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The introduction of high-throughput screening in the 1990s
was designed to shorten the route to the discovery of drugs.

To fully use its high potential, this technology requires a large
number of compounds in order to screen thousands of samples
per day.1 Thus, the first target of pharmaceutical companies
involved in the discovery of new drugs is to screen as many
compounds as possible to increase the possibilities of finding one
that can make it to the next stage. High-throughput synthesis and
combinatorial chemistry were developed and applied to address
this demand. These technologies, however, have not met the
expectations built around them and there has not been a signifi-
cant increase in new lead compounds delivered to the market.
Sorafenib, amultikinase inhibitor indicated for advanced renal cancer,
is the single synthetic drug derived from combinatorial chemistry
approved by the Food and Drug Administration2 for clinical use.3

Apparently, insignificant achievement in providing a chemical
diversity is one of the reasons for the catastrophic failure of the
aforementioned new technologies. On the other hand, it is well-
known that the incomparable molecular diversity and biological
functionality that characterize the metabolites present in plant
extracts are the major features that distinguish them as a potential
drug source as compared to combinatorial chemistry.4 As reviewed

recently,3,5 during the past 2 decades, of the 877 novel medicines
developed between 1981 and 2006, 5% were NP, 23% were NP
derivatives, and 24% were synthetic products developed on the
basis of a NP, indicating that NP is still a promising source of novel
leads for therapeutic drugs. A natural products-based drug dis-
covery project, however, also poses some challenges, mostly
connected with their inclusion in a complex matrix composed of
mostly uncharacterized compounds with a large dynamic range
(e.g., the difference in the levels of major compounds as compared
to that of minor compounds, differences in polarity, in boiling
poits, or in melting points, etc.).

Metabolomics, which is defined as the comprehensive quali-
tative and quantitative analysis of all metabolites (the metabolome)
present in an organism,6,7 could potentially be instrumental in
the approach needed to study the complex mixture of plant
extracts in this context. To facilitate this, a specific extraction
method that is able to extract the widest possible range of
metabolites is needed. The next requirement is the selection of
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ABSTRACT: A large number of plant metabolites has provided as an incomparable
chemical source for drug development. However, the wide range of the polarity of
metabolites has been a big obstacle for full use of the chemical diversity. The initial step
conventional extraction method by a single solvent does not make use of all the
metabolites contained in plants. Also, it takes a long time to confirm the target activity of
a single compound because of tedious separation steps. To solve the problem, a new
extraction method coupled to NMR-based metabolomics is applied to identify bioactive
natural products. A comprehensive extraction method consisting of a continuous flow of
solvent mixtures through plant material was developed to provide extracts with a wider
chemical variety than those yielded with a single solvent extraction. As the model
experiment, 1H NMR spectra of the extracts obtained from the comprehensive
extraction of Orthosiphon stamineus were subjected to multivariate data analysis to find
its adenosine A1 binding activity. On the basis of the results, two flavonoids from a large
number of chemicals were clearly verified to show the adenosine A1 binding activity without any further purification steps. This
method could provide a solution to the major drawbacks of natural products in drug development.
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a suitable tool to detect the broad range of these extracted meta-
bolites. Reproducibility is the most important criteria for developing
a metabolomics technology platform, and in that context, NMR is
one of the most suited methods even though its sensitivity is not
as high as MS and chromatography based metabolomics platforms
(1 μM to 1 mM in an NMR tube).7,8 Thus, the choice of the
extraction method is an essential step to obtain the real metabolic
profile. The simple and fast sample preparation, short measurement
time, plus the possibility of elucidating structures of known or
unknown compounds in a complex mixture using advanced two-
dimensional (2D) NMR methods are further advantages.7 Finally,
we need an advanced data analysis tool to extract information from
the high dimensional data set resulting from these analyses. Such a
method should additionally be able to link the chemical profile of the
plant extract to its bioactivity data. Recently, some studies introdu-
cing this concept have been reported using, for example, metabo-
lomics combined with projection-based multivariate data analysis
(PLS-DA, PLS).9�12

In the search for biologically active compounds in plants, it is
necessary to count on different accessions of plants with different
biological activities or extracts or fractions of the plant material
that have different activities and different (partly overlapping)
chemical profiles.

