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Green tea extract (GTE) induces apoptosis of cancer cells without adversely affecting normal cells. Several
clinical trials reported that GTE was well tolerated and had potential anti-cancer efficacy.
Epigallocatechin-3-O-gallate (EGCG) is the primary compound responsible for the anti-cancer effect of
GTE; however, the effect of EGCG alone is limited. To identify GTE compounds capable of potentiating
EGCG bioactivity, we performed metabolic profiling of 43 green tea cultivar panels by liquid
chromatography–mass spectrometry (LC–MS). Here, we revealed the polyphenol eriodictyol significantly
potentiated apoptosis induction by EGCG in vitro and in a mouse tumour model by amplifying
EGCG-induced activation of the 67-kDa laminin receptor (67LR)/protein kinase B/endothelial nitric oxide
synthase/protein kinase C delta/acid sphingomyelinase signalling pathway. Our results show that metabolic
profiling is an effective chemical-mining approach for identifying botanical drugs with therapeutic potential
against multiple myeloma. Metabolic profiling-based data mining could be an efficient strategy for
screening additional bioactive compounds and identifying effective chemical combinations.

T
ea (Camellia sinensis L.) is one of the most widely consumed beverages in the world. Epidemiological studies
have associated green tea intake to reduced risk of prostate cancer, leukaemia and non-Hodgkin lymphoma1,
and several clinical studies have suggested that green tea extract (GTE) could be an effective therapy for

premalignant lesions in high-risk subjects2,3. Furthermore, a phase II trial of GTE in patients with chronic
lymphocytic leukaemia (CLL) showed that GTE has an anti-CLL effect4. Moreover, unlike many potential
anti-cancer drugs, green tea polyphenol is well tolerated by patients, and GTE has been approved by the
United State Food and Drug Administration as the first botanical drug5. A recent study demonstrated that the
green tea polyphenol epigallocatechin-3-O-gallate (EGCG) induces apoptotic cell death of cancer cells without
affecting normal cells6.

Multiple myeloma (MM) accounts for approximately 13% of all hematologic cancers7. It is characterized by the
secretion of Bence Jones protein8. High-dose chemotherapy followed by stem cells transplantation is among the
most effective current regimens for MM9. However, MM is still difficult to cure and requires long-term disease
control. Recent studies reported that the 67-kDa laminin receptor (67LR) is the target molecule of EGCG10–12

overexpressed in MM cells13,14 and acts as a cancer-specific death receptor when bound by EGCG15–17. This
finding suggested that 67LR could be a novel target for chemotherapy and indicates a potential mechanism for the
anti-cancer efficacy of EGCG. However, EGCG has selective cytotoxic effects on MM cells only at concentrations
greater than 20 mM, considerably greater than the concentrations reached in clinical trials4.

Mass spectrometry (MS) is used for metabolomic research on plants, and liquid chromatography–mass
spectroscopy (LC–MS) can detect a wide range of low-molecular-weight compounds such as secondary meta-
bolites18. Metabolic profiling can highlight the association between the metabolites and phenotype19. Coupled
with chemometric methods, including principal component analysis (PCA) and orthogonal partial least-squares
(OPLS) regression analysis, it is often used for evaluating nutritional value in plant cultivars and to identify
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compounds conferring beneficial properties20. It is possible that this
approach may also be useful for the unbiased evaluation of the phar-
maceutical properties of crude plant extracts and to identify specific
bioactive compounds in extracts. However, metabolic profiling for
evaluating the anti-cancer properties of GTE compounds has been
little studied.

In this study, we show that LC–MS-based metabolic profiling can
reveal an effective chemical combination of GTE-derived com-
pounds with high apoptosis induction capacity against MM cells.
A polyphenolic compound, eriodictyol, was identified as a potentia-
tor of the in vivo apoptosis-inducing effect of EGCG by a multivariate
statistical analysis method capable of evaluating differences in meta-
bolic profiles and anti-cancer effects of diverse GTEs.

Results
Comparison of apoptosis induction by GTEs from individual
cultivars on the human MM cell line U266. Several clinical trials have
shown the potential of GTE as an anti-cancer agent2–4,21. There are
numerous green tea cultivars; however, most of which have not been
tested for apoptosis induction of cancer cells. We investigated the
apoptosis-inducing effects of GTEs from 43 green tea cultivars
(Supplementary Table S1) on the human MM cell line U266 by
annexin/PI double staining and flow cytometry. As shown in
Fig. 1A–B, Supplementary Fig. S1 and Supplementary Table S1,
the 43 cultivars showed variable potency for apoptotic induction.
Some induced apoptosis in a substantial fraction of U266 cells
after 96 h, particularly Nou-6, Sunrouge (SR) and Benifuki (BF),

whereas others exhibited weak effects, such as the standard
cultivar Yabukita (YB), a popular Japanese cultivar.

The chemical compositions of these extracts were then examined
by LC–MS to identify those compounds with greatest apoptosis-
inducing potency, either alone or in combination.

