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In the recent years, a wide range of metabonomic analytical techniques are widely used in the modern research of traditional
Chinese medicine (TCM). At the same time, the international community has attached increasing importance to TCM toxicity
problems. Thus, many studies have been implemented to investigate the toxicity mechanisms of TCM. Among these studies,
many metabonomic-based methods have been implemented to facilitate TCM toxicity investigation. At present, the most
prevailing methods for TCM toxicity research are mainly single analysis techniques using only one analytical means. These
techniques include nuclear magnetic resonance (NMR), gas chromatography-mass spectrometry (GC-MS), and liquid
chromatography-mass spectrometry (LC-MS), etc.; with these techniques, some favourable outcomes have been gained in the
toxic reaction studies of TCM, such as the action target organs assay, the establishment of action pattern, the elucidation of
action mechanism and the exploration of action material foundation. However, every analytical technique has its advantages
and drawbacks, no existing analytical technique can be versatile. Multi-analysed techniques can partially overcome the
shortcomings of single-analysed techniques. Combination of GC-MS and LC-MS metabolic profiling approaches has unravelled
the pathological outcomes of aristolochic acid-induced nephrotoxicity, which can not be achieved by single-analysed tech-
niques. It is believed that with the further development of metabonomic analytical techniques, especially multi-analysed
techniques, metabonomics will greatly promote TCM toxicity research and be beneficial to the modernization of TCM in terms
of extending the application of modern means in the TCM safety assessment, assisting the formulation of TCM safety norms
and establishing the international standards indicators.
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Introduction

Metabonomics is an emerging subject of the post-genome era,
which, together with genomics, transcriptomics and pro-
teomics, jointly constitutes the ‘Systems Biology’ (Nicholson
and Wilson, 2003). Metabonomics is the branch of science
concerned with the quantitative understandings of the
metabolite component of integrated living systems and its
dynamic responses to the changes of both endogenous factors
(such as physiology and development) and exogenous factors
(such as environmental factors and xenobiotics) (Tang and
Wang, 2006). Recently, as a novel systemic approach to study
metabolic profile and accelerate the course of drug develop-
ment, metabonomics has achieved great growth, which is
attracting more and more concerns from the academic com-
munity (Figure 1). The main subjects of metabonomics are a
variety of predominantly low molecular weight metabolites
(MW < 1000) that serve as the substrates and products of
metabolic pathways, and its main biological samples are
urine, plasma and serum. Integrity of metabonomic processes
includes sample collection and pretreatment, data collection
and analysis, and metabolic variation interpretation.
Generally, the main technologies metabonomics relied are
the nuclear magnetic resonance (NMR)-based method,
chromatography-based method and mass spectrometry (MS)-
based method (Tang and Wang, 2006). Depending on a series
analysis of different sample spectra and combination with
chemical pattern recognition methods, metabonomics can be
used to identify organisms in pathophysiological state, gene
function, drug toxicity and efficacy, and associated biomark-
ers (Nicholoson et al., 2002).

Advanced combination of analytical techniques with
chemometric tools (such as pattern recognition and expert
systems analysis, etc.) is the basic method for metabonomic
study, and accurate, sensitive and high-throughput chemical
analytical methods for metabolic analysis underlie the
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Figure 1T Number of metabonomics-related papers published

between January 2000 and December 2007. Generally, metabonom-
ics is gaining more and more attention as showed by the number of
related papers published by several main international well-known
academic databases. Databases are searched using ISI Web of sci-
encedirect (site 1), interscience (site 2), acs (site 3) and ebscohost
(site 4). Search term used was: ‘metabolomic or metabolomics or
metabonomic or metabonomics or metabolite profiling’.
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metabonomic study (Mao and Yuan, 2007). Whether an ana-
lytical technique is suitable for certain metabolic study has
direct impact on the experimental results, and finally deter-
mines the effectiveness on interpretation of various metabolic
changes in biological systems stimulated or disturbed by
xenobiotic. Therefore, the development of analytical tech-
niques plays a critical role on the issue as to whether meta-
bonomics could be further extended to broader and deeper
application. At present, there are a variety of analytical tech-
niques used in traditional Chinese medicine (TCM) metabolic
analysis, including NMR (Bailey et al., 2004; Zhang etal.,
2006), gas chromatography (GC) (Chen et al., 2005a), high-
performance liquid chromatography (HPLC) (Hu etal.,
2006a), high-performance capillary electrophoresis (HPCE)
(Xu et al., 2005) and MS (Ni et al., 2007).

TCM has a long history and for a long time has been
accepted by the academic community and patients as superior
and a unique valuable property in China. However, in recent
years, incident reports about TCM toxicity appear occasion-
ally; TCM is facing severe challenges (Vanherweghem et al.,
1993; Besheer et al., 2008; Laird et al., 2008). Therefore, it is
indispensable to strengthen TCM toxicity research. However,
the complexity of TCM constituents and action mechanisms
make it difficult to fully study by traditional TCM safety
assessment methods, which has become the constraints
against TCM toxicity study.

Fortunately, as a systemic approach, metabonomics adopts
a ‘top-down’ strategy to reflect the function of organisms
from terminal symptoms of metabolic network and under-
stand metabolic changes of a complete system caused by
interventions in holistic context (Nicholson, 2006). This
properly consists with the holistic thinking of TCM, suggest-
ing the possibility of mutual infiltration between metabo-
nomic study on drug and differential treatment of TCM.
Therefore, in the study of TCM toxicity, metabonomics play
an increasingly important role.