In this paper an integrated approach is described. A novel
comprehensive extraction method was used rather than a conven-
tional single extraction coupled to a conventional liquid�liquid
partition. The aim was to cover a wide range of metabolites with
good resolution. In this method, a solvent mixture with a gradient
of polarity was continuously delivered into a column packed with
the powdered plant material. No other substance was added to the
column except a small quantity of Kieselguhr that was mixed in
with the powdered plant material to avoid clogging of the column.
The fractions were collected according to specified time intervals
and subjected to NMR measurement and bioactivity testing.
Multivariate data analysis tools such as PLS and OPLS were used
to find possible correlations between the metabolite profile and
bioactivity. Statistical validations (CV-ANOVA, permutation test,
and external validation) were performed to select the most reliable
method. Some evaluation tools available in the corresponding
multivariate data methods were used to select important signals.
On the basis of that, compounds highly correlated with the activity
were detected and identified bymeans of 2DNMRdata. Chemical
validation was also accomplished by the detection of signals
corresponding to previously isolated active compounds in those
fractions which showed a good activity profile. As a model activity
test, the adenosine A1 binding activity was selected since the
obtained data (% inhibition) can be easily integrated with NMR
data, and the plants (Orthosiphon stamineus) used in this study
already showed significant activity in this model system.13

’EXPERIMENTAL SECTION

Chemicals and reagents. Methanol, n-hexane, acetone, ethyl
acetate, HCl, NaOH, and DMSO were purchased from Biosolve
BV (Valkenswaard, The Netherlands). Tris buffer was purchased
from Gibco BRL (New York, NY), [3H]DPCPX (8-cyclopentyl-
1,3-dipropylxanthine) was from DuPont NEN, and CPA (N6
cyclopentyladenosine) was from RBI Inc. (Zwijndrecht, The
Netherlands). Kieselguhr (calcined and purified SiO2) was bought
from Fluka Analytical/Sigma Aldrich Chemie GmbH (Steinheim,
Germany). All solvents and reagents were of analytical grade.

Plant Material. Orthosiphon stamineus was obtained from van
der Pigge Drugstore. The plant materials were identified by one
of the authors (N. D. Yuliana), and a voucher specimen (ORST-
Fcog-NL-230506) was deposited in the Division of Pharmacog-
nosy, Institute of Biology, Leiden University. The plant materials
were ground into a powder in a blender. The particle size was
under 0.71 mm.
Comprehensive Extraction. Extraction was performed in a

stainless steel column (4.00 cm length, 1.80 cm diameter) packed
with the mixture of 0.70 g of dried powderedO. stamineus and 0.10 g
of Kieselguhr (Figure 1). The column was closed at both ends with
fat free cotton and connected to a Waters 600E pump (Waters,
Milford,MA).Organic solvents and filteredMilliporewater (500mL
each) were ultrasonicated and degassed before use. The fractions
were collected in 10mL tubes every 2minwith an automatic fraction
collector. Two extraction schemes were developed.
Scheme 1 (ES1). Lipids were removed from the powdered plant

material as follows: 3 mL of n-hexane were mixed with the
powdered plant material, ultrasonicated for 15 min, and filtered.
This was repeated twice with 2mL of n-hexane. The plant material
was then dried under N2, mixed with Kieselguhr, and loaded into
the extraction column. The combination of solvents used for
extraction scheme 1 was ethyl acetate�methanol (1:1) as solvent
A and methanol�water (1:1) as solvent B. A total of 30 fractions
were obtained at the end of the extraction. An aliquot of 1.5 mL of
the extract was kept from each fraction to be used in the bioassay.
The remaining volume (6.5 mL) was used for NMRmeasurement
with methanol-d4 as a solvent. Fractions were taken to dryness
under nitrogen flow. Three replicates were done of each extraction
and bioactivity of each extract was tested in duplicate.
Scheme 2 (ES2). The combination of solvents used for the

extraction scheme 2was n-hexane (A), acetone (B), and water (C).