Metabolic profiling-based data-mining for screening of effective
GTE-derived chemical combinations for induction of apoptosis.
The chemical compositions of the extracts derived from 43 green tea
cultivars were measured by LC–MS and subjected to multivariate
statistical analysis to identify strong apoptosis induces (Fig. 2).
Metabolic profiles differed markedly among green tea cultivars
(Fig. 3A). Among PCA clusters, one comprised several cultivars
with high apoptosis-inducing potency (Nou-6, BF, and SR), and
another comprised the remaining cultivars, including YB (Fig. 3B).
These results strongly suggest that chemical differences among
cultivar extracts account for observed differences in bioactivity. We
accordingly performed further analyses to identify the composition
of each GTE and the individual compounds responsible for apoptosis
induction.

The predominant phytochemical in GTE, EGCG, has clearly
demonstrated apoptosis-inducing activity; however, the potential
of other compounds to act synergistically with EGCG has not been
examined. To identify candidate compounds potentiating the anti-
cancer effect of EGCG from bioactivity-related composition profiles
(Fig. 3A–B), we created an OPLS regression model using GTE com-
position profiles and bioactivity (Fig. 3C). The quality of the regres-
sion model indicated good predictive reliability, as verified in part by

Figure 1 | Apoptosis induction in human MM cells by 43 GTEs derived from separate cultivars. (A) U266 cells were treated with each green tea extract

(GTE) for 96 h. Apoptotic cells were stained with Annexin V-Alexa Fluor 488 and propidium iodide and then apoptosis quantified using flow

cytometry. All data expressed as mean 6 SEM (n 5 3). (B) Apoptosis-inducing activity (%) was calculated from the total population of Annexin V-

positive cells.
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the values of the goodness-of-fit parameter R2 (0.970), the goodness
of prediction parameter Q2 (0.884), the root mean squared error of
the estimation (RMSEE, 1.55) and the root mean squared error of
prediction (RMSEP, 2.66), indicated good predictive reliability of the
model. This result suggests that the apoptosis-inducing effects of the
43 GTEs were explained by their composition profiles. In this model,

compounds explaining predicted apoptosis-inducing effects were
also identified by variable importance in projection (VIP) values.
Large VIP values (.1) correspond to best explanations of predicted
bioactivity. To screen candidates for effective anti-apoptotic combi-
nations, 15 compound peaks with high VIP ranking were selected,
and eight peaks (corresponding to EC, theanin, ECG, EGCG, theo-

Figure 2 | Experimental design of bioactive compound screening using metabolic profiling of 43 GTE panels from different cultivars. The green tea

leaves were drawn by Motofumi Kumazoe.

Figure 3 | Metabolic profiles of GTEs for identifying sensitizers of EGCG pro-apoptotic activity. (A) Heat map analysis shows different component

patterns among the 43 GTE panels. Columns represent the metabolic profile of single cultivars, rows represent 634 compound peaks. (B) PCA score plot

shows different clusters of MS profiles, corresponding to highly bioactive Nou-6, Sunrouge and Benifuki, and those with low bioactivity, including the

standard cultivar Yabukita. (C) Bioactivity-prediction OPLS model was calculated from LC–MS dataset of 36 tea samples as the training set and 43 tea

samples included in the training set and the test set (red symbol). (D) Correlation plots between amounts of eriodictyol in the 43 GTEs and their

apoptosis-inducing activity.
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bromine, eriodictyol, Cya-glu and Cya-gal) were assigned
(Supplementary Fig. S2 and Supplementary Fig. S3A). Among these
compounds, only eriodictyol significantly potentiated the anti-can-
cer effect of EGCG (Supplementary Fig. S3B). A positive correlation
was observed between the amount of eriodictyol in each GTE (LC–
MS signal intensity) and the apoptosis-inducing potency against
U266 cells in vitro (Fig. 3D). Surprisingly, naringenin and hesperetin,
two analogues of eriodictyol, also significantly potentiated the anti-
cancer effect of EGCG (Supplementary Fig. S4A–B). These findings
suggest the utility of metabolic profiling for identifying effective anti-
cancer drug combinations from raw GTEs.

Eriodictyol potentiates apoptosis induction by EGCG in MM cells
and the anti-tumour effect of EGCG in a mouse MM tumour model.
To determine the effect of eriodictyol on the anti-cancer effects
of EGCG, we performed isobologram analysis, a well-established
technique to evaluate synergism based on the IC50 values of each
drug and their combination22. The IC50 of eriodictyol was 97.7 mM
(Fig. 4A) and that of EGCG was 35.3 mM (Fig. 4B). Pretreatment
with only 5 mM eriodictyol significantly potentiated apoptosis of
U266 cells by EGCG, reducing the IC50 from 35.3 mM to 6.6 mM
(Fig. 4C). Isobologram analysis of growth-inhibition curves revealed
that the combination of EGCG and eriodictyol was greater than

Figure 4 | Eriodictyol significantly potentiates the anti-MM efficacy of EGCG in vitro and in mice. U266 cells were treated with (A) eriodictyol or (B)

EGCG for 96 h and viable cell numbers measured by the ATPlite OneStep assay. (C) U266 cells were cultured with or without eriodictyol (5 mM)

and/or indicated concentrations of EGCG for 96 h, and viable cell numbers measured. (D) Isobologram analysis revealed the synergism of the eriodictyol

plus EGCG combination. (E) Normal peripheral blood mononucleated cells from two healthy donors and primary multiple myeloma cells from two

patients were treated with eriodictyol (5 mM) and EGCG (5 mM) for 96 h. (F, G) MPC-11 cells were injected subcutaneously into mice (n 5 9 per group).