This paper reviews several metabonomic analytical tech-
niques widely used in TCM modern research in recent years,
and preliminarily summarizes their applications to toxicity
studies on TCM. Lack of space forbids further exploration of
the topic here; thus, the authors solely present analytical
techniques selectively. For more details, readers could refer to
Li et al. (2006a) together with Dunn and Ellis (2005) for a
comprehensive understanding of metabonomic analytical
techniques; for individual technique, interested readers could
also refer to Lu et al. (2008) for liquid chromatography (LC),
Griffin (2003) for NMR, Pasikanti etal. (2008) for GC,
Garcia-Pérez et al. (2008) for capillary electrophoresis (CE),
Ackermann et al. (2006) for MS and Rousseau et al. (2008)
for chemometric techniques.

Metabonomic techniques widely used in TCM
modern research

The comprehensive investigation of the metabolites is being
complicated by its enormous complexity and dynamics,
which drive people to improve and develop all kinds of ana-
lytical techniques to approach or even achieve ‘versatile’
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analysis. Currently, a number of different analytical strategies
have been employed, with the ultimate goal of measuring a
large fraction or all of the metabolites present. These strategies
can be broadly classified as chromatography-based, MS-based
and NMR-based according to the major detection methods
used (Tang and Wang, 2006). Among these strategies, there
are many analytical techniques widely used in TCM modern
research, such as LC for quality control of TCM, high-
throughput TCM fingerprint, qualitative and quantitative
determination of active components in TCM, NMR for bio-
logical fingerprint and elaboration of complicated TCM
science theories, GC for establishment of experimental
animal model, CE for pharmacokinetic study of TCM, and MS
(often combined with other methods, such as GC, LC) for
assisting other analytical methods in TCM modern research.

LC

HPLC. Because HPLC is low-cost, easy to use, high sensitive,
not limited by sample volatility and stability, as well as of
favourable separating power, it has been widely used in bio-
logical sample analyses and TCM modern research, which,
however, are nearly target component analyses rather than
fingerprint analyses of the entire samples combined with
chemometrics. Attempting to achieve high-throughput fin-
gerprint analysis, we must develop generic methods based on
HPLC to improve analytical efficiency (Yang et al., 2002; 2004;
2005; Pham-Tuan et al., 2003). Recently, there are a series of
improved HPLCs that appeared one after another as technol-
ogy developments, for fingerprint analysis of TCM and other
spheres of TCM modern research, such as capillary HPLC
(CHPLC) for qualitative and quantitative determination of
active components in TCM (Zhao et al., 2008a), hydrophilic
interaction chromatography for comprehensive quality
control of TCM (Jin etal.,, 2009), ultra high-performance
liquid chromatography (UPLC) for identification of active
compounds in TCM (Liu et al., 2007a), monolithic columns
for biological fingerprinting analysis of TCM (Wang et al.
2007b).

Multidimensional liquid separation systems. Complex samples
[such as Chinese herbal medicines (CHMSs), urine, plasma,
etc.] can not be retained in the C18 column that resulted from
very complex polar materials (e.g. low polar materials similar
to natural products, amphoteric substances, acidic or alkaline
substances, etc.) they contain. Therefore, it is impossible to
retain and separate all these different metabolites with merely
a single chromatographic column. Multidimensional liquid
separation systems using two or more liquid chromatographic
separation modes stand a good chance to be a promising
powerful approach to enrich, separate and quantify a large
variety of exogenous and endogenous compounds in
complex biological samples and TCM with powerful separa-
tion ability, high resolution and sensitivity, high peak
capacity, and excellent detectability in comparison to one-
dimension HPLC. Up to now, although there are not so much
applications in TCM modern research, several effective mul-
tidimensional liquid separation systems have been developed
and applied to separation and identification of compounds in
TCM, such as two-dimensional LC (LC x LC) in Psoralea coryli-
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folia (Chen et al., 2005Sb) and Rheum palmatum L. (Hu et al.,
2006a), comprehensive two-dimensional capillary LC and CE
for resolution of neutral components in Cheng-Qi-Tang
(Zhang et al., 2001), and multidimensional counter-current
chromatography system in Ginkgo biloba L. and Hippophae
rhamnoides L (Yang et al., 1998), etc.

NMR

Ever since Nicholson introduced NMR-based metabonomics
in 1999 (Nicholson et al., 1999), NMR has already been one of
the main analytical techniques for metabolic research. In
comparison with MS and HPLC, NMR-based method has
evident advantages (Tang and Wang, 2006; Lenz and Wilson,
2007): (i) non-invasive and non-destructive to samples,
making it possible to facilitate in vivo and in situ studies; (ii)
quantitative and simultaneous detection method, thus not
biased for any molecules; (iii) high throughput and can
measure up to 400 samples per 24 h with flow-injection tech-
nology; (iv) rich dynamic molecular information including
metabolite structure, concentration, molecular dynamics,
interactions, pH and compartmentation when diffusion-
editing techniques are employed; (v) require little or no
sample preparation; and (vi) good resolution and reproduc-
ibility. On account of the above descriptions, NMR-based
method is very suitable for analysis of complex compositions
in metabolites, especially for the TCM modern research. One
representative illustration is given by Bailey et al. (2004). They
used 'H NMR spectroscopy and chemometrics, such as partial
least squares discriminant analysis (PLS-DA), to analyse the
extracts of Artemisia annua with the purpose of predicting the
anti-plasmodial activity of this TCM. Such approach allowed
to classify TCM samples from different sources according to
anti-plasmodial activity without prior knowledge of this
activity. Recently, considerable works on drug development
through NMR-based method have met with tremendous
success. Table 1 roughly summarizes the application of
NMR-based metabonomics to drug development in Western
medicine and TCM.