Figure 1. Schematic diagram of a comprehensive extraction kit em-
ployed in this study.
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A mixture of powdered plant material and Kieselguhr was
directly loaded into the column without the defatting step. A
total of 20 fractions were obtained at the end of the extraction.
Every fraction was then dried under nitrogen flow and dissolved
in DMSO-d6 and subsequently subjected to

1H NMR measure-
ment and the adenosine A1 bioassay test. Three replicates were
made with each extraction and each bioactivity test was done in
duplicate.
NMR Measurement. NMR measurements were performed

according to Kim et al.14 requiring minor modification as can be
seen in the Supporting Information.
Data Analysis. The 1H NMR spectra were automatically

reduced to ASCII files. Bucketing was performed by AMIX
software (Bruker, Karlsruhe, Germany). Spectral intensities were
scaled to total intensity and reduced to integrated regions of
equal width (0.04) corresponding to the region of δ 0.3�10.0.
For ES1 samples, the regions of δ 4.75�4.90 and δ 3.28�3.34
were excluded from the analysis because of the residual signal of
HDO andmethanol-d4, respectively. For ES2 samples, the region
of δ 2.44�2.56 and δ 3.28�3.36 was excluded from the analysis
because of the residual signal of DMSO-d6 and residual HDO,
respectively. Partial least-squares projection to latent structure
(PLS) and orthogonal-PLS (OPLS) were performed with the
SIMCA-P software (v. 12.0, Umetrics, Ume�a, Sweden) with
scaling based on the Pareto method.

Adenosine A1 Receptor Assay. The assay was performed as
previously described by Chang et al.15 except that the volume of
the total mixture in the assay was 200 μL. Membranes were
prepared from Chinese hamster ovary (CHO) cells stably
expressing human adenosine receptors by a method previously
described by Dalpiaz et al.16

’RESULTS AND DISCUSSION

It is quite a common practice in current natural products
research, and particularly more so in the case of drug discovery
research, to use a single solvent to obtain the initial plant extract.
The drawback to this relatively simple procedure is that it is not
possible to know if most of the important and/or relevant
metabolites have been extracted, since given the broad spectrum
of the polarity of compounds, many of them could not necessarily
have affinity with the selected solvent. We therefore developed a
new extraction method, which we called comprehensive extrac-
tion. It is based on the continuous extraction of plant material
with amixture of solvents of increasing polarity 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. In ES1, we focused on relatively polar metabolites while
in ES2 a wider metabolite profile was targeted. In any case of the

Figure 2. Score plot of PLS and OPLS of fractions obtained from ES1 and ES2. A color gradient from green to red represents an increase of adenosine
A1 receptor binding activity of each fraction: (A) first 3 PLS components of ES1 fractions; (B) first 3 PLS components of ES2 fractions; (C) predictive
and first orthogonal component of OPLS of ES1 fractions; and (D) predictive and first orthogonal component of OPLS of ES2 fractions.
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comprehensive extraction scheme, diverse compounds with a
large range of polarity, e.g., sugars and lipids in a single run were
extracted, which cannot be expected from a conventional single
step extraction. The chemical diversity obtained from the
comprehensive extraction made it possible to test a broad range
of compounds for the bioactivity test without a further additional
extraction step.