The mice were then injected with EGCG (15 mg/kg i.p.) and/or eriodictyol (15 mg/kg) every 2 days. (H) Serum levels of transaminases were evaluated

(n 5 7–9). All data are mean 6 SEM.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9474 | DOI: 10.1038/srep09474 4



additive (Fig. 4D). In contrast, eriodictyol alone exhibited no effect
on the number of viable peripheral blood mononucleated cells
(PBMCs) from healthy human donors, but significantly enhanced
the cytotoxicity of EGCG on primary MM cells from patients
(Fig. 4E).

To determine the therapeutic efficacy of combined EGCG and
eriodictyol on tumour growth in vivo, mice inoculated with MPC-
11 cells were treated with eriodictyol and EGCG. The combination
slowed tumour growth significantly compared with saline or either
compound alone (Fig. 4F), and log-rank analyses showed a significant
increase in the survival time of mice treated with this combination
compared with mice treated with saline, EGCG alone or eriodictyol
alone (Fig. 4G). This combination did not increase serum levels of
ALT/AST (Fig. 4H), indicating no substantial hepatotoxicity.

Eriodictyol synergistically potentiates the anti-tumour effect of
EGCG by amplifying 67LR-dependent signalling in MM cells.
EGCG is a known 67LR ligand, and 67LR binding appears to
mediate the cytotoxic effect against cancer cells11–15. To determine
if the EGCG/eriodictyol combination also induces 67LR-dependent
cell death, we measured combined toxicity against U266 cells in the
presence of a 67LR antibody. Consistent with 67LR-mediated cell
death, the antibody blocked apoptosis reduction in response to both
drugs alone and their combination (Fig. 5A). We previously reported
that EGCG elicited 67LR-dependent cell death in MM cells through
acid sphingomyelinase (ASM) activation14. The combination of
EGCG and eriodictyol significantly induced ASM activation in
U266 cells (Fig. 5B). It is known that EGCG induces ASM
activation through Akt-mediated phospho-activation of endothelial
nitric oxide synthase (eNOS) at Ser117716,17, and the present study
showed that eriodictyol significantly potentiated EGCG-induced Akt
activation and eNOS phosphorylation at Ser1177 (Fig. 5C–D),
indicating that potentiation of EGCG apoptosis induction by
eriodictyol is mediate by enhanced activation of Akt/eNOS/ASM
signalling.

To determine if this signalling pathway also mediates the syn-
ergistic anti-MM effects of EGCG plus eriodictyol in vivo, mice with
palpable tumours following MPC-11 cell inoculation were injected
with 15 mg/kg EGCG (i.p.), 15 mg/kg eriodictyol (i.p.), or both, and
signalling activity examined in tumour tissue lysates by colorimetric
enzyme assays (Akt, ASA) and tissue sections by fluorescence
immunohistochemistry (protein kinase C delta (PKCd)and eNOS.
Injection of EGCG plus eriodictyol significantly increased Akt activ-
ity (Fig. 5E), enhanced phosphorylation of eNOS at Ser1177 (Fig. 5F),
phosphorylation of PKCd at Ser662 (corresponding to human PKCd
Ser664) (Fig. 5G) and ASM activity (Fig. 5H). Furthermore, erio-
dictyol dramatically potentiated EGCG-induced cleavage of the
apoptosis effector caspase-3, a crucial triggering event for receptor-
dependent apoptosis (Fig. 5I, J). Taken together, these results indi-
cate that eriodictyol potentiated the anti-MM effect of EGCG by
amplifying the 67LR/Akt/PKCd/ASM signalling pathway.

Discussion
We report the first application of metabolomics to identify potential
anti-cancer compounds in crude extracts from multiple cultivars of
green tea. We succeeded in identifying eriodictyol, a polyphenol
compound that potentiated the apoptosis-inducing potency of
EGCG against MM cells by about six-fold. Moreover, eriodictyol
proved non-toxic against human PBMCs but did enhance EGCG-
induced apoptosis of human MM cells derived from patients. In
addition, this chemical combination reduced tumour growth rate
and enhanced the survival of mice inoculated with MM cells to a
significantly greater extent than EGCG alone. These new findings
suggest the application of metabolic profiling techniques for evalu-
ating the pharmacological effects of compounds in raw plant extracts
and screening for anti-cancer compounds or synergetic sensitizers.

This metabolomic screening approach with supervised multivariate
OPLS regression analysis could be a valuable strategy for preclinical
identification of anti-cancer compounds.