GC

The advantage of GC clearly lies in its high sensitivity of
detection for almost all the volatile chemical compounds or
non-volatile compounds readily derivatized. The important
uses of GC have been for investigating volatile compounds in
TCM and biological samples, such as urine, blood plasma,
blood serum, etc. For instance, Chen et al. (2005a) used a high
dose of hydrocortisone to establish an animal model that
suffered from ‘kidney deficiency syndromes’, an early stage of
obesity and diabetes in TCM science. In order to establish
urine metabolic patterns of the treatment rats, they used a
metabonomic approach consisting of GC-MS and multivari-
ate statistical technique. The results indicated that clear and
consistent biochemical changes following hydrocortisone
intervention under controlled conditions could be identified
using chemometric analysis. This study shows that this meta-
bonomic approach could be used as a potentially powerful
tool for early diagnosis to investigate the biochemical changes
of certain physiopathologic conditions such as metabolic
syndrome.
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The application of NMR-based metabonomics to drug development

Aspects

Objectives

References

Identification and authentication of
drug action pattern

Distinguish the metabolic conditions of animal models between
different species and strains, identify human in disease state and

Aardema and MacGregor, 2002

construct suitable animal model for research of human disease, drug

efficacy and toxicity.
Drug action mechanism study
these toxic effects.
Preclinical drug toxicity evaluation

TCM modern research

Investigate the role of toxicants in toxic lesion and how they produce

Establish new drug safety assessment norms, reduce toxic effect,
provide scientific basis for new drugs toxic effect level on human
health and anticipate this effect level of new drugs for sale.

Integrate (‘assemble’) a range of information systems to explain
complicated TCM science theories.

Slim et al., 2002; Williams and
Lock, 2004

Lindon et al., 2003; 2005;
Bollard et al., 2005
TCM modern research

Zhang et al., 2006; Li et al., 2007b

NMR, nuclear magnetic resonance; TCM, traditional Chinese medicine.

In GC analysis of volatile compounds in TCM, sample
pretreatment is the crucial step. A variety of novel sample
pretreatment techniques with significant advantages over
conventional methods continue to emerge (Dong etal.,
2007b; Tam et al., 2007; Yu et al., 2007c). At present, the
coupling of capillary GC to MS proved to be a potentially
useful method based on its high sensitivity, peak resolution
and reproducibility (Pasikanti et al., 2008). More impor-
tantly, structural information and selectivity available from
MS made the combination of MS with GC coupled with
chemometric analytical method the most effective tech-
nique for analysis of TCM (Liang et al., 2005). These advan-
tages are not provided by other chromatography-based
methods (such as LC) (Weckwerth and Fiehn, 2002;
Boernsen et al.,, 2005) and NMR-based methods (Pasikanti
et al., 2008) due to the poor overall reproducibility and low
sensitivity respective. Recently, two-dimensional GC (GC x
GC) gradually shows some advantages in comparison to
other GC-based analytical techniques because of its superior
resolution, and very sensitive detection (Adahchour etal.,
2006a,b,c,d). Although it is still not very popular right now,
to some extent, separation and analysis in GC x GC system
is more powerful than in one: (i) it has more peak capacity
and can accommodate more complex mixtures; (ii) compo-
nent identification is potentially more reliable; and (iii)
separations are likely to be more structured in two dimen-
sions (Phillips and Beens, 1999). Consequently, even though
it is not yet so an important analytical technique, GC x GC
will probably gain due attention in practice. Table 2 lists
some applications of GC analysis to volatile components
of TCM.

CE

CE, also known as HPCE or capillary electroseparation
method, was introduced in the early 1980s (Jorgenson and
Lukacs, 1983). Thereafter, CE has developed rapidly and
became a powerful tool for separation and purification. HPCE
technique is the combination of classic electrophoretic tech-
nique and modern micro-column separation technique; it
integrates some advantages between high-voltage electro-
phoresis and HPLC (e.g. high speed and short analysis time,
low solvent and sample consumption, excellent separation

efficiency and easy to automate) (Ronda et al., 2008); there-
fore, it was widely used in rapid analyses, from bioactive
compounds analysis (Huang et al., 2004), DNA identification
(Chang et al., 2008) to determination of single cell and analy-
sis of virus (Zhu et al., 2008).

HPCE applied to TCM modern research. HPCE enjoys some
advantages in comparison to HPLC, such as shorter analysis
time, less sample and solvent consumption as described
above; furthermore, it is more appropriate for separating
‘dirty’ samples simultaneously and lower operating cost.
However, the overall sensitivity of HPCE is about two orders
of magnitude lower than that of HPLC, particularly when
dealing with spectroscopic detection means, such as UV-vis
spectroscopy and fluorescence (Liu et al., 2007b; Feng et al.,
2008), which limits its extensive application to TCM modern
research. Accordingly, it receives rare application in metabo-
nomics currently. Despite this disappointment, it does possess
brilliant prospects in TCM modern research, for instance,
component analyses of CHMs (see Table 3) and Chinese
materia medica preparation (Hu et al., 2006b; Li et al., 2006b;
Yu et al., 2006), identification of CHM and Chinese medicine
processed products (Cao et al., 2005; Zougagh et al., 2005),
establishment of TCM fingerprinting (Yu et al., 2007a), chiral
drug analysis of TCM (Kvasnicka et al., 2005), and pharmaco-
kinetic study of TCM (Tegtmeier et al., 2000).

