studies on traditional
medicine and is sometimes called reversed drug
discovery or reversed pharmacology. Some examples
may illustrate the enormous potential of this approach.

The use of metabolomic profiling to study the mode
of action of active natural products recently first
emerged in antimicrobial activity analysis. For exam-
ple, HPLC-DAD-ESI-MS application followed by
PCA confirmed that dihydrocucurbitacin F-25-O-ace-
tate was the main component having an antimicrobial
activity in Hemsleya pengxianensis. The possible
antibacterial mode of action on Staphylococcus aureus
CCTCC AB9105 was predicted by comparing the
metabolite profile of S. aureus treated by the plant
extract and commercial antibacterials with known
mode of action. It was found that the inhibition of cell
wall synthesis is the possible antibacterial mode of
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dihydrocucurbitacin F-25-O-acetate and H. pengxian-
ensis (Biao-Yi et al. 2008).

Epimedium brevicornum Maxim, one of the most
popular herbal medicines in China is used for toning
the kidney and strengthening bones, but the kind of
constituents responsible for its pharmacological effect,
and the mechanism through which it affects the entire
body metabolism was unknown. The effect of E.
brevicornum on the restoration of kidney abnormalities
of rats treated with a high dose of hydrocortisone was
reported. The injection of hydrocortisone at a high dose
induces a pathological condition known as kidney
deficiency in TCM. The plasma metabolites of rats
from three different conditions (pre-hydrocortisone
intervention, post-hydrocortisone intervention, and E.
brevicornum Maxim. treated) were analyzed using
UPLC-MS followed by PCA. A distinct increase of the
level of three metabolites was found after hydrocorti-
sone intervention, one of them was identified as
ethylindole-3-crylic acetate. After treatment with E.
brevicornum, the plasma metabolite profile was close
to that of the pre-hydrocortisone intervention. Of the
four compounds of this herbal preparation detected in
plasma (epimedin C, icariin, icariside II, and 2”-O-
rhamnosoyl icaride), epimedin C and icariin were also
found in urine, and it was concluded that those might be
related to the activity (Famei Li et al. 2007).

The efficacy and the mechanism of action of the
traditional Chinese medicine preparation known as
Xindi soft capsules (consisting of sea buckthorn
flavonoids and sea buckthorn berry oil) used to treat
blood stasis, were studied by UPLC-QTOF-MS
followed by PCA and PLS-DA analysis of the data.
Blood stasis includes hematological disorders such as
haemorrhage, nasal congestion, thrombosis, and local
ischemia (microclots). The comparison of the urinary
metabolite pattern obtained for 5 groups of rats
(healthy control group, acute blood stasis model
group, low dose group of Xindi soft capsule, middle
dose group of Xindi soft capsule, high dose group of
Xindi soft capsule), showed that the treated groups
were located between the acute blood stasis model
group and the healthy control group. Confirmation by
hemorheological analysis proved that within the
treated group, especially in the case of the highest
dose group, the urine metabolite pattern tends toward
that of the control group. Some potential biomarkers
were identified as well, such as cholic acid, phenyl-
alanine and kynurenic acid (Zhao et al. 2008).
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Dai and co-workers (2011) used UFLC-MS-IT-
TOF to study the preventive efficacy and the metabolic
changes caused by the traditional Chinese medicine
tongxinluo (TX) in endothelial dysfunction rats.
Simvastatin (SV), a lipid lowering drug from statins
class was used as a control. Initially, based on PCA
results, the authors identified several markers which
differentiating urine profile of healthy rats with
endothelial dysfunction rats. Further analysis using
PCA revealed that the urine profile of endothelial
disfunction rats treated with TX was more similar to
the healthy rats than those of endothelial disfunction
rats treated with SV. The study also showed that TX
exhibited a preventive action against endothelial
dysfunction by regulating multiple metabolic path-
ways to their normal state, whereas simvastatin
affected only selected pathways (Dai et al. 2011).

Suanzaoren decoction (SZRD) is an ancient TCM
formula for sleeping disorder. SZRD consists of five
herbal medicines as follow: Ziziphus jujuba Mill var.
spinosa (Bunge) Huex. H.F. Chou. seeds, Ligusticum
chuanxiong Hort. rhizomes, Anemarrhena asphodel-
oides Bge. rhizomes, and Glycyrrhiza uralensis Fisch.
Roots. The effect of SZRD intervention in an insomnia
Drosophila model was studied by using UPLC-ESI-
SYNAPT-HDMS combined with pattern recognition
approaches including PCA, PLS-DA and OPLS-DA
(Yang et al. 2012). Initially they characterized 9
insomnia biomarkers in negative mode and 11 in
positive mode MS detection. In the PCA score plot, the
treated Drosophilas were shifted back close to the
normal ones as compared to the non-treated ones.
Since they found that serotonin, melatonin,
5-hydroxy-L-tryptophan, and prostaglandin D2 have
the strongest association with normal characteristics,
they concluded that SZRD acts through serotonergic
activation.