Although EGCG, the most active component of GTE, has selective
toxicity against cancer cells that overexpress 67LR, the overall anti-
tumour effect is limited. Indeed, the IC50 of EGCG is about 20–
30 mM, much higher than the plasma concentrations of 5–7 mM
achieved in clinical studies21. Our data show that eriodictyol can
sensitize U266 multiple myeloma cells to plasma concentration of
EGCG (IC50 of 6.6 mM in the presence of eriodictyol) by enhancing
the 67LR-mediated Akt/eNOS/PKCd/ASM signalling pathway with-
out deleterious effects on normal cells. Hepatotoxicity is the main
adverse effect of EGCG23. In some clinical trial subjects, transaminitis
due to elevation of the transaminases ALT and AST in plasma was
observed24. However, eriodictyol did not increase the serum levels of
ALT or AST in a mouse xenograft model, suggesting that this com-
bination may possess a good clinical safety profile. Eriodictyol is one
of the most abundant polyphenols in Citrus limon (lemons)25 and
was reported to be an intermediate metabolite of the catechin syn-
thesis pathway in Camellia sinensis26. A human pharmacokinetic
study demonstrated a plasma concentration of approximately
7 mM after consumption of lemon extract27, similar to the tested
concentration sufficient to potentiate the apoptosis-inducing effect
of EGCG in vivo. Furthermore, eriodictyol and its analogues poten-
tiated the anti-MM effect of O-methylated EGCG, an EGCG deriv-
ative with a significantly longer half-life in blood28.

Our result shows 67LR Kocked down significantly attenuated
the anti-cancer effect of the combination and 67LR mediates anti-
cancer effect of EGCG/Eriodictyol in combination (Supplemental
Figure 5A,B). Several reports demonstrated that 67LR mediates the
effects of EGCG including anti-multiple myeloma effect13,14,16, anti-
acute myeloid leukemia effect15,17, anti-cervical cancer effect29, anti-
melanoma effects12,30–32, anti-inflammatory effect10,33–35, anti-allergy
effect36, vascular protection effect37 and myoprotectitive effect38.
Indeed, our preclinical study demonstrated there are significant cor-
relation between the expression level of 67LR and EGCG sensitiv-
ity39. These reports suggested eriodictyol may potentiate the other
effects of EGCG and further investigation is required.

To confirm the effect of the combination in lower level 67LR cells,
we evaluated the effect of EGCG/eriodictyol in combination on lower
level 67LR cells including normal PBMCs and human malignant
pleural mesothelioma cell line ACC-MESO4. Our results demon-
strated EGCG/eriodictyol in combination did not show any cytotoxic
effect in both lower level 67LR cells (Supplemental Figure 5C–E).

Fractionation approaches such as liquid–liquid and solid-phase
extraction are widely used to screen for bioactive compounds from
crude extracts (Supplementary Fig. S6). However, this strategy has
several drawbacks, such as the requirement for additional fractiona-
tion/purification steps that may result in the loss of low abundance
but potentially valuable compounds. The chemometric approach
described by us may be used for classification and bioactivity assess-
ment without pre-purification for LC–MS (Supplementary Fig. S6).
The metabolomics approach allows for the simultaneous analysis of a
broad range of low molecular weight components in crude extracts at
different concentrations. Combined metabolomic and chemometric
studies have been used to characterize the relationships between the
metabolomes of crude samples and their attributes, based on the
abundance of each metabolite relative to the total abundance of all
metabolites40,41. Theoretically, this methodology enables the iden-
tification of multiple metabolites (active compound and positive/
negative regulators) that contribute to the extract bioactivity. This
approach identified a combination of green tea constituents with
potent apoptosis-inducing activity in cancer cells, and may represent
a new methodology capable of screening bioactive regulators in
crude samples without additional fractionation or purification
(Fig. 2, Supplementary Fig. S6).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9474 | DOI: 10.1038/srep09474 5



In summary, we demonstrate an effective strategy for identifying a
potentiator of the anti-cancer effect of EGCG in a large number of
crude GTEs. Our results show the potential of metabolic profiling
and multivariate statistical analyses for evaluating components that
contributed to the pharmaceutical effects of GTEs. We identified the
EGCG sensitizer eriodictyol that lowers the EGCG IC50 within the
range of plasma concentrations observed in clinical studies. Thus,
this combination of metabolomics and bioassay is a simple and

effective methodology that may advance pharmaceutical studies on
herbal medicines and botanical drugs.

Methods
Study approval. Studies using human tissue samples were approved by the Ethics
Committee of the Faculty of Agriculture, Kyushu University. Informed consent from
all patients and healthy volunteers was obtained in accordance with the Declaration of
Helsinki. All animal studies were conducted in accordance with the law (protocol no.