MS

Generally, MS is frequently coupled with other separative
techniques; therefore, it is a detecting technique rather than a
separative one in most cases. However, MS also can be served
as a technique combining separative and detecting attributes
because it is also used on its own sometimes. Actually, no
existing technique including MS is capable of holistic analysis
and detection, the pros and cons of the currently used MS
methods are indicated as follows: (i) cons attributes (Tang and
Wang, 2006): (1) fairly extensive sample preparations; (2)
invasive and destructive (to samples); (3) pre-knowledge
required about samples; (4) high recurrent expenditure; and
(3) fairly expensive equipment, etc.; (ii) pros attributes: (1)
although it requires laborious sample pre-treatment (hydroly-
sation, derivatization), MS-based methods is the gold
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Table 2 Some applications of GC analysis to volatile components of TCM

Analytical strategies Applications

Analytes References

GC-MS
GC-MS

HS-SPME and GC-MS
GC-MS and CMC
GC-MS, HPLC and LC-MS

Metabonomic study for the assessment of TCM.
Optimize and compare different methods for
extraction of volatile compounds in TCM.
Pharmacokinetics study of paeonol in the TCM
Screen and analyse TCM components in vitro.
Investigate the relationship between chemical
components of Si-wu decoction (SDE) and
proliferation-promoting effects on rat

Chen et al., 2005a
Tam et al., 2007

Biochemical modification

o-copaene, cyperene, B-selinene,
B-cyperone, o-cyperone

Paeonol

Ligustilide, butylidenephthalide

Ligustilide, palmitic acid methyl
ester, stearic acid ethyl, etc.

Dong et al., 2007a
Liang et al., 2005
Zeng, et al., 2008

marrow-derived mesenchymal stem cells (MSCs).

GC-MS and LC-MS
acid-induced nephrotoxicity.
GC x GC-TOF-MS
GC-MS-AMWFA and
HP-5MS-PTRIs
GC-MS-NMF or GC-MS analysis
combining with OP technique
GC x GC-TOF-MS and GC
x GC-FID
MAE-GC-MS

essential oils from Clematis species.
Chromatographic fingerprint analysis.

geographical origins

Fructus xanthii.
PHWE-SPME-GC-MS
of active volatile compounds in TCM
MISPE combined with GC-MS

Unravel the pathological outcomes of aristolochic

Analysis of Artemisia annua L. volatile oil
Identification of volatile components in different

Determination of TCM volatile oils from different
Study on the chromatographic fingerprint of
TCM quality assessment: Quantitative determination

Preparation of molecularly imprinted adsorptive resin

Pathological changes in Ni et al., 2007

Ma et al., 2007
Zeng, et al., 2007

Terpene compounds, etc.

n-hexadecanoic acid,
(Z,Z)-9-12-octadecadienoic acid

Fingerprints of houttuynia cordata
Thumb.

Monoterpenes, oxygenated
sesquiterpenes

Fingerprints of Fructus xanthii

Gao et al., 2005a;
Zeng, et al., 2006
Qiu et al., 2007

Ruan and Li, 2007
Eucalyptol, camphor, borneol Dong et al., 2007b

Ligustrazine Guo et al., 2008

for trapping of ligustrazine from the traditional
Chinese herb Ligusticum chuanxiong Hort.

CMC, cell membrane chromatography; GC-MS, gas chromatography-mass spectrometry; GC-MS-AMWFA, gas chromatography-mass spectrometry combined
with alternative moving window factor analysis; HPLC, high-performance liquid chromatography; HP-5MS-PTRIs, temperature-programmed retention indices
(PTRIs) on HP-5MS column; HS-SPME, headspace solid-phase microextraction; LC-MS, liquid chromatography-mass spectrometry; MAE-GC-MS, microwave
assisted extraction coupled with gas chromatography-mass spectrometry; MISPE, molecularly imprinted solid-phase extraction; OP, orthogonal projection;
PHWE-SPME-GC-MS, pressurized hot water extraction followed by solid-phase microextraction and gas chromatography-mass spectrometry; TOF-MS, time-of-

flight mass spectrometry; TCM, traditional Chinese medicine.

standard for the identification and quantification of volatile
and thermally stable components when hyphenated with GC
(Ceglarek et al., 2009); (2) the above problems can be over-
come by hyphenation with LC (Chace and Kalas, 2005; Dunn
et al., 2005); (3) available for ionization of polar to non-polar
components [such as electrospray ionization (ESI), atmo-
spheric pressure chemical ionization and atmospheric pres-
sure photo ionization] (Marquet, 2002; Baumann et al., 2005);
and (4) sensitive and selective detection, multi-analyte analy-
sis, and the ability to provide structural information (Acker-
mann et al., 2006). As discussed above, MS is continually used
with other analytical techniques in a hyphenated way; there-
fore, there are tremendous numbers of applications in TCM
modern research. Some representative examples are illus-
trated by: (i) HPLC-ESI time-of-flight mass spectrometry
(HPLC-ESI-TOF-MS) in pharmacokinetics research for under-
standing TCM efficacy (Zhang et al., 2008); (ii) LC-MS and
GC-MS in TCM toxicity research (Chen et al., 2006b; Ni et al.,
2007); (iii) HPLC-diode array evaporative light scattering
detector (HPLC-DAD-ELSD) and HPLC-GS-MS? in TCM finger-
print analysis for quality control (Li et al., 2007c); (iv) ESI-
TOF-MS with HPLC-DAD-ELSD in screening of TCM
interactive components (Qi et al., 2006a); (v) UPLC combined
with quadrupole time-of-flight tandem mass spectrometry
(UPLC Q-TOF MS) in evaluation of the efficacy of TCM prepa-
ration (Zhao et al., 2008b); and (vi) HPLC-DAD-ESI-MS in
investigation of antibacterial modes of action (Yu etal.,
2007b).
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Applications in TCM toxicity research