For the next step, the chemical profiles of 1H NMR spectra
were correlated with an adenosine A1 receptor binding test by
multivariate data analysis. The % inhibition of adenosine A1
receptor of the fractions obtained ES1 and EX2 are listed in
Supporting Information Table 1. For the correlation to find a
bioactive compound in the mixture, all the fractions should be
dissolved in common deuterated solvent to provide the same
variables for multivariate data analysis, chemical shift in the 1H
NMR case. Diverse solvents such as D2O, methanol-d4, DMSO-
d6, and their mixtures were tested. Of the solvents employed in
this study, methanol-d4 or DMSO-d6 showed promising results
in terms of resolution and variety of signals. In Figure 2A, score
plots of the PLS first three components for ES1 fractions shows
the separation between active and nonactive fractions in PC1.
For ES2 fractions, the nonpolar active fractions are separated
from others in PC1, while the polar ones are separated in PC2
(Figure 2B). Apparently ES2 provides an ampler chemical
diversity as can be observed from the bioactivity profile which
shows two peaks of activity: one in the nonpolar area and another
in the polar area. Meanwhile in ES1, with the use of a more polar
solvent mixture, the activity was concentrated in the first seven
fractions.

In OPLS, systematic variations in the X-block were divided into
two; one predictive component which models the correlation
betweenX and Y and an orthogonal component(s) which expresses
X-variation unrelated to Y.17,18 As expected, active fractions from
both extraction scheme were clearly separated from nonactive ones
in the predictive component (Figure 2C,D). Particularly, the two
active fractions fromES2were now clustered together in a predictive
component, separated from nonactive ones.

The multivariate model is most commonly interpreted in two
ways, i.e., by means of R2 and Q2 cumulative after cross
validation.17 The R2 informs the amount of Y variables explained
by the model after cross validation and gives an overview on
the fitness of the model, while Q2 gives information about the
prediction quality of the model. All values close to 1 resemble a
good model.17 In this study, all models show good performance
with an R2 and Q2 value between 0.75 and 0.92.

The PLS models were also validated using the response of the
permutation test through 100 permutations. External validation
was further conducted to assess the performance of the models.
Each group of ES1 and ES2 data were separated into a calibration
group and a test group. For ES1, PLS and OPLS were shown as
good models with the root-mean-square error of prediction
(RMSEP) and root-mean-square error of estimation (RMSEE)
that do not differ much. The same applies for ES2 models
although PLS showed a poorer model as compared to OPLS.
Overall, ES1 models gave better external validation results as can
be seen from the lower value of RMSEP and RMSEE. In addition,
cross validation (CV)-ANOVA has been used to test the signi-
ficance of PLS and OPLS models and the results were found to
be consistent with other validation methods such as response
permutation test and external validation.19 Both PLS and OPLS
models from ES1 and ES2 were shown as significant models
according to CV-ANOVA validation with p < 0.05.

We chose the OPLS model to select which signals were
important for the activity. It was easier to interpret OPLS by
partitioning the uncorrelated variations orthogonally from the
predictive ones, based on the loading S-plot profile (Supporting
Information Figures 1 and 2), ES2 seemed more interesting since
moremethoxy and aromatic signals were close to the activity while
loading S-plot of ES1 was strongly affected by fatty acids signals. It
has been reported that unsaturated fatty acids bind unspecifically
to adenosine A1 receptors.20 In the loading S-plot of ES2, there
were interesting signals between δ 3.70 and 4.00 and δ 6.80 and
8.00 related to the activity. on the basis of theOPLS Xvar plot (not
shown), these signals were found to be abundant in nonpolar
active fractions from ES2. We chose fraction 6c (82.8% binding
activity) for 2D NMR measurement to elucidate the possible
compounds responsible for the activity. Using J-resolved spectra,
several singlets between δ 3.70 and 4.00, which are typical signals
of a methoxy substituent, were detected. Some singlets between δ
6.70 and 7.00, double doublets at δ 7.57 and δ 7.65, and several
doublets between δ 7.07 and δ 8.10 were also observed, indicating
the presence of methoxy-flavonoids.

Further confirmation using correlation spectroscopy (COSY)
and heteronuclear multiple-bond correlation spectroscopy
(HMBC) was performed. Many correlations were observed
between phenolic protons with chemical shifts higher than δ 7.00.