Figure 5 | Eriodictyol synergistically potentiates the apoptosis-inducing activity of EGCG by enhancing the 67LR2ASM signalling pathway. (A) U266

cells were pretreated with anti-67LR antibodies or control IgM antibodies for 3 h, then treated with EGCG (5 mM) and eriodictyol (5 mM) for 96 h. (B)

To determine the effect of eriodictyol (5 mM) and EGCG (5 mM) on ASM activity, U266 cells were treated with eriodictyol (5 mM) and/or EGCG (5 mM)

for 3 h. (C, D) The effect of 1 h treatment with eriodictyol (5 mM) and EGCG (5 mM) in combination on (C) phosphorylation level of eNOS at Ser1177

and (D) Akt activity. Effect of EGCG and eriodictyol in combination on myeloma cell proliferation in vitro. (E–J) MPC-11 cells were injected

subcutaneously into female BALB/c mice, and mice (n 5 5 per group) were given single i.p. injections of EGCG (15 mg/kg i.p.) and/or eriodictyol

(15 mg/kg i.p.). After 6 h, tumours were excised and evaluated for (E) Akt activity, (F) phosphorylation of eNOS at Ser1177, (G) phosphorylation of

PKCd at Ser662 (corresponding to human p-PKCd Ser664) and (H) ASM activity. Representative images shown at 360 magnification. (I, J) Cleavage of

caspase-3 was evaluated by immunofluorescence analyses. Original magnification, 360. All data are expressed as mean 6 SEM.
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105) and notification (protocol no. 6) of the Japanese Government for the welfare of
experimental animals. All animal experiments were approved by the Animal Care and
Use Committee of Kyushu University, Fukuoka, Japan (approval number A24-052-
3).

Chemicals. Propidium iodide (PI), EGCG, superoxide dismutase (SOD) and catalase
were obtained from Sigma Aldrich (St. Louis, MO), naringenin from Enzo (Ann
Arbor, MI), annexin V-Alexa Fluor 488 from Invitrogen (Carlsbad, CA),
theobromine from Wako (Osaka, Japan), eriodictyol cyanidin-3-O-galactoside (Cya-
gal) and cyanidin-3-O-glucoside (Cya-glu) from ExtraSynthese (Riom, France).
Hesperetin were provided from Tokyo Chemical Industry (Tokyo, Japan) and
epicatechin-3-O-gallate (ECG) and epicatechin (EC) were purchased from
Mitsuinorin (Tokyo, Japan).

Preparation of GTEs. The green tea cultivars (Supplementary Table 1) were provided
by the National Institute of Vegetable and Tea Sciences, Japan. Dried leaf powder
(200 mg) of each green tea cultivar was added to boiling water (10 mL) for 10 min.
The extract was filtered through 90-mm filter paper (Advantec, Tokyo, Japan) and
centrifuged (1,680 3 g) for 10 min and was filtered by using a 0.2-mm filter (Sartorius
Stedim Biotech, Goettingen, Germany). An extract of the common Japanese green tea
Yabukita (YB) was prepared in the same way and used as the control for apoptosis
induction tests.

Cell culture and apoptosis assay. The human MM cell line U266 was maintained in
RPMI1640 supplemented with 10% foetal calf serum (Industries, Israel) in a
humidified atmosphere with 5% CO2 at 37uC. Cells were seeded into 24-well plates (5
3 104 cells/well) and then treated with the indicated extracts or compounds for 96 h
in RPMI 1640 medium supplemented with 1% FBS, 200 units/mL catalase and
5 units/mL superoxide dismutase. After 96 h, the relative number of viable cells was
estimated using the ATPlite One stepTM assay (Perkin–Elmer, Montreal, Canada)
according to the manufacturer’s instructions. For determination of apoptosis
induction, cells were double-stained with annexin V-Alexa Fluor 488 and PI and
analysed on a FACS Caliber system (Becton Dickinson, Franklin Lakes, NJ) with
FlowJo software (Tree Star, Ashland, OR). The proportion (%) of annexin-V1 cells
(total apoptotic cells) was calculated by the added annexin V1/PI2 (early annexin V-
positive) and annexin V1/PI1 (late annexin V-positive) fractions. Protein Kinase B
(Akt) kinase activity was measured using a K-LISA Akt Activity Kit (Merck Millipore,
Billerica, MA) on an Envision plate reader (Perkin–Elmer). Acidic sphingomyelinase
(ASM) activity was measured using BODIPY-C12 (Invitrogen) as described16.
pLKO.1 vectors encoding scrambled control shRNA or shRNAs targeting 67LR and
ASM were purchased from Sigma–Aldrich. Western blotting and knock down assay
were performed as previously described16.

Liquid chromatography–mass spectroscopy analysis. GTEs were subjected to LC–
MS analysis with an IT-TOF instrument (Shimadzu, Kyoto, Japan) as previously
described42. Brifely, the equipment was fitted with a Luna C18(2) column (250 mm 3

1.0 mm, 5 mm particle size, Phenomenex, Torrance, CA) maintained at 40uC. The
mobile phase solvents were 0.05% aqueous formic acid (solvent A) and 0.05% formic
acid in methanol (solvent B). Solvent B was increased from 5% to 60% over 7.5 min.
Solvent B was then increased from 60% to 100% at 10.1 min. Flow rate was kept
constant (0.1 mL/min).