In 1993, Belgium researchers (Vanherweghem et al., 1993)
reported that a number of young women had suffered from
chronic interstitial nephritis, a disease mainly regarded as
‘rapidly progressive interstitial renal fibrosis’ in morphology,
after following the slimming treatments containing Chinese
herbal ingredients such as Stephanie tetrandra, Magnolia offi-
cinalis and Aristolochia manshuriensis. They called it ‘Chinese
herbs nephropathy (CHN)’. Later, some scholars (Gillerot
et al., 2001) indicated the main cause of CHN that patients
had taken the CHM containing aristolochic acid (AA) ingre-
dients which could induce the so-called CHN, and they con-
sidered it was more appropriate to characterize the disease as
‘aristolochic acid nephropathy’ rather than CHN. Conse-
quently, such TCM has been forbidden for medication. Some
domestic scholars (Yang, 2007) complain: ‘The international
judgments merely based on the use of a single TCM toxic
constituent are not scientific.’, “TCM export encounters
double standards abroad in an awkward predicament.” But
since the international community has put forward this issue,
there are undoubtedly somewhat rationalities existing. Sub-
sequently, adverse reaction reports of TCM are mounting up
both at home and abroad in recent years (Besheer et al., 2008;
Laird et al., 2008), making TCM security issues in interna-
tional attention.

Admittedly, the toxicity of TCM is mostly caused by exces-
sive or wrong medication. However, the complexity of TCM
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Table 3 The applications of HPCE in active components analysis of TCMs

TCMs Active components Objectives Methods References
Herba Leonuri Flavonoids Separation and quantitative determination of ~ CE Xu et al., 2005
kaempferol, rutin, hyperoside, quercitrin,
quercetin.
Garcinia atroviridis Griff Acid and lactone Separation and analysis of hydroxycitric acid CZE Muensritharam et al.,
and hydroxycitric acid lactone. 2008
Macleaya cordata (Willd.) Alkaloids Separation and quantitative determination of ~ NACE-LIF  Liu et al., 2006b
R. Br. and Chelidonium chelerythrine and sanguinarine.
majus L.
Lonicera japonica Thumb. Phenolic acids and Separation and analysis of hyperoside, CE-ED Peng et al., 2005
flavones chlorogenic acid, luteolin and caffeic acid.
Cortex fraxini Polyphenol Simultaneous determination of active MEKC Wang et al. 2007a
components in herbal medicines by MEKC
with Tween 20.
Sceletium tablets Mesembrine Quantitative determination of psychoactive CZE Patnala and Kanfer,
alkaloids. 2008
Passiflora incarnata Glycoside Quantification of the Flavonoid Glycosides. CE Marchart et al., 2003
Hedyotis diffusa Organic acid Simultaneous determination of key bioactive CE Cheung et al., 2006
components in TCM.
Moutan Cortex Glycosides and sugars ~ Determination of glycosides and sugars. CE-ED Chen et al., 2006a
Red clover (Trifolium pratense). Flavones Quantitative determination of daidzein, CE-ED Peng and Ye, 2006
genistein and biochanin A.
Japanese dock root and Anthraquinones and Simultaneous determination of emodin, CZE Koyama et al., 2003
fleeceflower root saccharides chrysophanol and their 8-3-D-Glucosides
Three citrus plants Coumarins Separation and determination of MEKC Wang et al., 2003
xanthoxyletin and xanthoxylin.
Several families of herbal drugs Alkaloids Quantitative determination of protoberberine  NACE Gao et al., 2005b
(Herba Chelidonii, Caulis Mahoniae, alkaloids including berberine, palmatine,
et al.) and their relevant medicinal and jatrorrhizine.
preparations
Rabdosia japonica (Burm.f.) Hara var.  Triterpenes Separation and determination of bioactive NACE Qi et al., 2006b
Glaucocalyx (Maxin.) Hara triterpenes in Chinese herbs.
Cordyceps sinensis (Berk.) Nucleosides Simultaneous determination of cytosine, CEC Yang et al., 2007
uracil, uridine, hypoxanthine,
2’-deoxyuridine, inosine, guanosine,
thymidine, adenine, adenosine, and
cordycepin.
Liquorice roots Glycyrrhizins Separation and analysis of glycyrrhizin, CZE Sabbioni et al., 2005
18B-glycyrrhetic acid and 180.-glycyrrhetic
acid.
Aristolochia Organic acid Determination of aristolochic acid. CE-LIF Hsieh et al., 2006
Glycyrrhiza uralensis Fisch root Glycyrrhizic acid Separation of active components in TCM by MECC Li et al., 1999
MECC.
Herba Epimedii, Ying-Yang-Huo Flavonoids Quantitative determination of flavonoids. CZE Liu et al., 2006a

CE, capillary electrophoresis; CEC, cations exchange capacity; CE-ED, capillary electrophoresis coupled with electrochemical detection; CE-LIF, capillary electro-
phoresis in conjunction with laser-induced fluorescence detection; CZE, capillary zone electrophoresis; HPCE, high-performance capillary electrophoresis; MECC,
micellar electrokinetic capillary chromatography; MEKC, micellar electrokinetic capillary; NACE, nonaqueous capillary electrophoresis; TCM, traditional Chinese

medicine.

constituents and action mechanisms make it difficult to com-
prehensively study. The general procedure of traditional TCM
safety assessment is to medicate a certain number of experi-
mental animals or a certain amount of analyte, and thereafter
observe the characteristics of toxic effects induced by the dosed
TCM. Limited by experimental methods and conditions, this
tactics remains confined to the toxic study of a single TCM
chemical constituent, which has become the constraint
against further TCM toxicity study. If TCM wants to achieve de
facto modernization and be accepted by the world, application
of novel analytical techniques for toxicity study is becoming
the most imperative and essential thing we must perform.