An HPLC-DAD-ESI-MS technique coupled with
PCA was used to study the synergistic interaction
between Salvia miltiorrhiza and Dalbergiae odorife-
rae. Healthy rabbits and rabbits with Qi-stagnancy and
blood stasis were the objects of the study. They were
fed by S. miltiorrhiza or a mixture of S. miltiorrhiza
with D. odoriferae water extract. The blood plasma
was collected at several time points after extract
administration and further subjected to chromatogra-
phy analysis. The PCA results revealed that Qi-stag-
nancy and blood stasis were strongly correlated with
the presence of 4-methylbenzamide in the plasma, and

that synergism between S. miltiorrhiza with D. odor-
iferae was strongly associated with biomarker -(3,4-
dihydroxyphenyl)-a-hydroxy acid isopropyl ester
(Wang et al. 2011).

The anti-diabetic mechanism of berberine, a qua-
ternary alkaloid, was studied by Yan Gu and
co-workers (2010). UPLC-QTOF MS was used to
identify metabolites of blood plasma of human
subjects treated with the compounds. There was a
significant decrease of 10 fatty acids in berberine
treated patients as compared to placebo, which may
explain the mechanism of berberine in diabetes
treatment, i.e. by down-regulating the high level of
serum free fatty acids which means further mediating
lipids and glucose metabolism (Gu et al. 2010).

Dai et al. (2010) reported the use of GC-MS to
study the effect of a famous Chinese prescription,
Xiaoyaosan, in rats. This herbal is traditionally used
for depression and mental disorder treatment and
composed of Poria (Poria cocos (Schw.)Wolf), Radix
Paeoniae Alba (Paeonia lactiflora Pall.), Radix Glyc-
yrrhizae (Glycyrrhiza uralensis Fisch.), Radix Bu-
pleuri (Bupleurum chinense DC.), Radix Angelicae
Sinensis (Angelica sinensis (Oliv.) Diels), Rhizoma
Atractylodis Macrocephalae (Atractylodes macrocep-
hala Koidz.), Herba Menthae (Mentha haplocalyx
Briq.), and Rhizoma Zingiberis Recens (Zingiber
officinale Rosc.). The urine profiles of rats treated
with this herbal at three doses (low, medium, and
high), together with control groups (no stress and no
herbal treatment, stress without herbal treatment), and
a group with stress and amitriptyline (reference drug)
at low dose treatment, were measured by GC-MS and
then the plotted to PCA and PLS-DA. On the score
plot there was a clear time-related trajectory of
metabolite patterns at different time points (day 1, 7,
12, 14, 18, and 21) where metabolites changes of a
high dose group of xiaoyaosan showed recovering
tendency to normal level at the end of dosing period.
Thirteen urine metabolites were elucidated from the
loading plot as potential markers for the anti-depres-
sion effect of Xiaoyaosan (Dai et al. 2010).

Conclusion
The paradigm of drug discovery is “single drug single

target”, but with the sharp decrease in novel low
molecular weight pharmaceuticals, there is a trend
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towards novel approaches to find new leads for drug
development. Natural products are an important
source for drug development, but in the traditional
way of bioassay guided fractionation, this approach is
too elaborate and costly to be successful in an
industrial setting. As traditional medicine is a pres-
elected group of materials with an increased chance of
finding novel leads, novel modes of action and novel
targets, there is a clear increasing interest in studying
this heritage. On the one hand to confirm the
traditional use and thus make them into evidence-
based botanicals, on the other hand to find through
reversed drug discovery novel leads. The ‘omics’ can
play an important role in such studies. As illustrated
with a series of examples metabolomics can be used on
the side of the botanical (different accessions, extracts
or fractions) to identify by correlating with the activity
what metabolites are involved in the activity. This can
be used for quality control as well as for further in
depth studies of the mode of action. The mode of
action can be learned from metabolomic analysis of
the test system. Such a systems biology approach to
studies of the 30,000-70,000 medicinal plants holds a
lot of promise!
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