Multivariate statistical analysis. Mass spectra data obtained by LC–MS were
processed using Profiling Solution software (Shimadzu Corporation, Kyoto, Japan) to
extract and align peaks. All m/z peaks (variables) in either positive or negative
ionization mode were separately normalized to the total ion counts (TIC) of each
sample. After integration of both TIC-normalized variables, we identified 634 peaks
(metabolites) that differed among cultivar samples. The data were mean-centered and
scaled to Pareto variance. Datasets of 43 cultivars were subjected to multivariate
statistical analysis to identify similarities and differences among samples (e.g. MS
datasets). We conducted an unsupervised multivariate principle component analysis
(PCA) and a supervised multivariate OPLS analysis were performed with SIMCA-P1

ver.12 (Umetrics, Umea, Sweden). PCA models are shown as score plots and contain
two synthetic variables: principal component (PC) 1 and PC2. These plots show
groups of samples based on spectral variation.

OPLS regression analysis was performed by using SIMCA-P1. OPLS differs in this
respect from PCA, which uses the maximum variation in the metabolite data matrix.
The data set was separated into two parts: 36 set samples used to create the model and
seven set samples (cultivars 4, 10, 16, 22, 28, 34 and 40), that were not included in the
regression model and were used to validate the model’s predictive value. The quality
of the OPLS model was assessed by the parameter R2 and the predictive capacity
parameter Q2. These values higher than 0.5 indicates good quality. Metabolite peaks
were assigned by MS/MS analysis or by searching their masses against online meta-
bolite databases (KEGG, METLIN, or MassBank).

A heat map was generated using Multi-Experiment Viewer (MeV v4.8) (http://www.
tm4.org/mev.html). It summarizes the Z-scores of the 634 peaks showing differences
among cultivars.

Xenograft murine model. Seven-week-old female BALB/c mice were obtained from
Kyudo (Tosu, Japan). Mice were inoculated subcutaneously in the interscapular area
with 1 3 10 MPC-11 mouse myeloma cells. After the appearance of palpable6

tumours, mice were divided randomly into four groups with an even distribution of

tumour sizes and injected i.p. daily with either saline alone, EGCG (15 mg/kg),
eriodictyol (15 mg/kg), or with EGCG plus eriodictyol (both at 15 mg/kg) every 2
days. Tumor growth was measured with callipers, and the tumour volume calculated
as (length 3 width2)/2.

Aminotransferase (AST) and alanine transaminase (ALT) activities were measured
using the transaminase CII-test (Wako Pure Chemical Industries Ltd., Osaka, Japan)
to assess heptatoxicity. Immunohistochemical staining and analysis were performed
as previously described16.

Statistics. All values are expressed as means 6 SEM. Values are the mean of at least
three separate experiments in each group. Group means were compared by one-way
ANOVA followed by Tukey’s test for pair-wise comparisons. A value of P , 0.05 was
considered statistically significant. IC50 was calculated using Calcusyn 2.0 software
(Biosoft, Cambridge, UK).

1. Naganuma, T. et al. Green tea consumption and hematologic malignancies in
Japan: the Ohsaki study. Am J Epidemiol. 170, 730–738 (2009).

2. Bettuzzi, S. et al. Chemoprevention of Human Prostate Cancer by Oral
Administration of Green Tea Catechins in Volunteers with High-Grade Prostate
Intraepithelial Neoplasia: A Preliminary Report from a One-Year Proof-of-
Principle Study. Cancer Res. 66, 1234–1240 (2006).

3. Shimizu, M. et al. Green tea extracts for the prevention of metachronous colorectal
adenomas: a pilot study. Cancer Epidemiol Biomarkers Prev. 17, 3020–3025
(2008).

4. Shanafelt, T. D. et al. Phase 2 trial of daily, oral Polyphenon E in patients with
asymptomatic, Rai stage 0 to II chronic lymphocytic leukemia. Cancer 119,
363–370 (2013).

5. Wu, K. M., Ghantous, H. & Birnkrant, D. B. Current regulatory toxicology
perspectives on the development of herbal medicines to prescription drug
products in the United States. Food Chem Toxicol. 46, 2606–2610 (2008).

6. Chen, Z. P., Schell, J. B., Ho, C. T. & Chen, K. Y. Green tea epigallocatechin gallate
shows a pronounced growth inhibitory effect on cancerous cells but not on their
normal counterparts. Cancer Lett. 129, 173–179 (1998).

7. Palumbo, A. & Anderson, K. Multiple myeloma. N Engl J Med. 364, 1046–1060
(2011).

8. Sirohi, B. & Powles, R. Multiple myeloma. Lancet. 363, 875–887 (2004).
9. Kyle, R. A. & Rajkumar, S. V. Multiple myeloma. N Engl J Med. 351, 1860–1873

(2004).
10. Byun, E., Fujimura, Y., Yamada, K. & Tachibana, H. TLR4 signaling inhibitory

pathway induced by green tea polyphenol epigallocatechin-3-gallate through 67-
kDa laminin receptor. J Immunol. 185, 33–45 (2010).