As a systemic approach, metabonomics is fairly in accor-
dance with the holistic thought of TCM science theories. On
the one hand, it lays aside complicated interaction between
biochemical molecules and discards unfavourable methods
that merely use a single or a few indicators on pathological

and physiological changes. On the other hand, it adopts ‘top-
down’ strategy to reflect the function of organisms from ter-
minal symptoms of metabolic network in holistic context,
which in turn facilitates the interpretation of metabolic
changes of a complete system caused by interventions
(Nicholson, 2006). Therefore, this strategy provides a possi-
bility of mutual infiltration between metabonomic study
on drug and differential treatment of TCM. At present, meta-
bonomics has been playing an increasingly important role in
TCM toxicology research.

General flows of metabonomic investigation in TCM toxicity
research

Compared to other spheres to which metabonomics is applied
in TCM modern research, there are merely a few applications
in TCM toxicity research through metabonomic methods up
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Figure 2 Flow chart of the metabonomic investigation in TCM toxicity research. GC, gas chromatography; HPLC, high-performance liquid
chromatography; MS, mass spectrometry; NMR, nuclear magnetic resonance; TCm, traditional Chinese medicine; UPLC, ultra high-

performance liquid chromatography.

to now. Although the methods they used are much different
from each other in detail, they all follow four general flows
(Figure 2):

Pretreatment. TCM handling. TCM is unique in that its
pharmacological and toxicological effects can be greatly fluc-
tuant with different collecting ways, processing technologies
and prescriptions, such as collecting in different habitats and
periods, prescriptions with different compatibility programs
or active fractions may yield wide different or even opposite
effects (Li et al., 2008Db).

Experimental animal treatment (Zhang et al., 2006). In com-
plicated theory system research of TCM science, establish-
ment of experimental animal model is an intensive and
decisive step for further researches because the so-called
symptom in TCM science (i.e. kidney deficiency syndromes,
syndrome of Qi deficiency, blood stasis syndrome, etc.) is a
complicated multi-factor-interactional, dialectic result
induced in holistic level (Li ef al., 2007b). Accordingly, use of
single or just a few compounds or methods is incapable of
exactly ‘reproducing’ authentic toxic-pathological status in
animal model. No matter how frustrating the present estab-
lishment of animal model is, metabonomics in TCM toxicity
research can provide valuable feedback information for
reassessment of animal model.
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Sample collection and preparation. This step is equal to
routine metabonomic analysis. Conventional metabonomics
is carried out on biofluids which can provide an integrated
view of the whole systems biology. And the most frequently
used biofluids include urine, blood plasma and serum, etc.
However, there is a wide range of biofluids that can be, and
have been, investigated, including seminal fluids, lung aspi-
rates and dialysis fluids, blister and cyst fluids, digestive fluids,
synovial fluid, amniotic fluid and cerebrospinal fluid (Lenz
and Wilson, 2007).

Data analysis and detection. There are three main methods
for data acquisition and detection, such as NMR-based
methods, MS-based methods and chromatography-based
methods (Tang and Wang, 2006). As mentioned above, all
these methods have their intrinsic advantages and disadvan-
tages; thus, hyphenation among them becomes indispens-
able, which in turn results in the compatible problem among
these methods. Up to the present, this problem still fails to be
overcome commendably; further studies still need to be
implemented to improve these methods.

Data mining. The use of multiple analytical techniques in
combination may offer a better strategy for identifying a
broadened spectrum of important metabolites associated with
TCM perturbation. However, it is technically challenging to



integrate data from different analytical methods which
measure different types of biochemical molecules generated
from diverse aspects of a system (Ni et al., 2007). How will
valuable information of interest be read and how will big
pictures emerge from the sea of biological data obtained by
various analytical tools? By virtue of a variety of chemometric
tools, scientists partially solved the problems. Among the
chemometric tools used, principal components analysis (PCA)
enjoys the most extensively used one (Rousseau et al., 2008).
Nevertheless, different laboratories use different standardiza-
tion methods to integrate their data acquired from single
or multiple analytical methods respectively. This makes
exchanging data between laboratories difficult and disap-
pointing (Kanani et al., 2008). Moreover, there are 12,870
kinds of TCM resources (Li et al., 2008b); obviously, it is more
or less insufficient to interpret data merely by chemometric
tools for such huge resources. Therefore, establishment of
TCM-related database with uniform data interpretation stan-
dard became an immediate mission. Such database should
embody as many TCM resources as possible, and provide all
kinds of information including basic theories (e.g. action
mechanisms, biomarkers, matter foundation of drug effect,
target organs), scientific prescription guide (e.g. comparison
of differential toxicity induced by variable compatibility pro-
grams and processing technologies), quality control stan-
dards, etc. And most of all, these information should be given
in a united standard, for instance, TCM named with united
nomenclature, symptoms interpretation with united TCM
science theoretical basis, etc. At present, lack of standardiza-
tion is the most disillusionary obstructor for real data mining.

Toxic-pathologic interpretation. Interpretation of related infor-
mation can be easily accessed through combination with toxi-
cogenomics and toxicoprotenomics, and further exploring
link between these ‘toxicomics’ greatly facilitates TCM
modern research (Aardema and MacGregor, 2002; Ekins et al.,
2005). Finally, this interpretation, in turn, can be used to
reassess the pretreatment step to formulate the best program
which can yield the best outcome and facilitate our studies on
TCM toxicity or therapy with TCM for patients. All these steps
constitute the so-called TCM toxicity metabonomic study
circle.