Figure 3. (A) Plot of OPLS Y-related coefficient values of important
signals in ES2; (B) plot of OPLS VIP value of important signals in ES2.
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Also, the long-range coupling between some protons at δ 3.70�
4.00 and carbons at δ 130.0�δ 160.0 were observed in HMBC
spectra and were confirmed as the correlations between methoxy
protons and the phenolic carbons attached by the corresponding
methoxy groups.13

The Y-related coefficient and VIP value of all the aforemen-
tioned signals were evaluated. A VIP value higher than 0.7�0.8 is
considered to have a strong influence on the model but the
limitation is that it gives positive values for all kinds of correlations,
while in Y-related coefficients either a positive or negative correla-
tion are shown.17 As shown in Figure 3A, all signals exhibited a
positive Y-related coefficient. The VIP values of methoxy signals
were significantly higher than others (Figure 3B).

For chemical validation, we chose the two methoxy flavonoids,
40,5,6,7-tetramethoxyflavone (tetramethylscutellarein) and 30,40,5,6,7-
pentamethoxyflavone (sinensetin) that have been reported to have an
adenosine A1 receptor binding activity with pKi values of 5.4 ( 0.1
and5.5( 0.1, respectively.13The availability of signals present in these
two compounds in fraction 6c was confirmed by comparisonwith the
1H, 13C, and 2D NMR data (in DMSO-d6) in our in-house
metabolomics library and the literature.21

For 40,5,6,7-tetramethoxyflavone (tetramethylscutellarein), three
methoxy signals of the compound (δ 3.76, δ 3.79, and δ 3.94)
were found in fraction 6c. In the HMBC of fraction 6c, the proton
of the methoxy group at position 5 (5-methoxy at δ 3.94, s)
correlated with its direct carbon (C-7, δ 157.4). The Y-related
coefficients and VIP value for this proton are 0.007 and 1.55,
respectively. The proton of 7-methoxy (δ 3.79, s) correlated to
C-5 (δ 153) with Y-related coefficients and a VIP value of 0.008
and 1.70, respectively. The proton of 6-methoxy (δ 3.76)
correlated to C-6 (δ 139.8) with Y-related coefficients and VIP
values of 0.005 and 1.20, respectively. Several protons with a
meta position to 40-methoxy are also found in fraction 6c. In the
COSY spectra, proton at position 50 (50-H, δ 7.11, d) correlated
to 60-H (δ 8.03, d), similarly 20-H (δ 8.03, d) correlated to 30-H
(δ 7.11, d). These two signals have positive Y-related coefficients,
0.004 and 0.003, respectively, and a VIP value of 1.10 and 0.99,
respectively.

For 30,40,5,6,7-pentamethoxyflavone (sinensetin), one of the
methoxy signals of this compound (6-methoxy) is present in
fraction 6c (δ 3.92, s). In HMBC, this proton correlated to C-7
(δ 157.4). The Y-related coefficient and VIP value are 0.007 and
1.55, respectively. Similarly, the correlation between protons
with a meta position to 30-methoxy and 40-methoxy is found in
the COSY spectra, those are 50-H (δ 7.11, d), which is correlated
to 60-H (δ 7.72, dd). The Y-related coefficient and VIP value are
0.004 and 0.40, respectively.

’CONCLUSIONS

The application of this comprehensive extraction method
coupled to NMR metabolomics and multivariate data analysis
reveals the possibility of achieving the identification of active
compounds from plant extracts in a single run extraction. To
obtain the best chemical variation, the most effective choice was a
combination of solvents that covered a broad range of polarities
(ES2). Overall, on the basis of statistical and chemical validations,
this method seems promising as a new paradigm for natural
product-based drugs discovery. It solves the common problems
related to their matrix complexity. It is quite easy to pick out
compounds that are important for the tested bioactivity to be
further identified while common compounds thatmay cause false

positives can be detected and thus discarded at a very initial stage.
It is also able to provide a rich chemical variety that is a
prerequisite for a successful drug discovery program.
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