11. Tachibana, H., Koga, K., Fujimura, Y. & Yamada, K. A receptor for green tea
polyphenol EGCG. Nat Struct Mol Biol. 11, 380–381 (2004).

12. Umeda, D., Yano, S., Yamada, K. & Tachibana, H. Green tea polyphenol
epigallocatechin-3-gallate signaling pathway through 67-kDa laminin receptor.
J Biol Chem. 283, 3050–3058 (2008).

13. Shammas, M. A. et al. Specific killing of multiple myeloma cells by (-)-
epigallocatechin-3-gallate extracted from green tea: biologic activity and
therapeutic implications. Blood 108, 2804–2810 (2006).

14. Tsukamoto, S. et al. Green tea polyphenol EGCG induces lipid-raft clustering and
apoptotic cell death by activating protein kinase Cdelta and acid
sphingomyelinase through a 67 kDa laminin receptor in multiple myeloma cells.
Biochem J. 443, 525–534 (2012).

15. Britschgi, A., Simon, H. U., Tobler, A., Fey, M. F. & Tschan, M. P.
Epigallocatechin-3-gallate induces cell death in acute myeloid leukaemia cells and
supports all-trans retinoic acid-induced neutrophil differentiation via death-
associated protein kinase 2. Br J Haematol. 149, 55–64 (2010).

16. Kumazoe, M. et al. 67-kDa laminin receptor increases cGMP to induce cancer-
selective apoptosis. J Clin Invest 123, 787–799 (2013).

17. Kumazoe, M. et al. Phosphodiesterase 5 inhibitor acts as a potent agent sensitizing
acute myeloid leukemia cells to 67-kDa laminin receptor-dependent apoptosis.
FEBS Lett. 587, 3052–3057 (2013).

18. Dunn, W. B., Overy, S. & Quick, W. P. Evaluation of automated electrospray-TOF
mass spectrometry for metabolic fingerprinting of the plant metabolome.
Metabolomics 1, 137–145 (2005).

19. Luthria, D. L. et al. Discriminating between cultivars and treatments of broccoli
using mass spectral fingerprinting and analysis of variance-principal component
analysis. J Agric Food Chem. 56, 9819–9827 (2008).

20. Goodacre, R., York, E. V., Heald, J. K. & Scott, I. M. Chemometric discrimination
of unfractionated plant extracts analyzed by electrospray mass spectrometry.
Phytochemistry 62, 859–863 (2003).

21. Crew, K. D. et al. Phase IB randomized, double-blinded, placebo-controlled, dose
escalation study of polyphenon E in women with hormone receptor-negative
breast cancer. Cancer Prev Res. 5, 1144–1155 (2012).

22. Ocana, A., Amir, E., Yeung, C., Seruga, B. & Tannock, I. F. How valid are claims for
synergy in published clinical studies? Ann Oncol. 23, 2161–2166 (2012).

23. Lambert, J. D. et al. Hepatotoxicity of high oral dose (-)-epigallocatechin-3-gallate
in mice. Food Chem Toxicol. 48, 409–416 (2010).

24. Shanafelt, T. D. et al. Phase I trial of daily oral polyphenon E in patients with
asymptomatic Rai stage 0 to II chronic lymphocytic leukemia. J Clin Oncol. 27,
3808–3814 (2009).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9474 | DOI: 10.1038/srep09474 7

http://www.tm4.org/mev.html
http://www.tm4.org/mev.html


25. Booth, A. N., Jones, F. T. & De, E. F. Metabolic fate of hesperidin, eriodictyol,
homoeriodictyol and diosmin. J Biol Chem. 230, 661–668 (1958).

26. Punyasiri, P. A. et al. Flavonoid biosynthesis in the tea plant Camellia sinensis:
properties of enzymes of the prominent epicatechin and catechin pathways. Arch
Biochem Biophys. 431, 22–30 (2004).

27. Miyake, Y. et al. Difference in plasma metabolite concentration after ingestion of
lemon flavonoids and their aglycones in humans. J Nutr Sci Vitaminol. 52, 54–60
(2006).

28. Maeda-Yamamoto, M., Ema, K. & Shibuichi, I. In vitro and in vivo anti-allergic
effects of ‘Benifuuki’ green tea containing O-methylated catechin and ginger
extract. Cytotechnology 55, 135–42 (2007).

29. Umeda, D., Tachibana, H. & Yamada, K. Epigallocatechin-3-O-gallate disrupts
stress fibers and the contractile ring by reducing myosin regulatory light chain
phosphorylation mediated through the target molecule 67 kDa laminin receptor.
Biochem. Biophys. Res. Commun. 333, 628–35 (2005).

30. Lee, J. H., Kishikawa, M., Kumazoe, M., Yamada, K. & Tachibana, H. Vitamin A
enhances antitumor effect of a green tea polyphenol on melanoma by
upregulating the polyphenol sensing molecule 67-kDa laminin receptor. PLoS
One 5, e11051 (2010).