Single-analysed techniques

At present, the most prevailing methods for TCM toxicity
research are mainly single-analysed techniques using only
one analytical means. The techniques used are composed of
NMR, GC-MS, LC-MS, etc. They play an increasingly impor-
tant role in the studies of TCM toxic reaction, including
action target organs assay, establishment of action pattern,
and elucidation of action mechanism and exploration of
action material foundation. There are several TCMs which
have hitherto been investigated by single-analysed
techniques.

Manchurian dutchmanspipe stem. Metabonomic method is a
promising new technology in TCM toxicity research. Up to
the present, Aristolochia manshuriensis-induced nephrotoxic-
ity is the most intensive topic in TCM toxicity research.
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Chromatography-based analytical technique can be applied
to metabonomic profiling for toxicology study of AA; such
metabonomic profiling can act as a preclinical protocol which
allows early treatment before symptoms were observed. In
these studies, the urine of rats is the most thriving sample
(Chan and Cai, 2008; Chan et al., 2008). Chan and Cai (2008)
used LC-MS metabonomic technique coupled with PCA to
find variations in urine profiles between the control and the
dosed rats. PCA data showed clear differences in metabolic
profiles between the control and the dosed rats analysed by
LC-MS. Two potential biomarkers, kynurenic acid and hippu-
ric acid, were identified by high-resolution mass measurement
and MS-MS analyses on a Qq-TOF. They believed that changes
in dosed urine profile could have occurred before symptoms
were observed. Therefore, such methodology may act as a
preclinical protocol for early treatment.

In addition, model toxins can be used to investigate the
subacute toxicity of AA by comparing urinary profiles inter-
fered by known model toxicants and AA at various time
intervals. In Zhang’s study, 35 male Wistar rats were divided
into seven groups after acclimation for 7 days (Zhang et al.,
2006): Model groups [injected intraperitoneally with a
single dose of NaCrOj;, HgCl, 2-bromoethanamine
hydrobromide (BEA), or administered with an oral dose of
o-naphthylisothiocyanate (ANIT), hydrazine dihydrochloride
(HYD)], AA group (dosed intraperitoneally with 10 mg-kg™
body weight each day during the 5 day time interval and
housed in a normal way for another 5 days) and control group
(intraperitoneally with 0.9% saline). Also, visual comparison
of the NMR spectra showed that AA caused a renal proximal
tubular and papillary lesion and a slight hepatic impair.
Pattern recognition analysis indicated that the renal proximal
tubule lesion was the main damage induced by AA, and the
renal toxicity induced by AA to the rat was a time-dependent
and dosage-accumulative process by monitoring the toxico-
logical processes from onset, development and part-recovery.

Cinnabar and realgar. High reliability of NMR-based metabo-
nomic approach integrated with other techniques can facili-
tate understanding of the biochemical effects induced by
TCM. Wei et al. (2008, 2009) used an integrated metabonomic
approach, including "H NMR spectra, liver and kidney histo-
pathology examination and serum clinical chemistry analy-
ses, to investigate the toxicological mechanisms of cinnabar
and realgar in rats respectively. They found that both TCMs
could perturb energy metabolism, impair amino acid metabo-
lism and affect the gut microflora environment in a time-
dependent way. They also found that glutathione could be a
potential biomarker of realgar-induced oxidative injury.

Aconitum carmichaelii Debx. Li et al. (2008a) used NMR-based
metabonomic methodology to study the effects of Hei-Shun-
Pian, the processed lateral root of Aconitum carmichaelii Debx.
(Ranunculaceae), on the metabonomic profile of rats, so as to
discuss the mechanism of toxicology and to find out the
potential biomarkers of the toxic effects. The experiment dis-
covered that the urinary levels of taurine in the high-dosed
and middle-dosed groups decreased dramatically in the early
stage of the dosing period. While at the later stage of the
dosing period, the taurine increased and gradually reached
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the original level at the end of experiment. The recovery of
taurine level might be explained as the effect of decreased
intoxication, due to the increased tolerance or metabolic
capability of aconitum alkaloids in Hei-Shun-Pian, along with
the time of administration. However, no metabolic differ-
ences were observed between low-dosed and control groups
until the later stage of the dosing period when a slight
increase in urinary taurine level was observed, suggesting an
indication of accumulated toxicity of Hei-Shun-Pian. In the
present study, the decrease of urine taurine along with the
alternation of citrate, glucose and amino acids suggests that
the decoction of Hei-Shun-Pian has the cardiac toxicity; thus,
the experimental results clearly showed that the high and
middle doses of the decoctions of Hei-Shun-Pian could cause
significant changes in the metabolism of rats and had toxici-
ties on the heart and liver.

Breviscapine. In toxicokinetics research, finding the metabo-
lites of candidate drug and identification of the drug metabo-
lites are critical steps for further TCM toxicity investigation.
Also, the compounds that exist only in post-dose samples are
responsible for differentiating the control and dosed samples,
which could help to detect the drug metabolites. Ran et al.
(2006) applied LC coupled with ion trap MS combined with
PCA to studies of TCM scutellarin in rat urine. They found
that this methodology could be used to detect potential drug
metabolites. This research has detected two potential metabo-
lites of scutellarin and found nine ions responsible for the
gender variation and one ion for the dosage variation.