31. Tsukamoto, S. et al. Oxygen partial pressure modulates 67-kDa laminin receptor
expression, leading to altered activity of the green tea polyphenol, EGCG. FEBS
Lett. 586, 3441–7 (2012).

32. Tsukamoto, S. et al. 67-kDa Laminin Receptor-dependent Protein Phosphatase
2A (PP2A) Activation Elicits Melanoma-specific Antitumor Activity Overcoming
Drug Resistance. J. Biol. Chem. 289, 32671–81 (2014).

33. Byun, E. H., Omura, T., Yamada, K. & Tachibana, H. Green tea polyphenol
epigallocatechin-3-gallate inhibits TLR2 signaling induced by peptidoglycan
through the polyphenol sensing molecule 67-kDa laminin receptor. FEBS Lett.
2585, 814–2033 (2011).

34. Byun, E. B., Choi, H. G., Sung, N. Y. & Byun, E. H. Green tea polyphenol
epigallocatechin-3-gallate inhibits TLR4 signaling through the 67-kDa laminin
receptor on lipopolysaccharide-stimulated dendritic cells. Biochem. Biophys. Res.
Commun. 426, 480–5 (2012).

35. Wang, Z. M. et al. Green tea polyphenol epigallocatechin-3-gallate inhibits TNF-
a-induced production of monocyte chemoattractant protein-1 in human
umbilical vein endothelial cells. Cell. Physiol. Biochem. 33, 1349–58 (2014).

36. Fujimura, Y. et al. The involvement of the 67 kDa laminin receptor-mediated
modulation of cytoskeleton in the degranulation inhibition induced by
epigallocatechin-3-O-gallate. Biochem. Biophys. Res. Commun. 348, 524–31
(2006).

37. Holy, E. W. et al. Laminin receptor activation inhibits endothelial tissue factor
expression. J. Mol. Cell. Cardiol. 48, 1138–45 (2010).

38. Dorchies, O. M., Wagner, S., Buetler, T. M. & Ruegg, U. T. Protection of
dystrophic muscle cells with polyphenols from green tea correlates with improved
glutathione balance and increased expression of 67LR, a receptor for (-)-
epigallocatechin gallate. Biofactors 35, 279-94 (2009).

39. Kumazoe, M. et al. Vardenafil, a clinically available phosphodiesterase inhibitor,
potentiates the killing effect of EGCG on CLL cells. Br. J. Haematol. 168, 610-3
(2015).

40. Cuadros-Inostroza, A. et al. Discrimination of wine attributes by metabolome
analysis. Anal Chem 82, 3573–3580 (2010).

41. Okazaki, K., Oka, N., Shinano, T., Osaki, M. & Takebe, M. Differences in the
metabolite profiles of spinach (Spinacia oleracea L.) leaf in different
concentrations of nitrate in the culture solution. Plant Cell Physiol. 49, 170–177
(2008).

42. Fujimura, Y. et al. Metabolomics-driven nutraceutical evaluation of diverse green
tea cultivars. PLoS ONE 6, e23426 (2011).

Acknowledgments
This research was supported in part by Grants-in-Aid for Scientific Research (KAKENHI)
from the Japan Society for the Promotion of Science (grant number: 22228002) and
‘Development of fundamental technology for analysis and evaluation of functional
agricultural products and functional foods’ to H.T. This work was also supported in part by
Grant-in-Aid for JSPS Fellows to M.K. (PD). This work was also supported in part by the
Project for Developing Innovation Systems Creation of innovation centers for advanced
interdisciplinary research areas Program, and Adaptable and Seamless Technology
Transfer Program through Target-driven R&D, JST (Grant No. AS242Z00680K) to Y.F.
The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript. We appreciate the technical support from the Research
Support Center, Graduate School of Medical Sciences, Kyushu University.

Author contributions
M.K., Y.F., S.H., Y.K., K.M., M.T., Y.H., S.Y., M.M. and D.M. performed the experiments,
analyzed the data and M.K., Y.F., H.W., M.M., M-Y.M. and H.T. conducted the research.
M.K., Y.F. and H.T. wrote the paper. H.T. had primary responsibility for the final content.
All authors have reviewed the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kumazoe, M. et al. Metabolic Profiling-based Data-mining for an
Effective Chemical Combination to Induce Apoptosis of Cancer Cells. Sci. Rep. 5, 9474;
DOI:10.1038/srep09474 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9474 | DOI: 10.1038/srep09474 8

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Title
	Figure 1 Apoptosis induction in human MM cells by 43&emsp14;GTEs derived from separate cultivars.
	Figure 2 Experimental design of bioactive compound screening using metabolic profiling of 43&emsp14;GTE panels from different cultivars.
	Figure 3 Metabolic profiles of GTEs for identifying sensitizers of EGCG pro-apoptotic activity.
	Figure 4 Eriodictyol significantly potentiates the anti-MM efficacy of EGCG in vitro and in mice.
	Figure 5 Eriodictyol synergistically potentiates the apoptosis-inducing activity of EGCG by enhancing the 67LR-ASM signalling pathway.
	References