Tripterygium wilfordii Hook. Metabonomics is time-saving
and convenient for studying TCM toxicity. Furthermore, bio-
logical indicators in the metabolites often correspond to the
lesion of specific sites. Therefore, application of metabonom-
ics to TCM toxicity can obtain better understanding of site of
action and action process, and ultimately achieve early pre-
diction of TCM toxicity in drug development. With the
purpose of exploring the renal toxicity of triptolid, Li et al.
(2007a) analysed the influences of oral dosing of triptolide on
endogenetic metabolites in rat urine using NMR coupled with
pattern recognition technique and PCA. The results showed
concentrations of acetate, betaine and acetone in urine
increased after dosed with triptolide, which suggested the
damages on the renal cortex S1, papilla and cortex S3 respec-
tively. These data clearly demonstrate the renal toxicity of
triptolide and its site of action and action process. PCA
revealed that the metabonomic profile of triptolide-treated
group was obviously different from that of control one. The
metabolites variation showed that the metabonomic profile
of urine closely related with the renal toxicity of triptolide.
This study has successfully indicated that different sites and
the extent of the lesion and organ damage could be associated
with the corresponding changes in metabonomic profile.

Multi-analysed techniques

There is no existing analytical technique that can be a versa-
tile analysis up to present. Every analytical technique has its
advantages and drawbacks. Nevertheless, multi-analysed
technique which applies different metabonomic analytical
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methods and integrates different dataset from these multi-
analytical platforms, may capture different sets of endog-
enous metabolites with unique biological significance,
therefore, it is technically feasible for comprehensive under-
standing of complex biochemical variations of living systems
induced by TCM. Generally, multi-analysed technique is
more close to the so-called versatile analysis in comparison
with single-analysed technique (Ni et al., 2007).

GC-MS is widely used in metabolic fingerprint analysis of
TCM owing to its high detecting sensitivity, besides the avail-
ability of existing citable and standard spectral libraries for
reference, for almost all the volatile chemical compounds or
non-volatile compounds readily derivatized in TCM (Want
et al., 2007). Accordingly, it is convenient to obtain qualita-
tive results for metabolic components and abundant analyti-
cal information under TCM intervention by GC-MS analysis.
However, GC-MS has its own restrictions since the analytes
have to be volatile and most biomolecules require chemical
derivatization (Boernsen et al., 2005). Thus, it fails to supply
metabolic information of most non-volatile compounds
which are hard to derivatize, for instance, organic diphos-
phates, cofactors or metabolites larger than trisaccharides
(Weckwerth and Fiehn, 2002). In addition, derivatization
requires extensive sample preparation which is time-
consuming and laborious and, more importantly, induces loss
of sample (Pasikanti et al., 2008).

Differing from GC-MS, LC analysis obviates the thermolysis
of chemical compositions and the restriction of samples vola-
tility and stability; thus, it should be of powerful separation
and high sensitivity. But there is limited analytical informa-
tion one can obtain by LC analysis; moreover, LC analysis is
time-consuming and interfered by sample matrix (Liu et al.,
2007b).

Therefore, to achieve a more perfect effect, it is indispens-
able to associate GC-MS with LC in metabonomic analysis to
integrate the advantages of the two techniques for TCM tox-
icity research. This method is potentially applicable to toxi-
cological study, providing comprehensive understanding of
living systems in response to xenobiotic (such as TCM, etc.)
intervention.

Ni etal. (2007) combined GC-MS and LC-MS metabolic
profiling approaches to unravel the pathological outcomes of
AA-induced nephrotoxicity. They analysed the urine samples
of Wistar rats by GC-MS and LC-MS in combination with PCA
and orthogonal projection to latent structure-discriminant
analysis (OPLSDA). They found that: (i) significant variations
of homocysteine and methionine were detected by LC-MS
analysis, whereas changes in cystine and cysteine concentra-
tion were observed by GC-MS analysis. Then they combined
the results obtained from the two analytical methods
together, which consequently turned out to be a disturbed
metabolic pathway (Figure 3A); (ii) the negative OPLSDA cor-
relation coefficients of the fatty acids including caprylic acid,
valeric acid and arachidonic acid showed that phospholipase
A2 (PLA2) was greatly inhibited by AA, which in turn induced
areduced level of arachidonic acid (Figure 3B); therefore, they
assumed that depletion of arachidonic acid might be one of
the fundamental causes of acute renal failure induced by AA;
(iii) compared with the healthy control animals, the crucial
substances of tricarboxylic acids (TCA) cycle, for example,
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Figure 3 The perturbed metabolic pathways in response to aristolochic acid (AA) exposure (modified from Ni et al., 2007): (A) AA-induced
metabolic disorder of amino acids; (B) AA perturbed tricarboxylic acids (TCA) cycle; (C) PLA2-related mechanisms of AA-induced nephrotox-
icity. Dark square denotes an elevated concentration of metabolites present in the urine from rats exposed to AA, whereas gray square means
a reduced level of metabolites in this group as compared to the healthy. The red abbreviations adjacent to the arrows are consistent with the
corresponding enzymes, in detail, AH: aconitate hydratase; CBL: cystathionine beta-lyase; CBS: cystathionine beta-synthase; CGS: cystathionine
gamma-synthase; CSY: citrate (Si)-synthase; CTL: cystathionine gamma-lyase; CysR: cystine reductase; Fum: fumarate hydratase; GNMT:
glycine N-methyltransferase; G-SCS: succinate-CoA ligase (GDP-forming); HMT: homocysteine S-methyltransferase; ICDH: isocitrate dehydro-
genase (NADP(+)); MAT: methionine adenosyltransferase; MDH: malate dehydrogenase; MetE: 5-methyltetrahydropteroyltriglutamate—
homocysteine S-methyltransferase; SAHH: adenosylhomocysteinase; SDH: succinate dehydrogenase (ubiquinone).

citrate, iso-citrate and aconite, were significantly decreased
(Figure 3C), suggesting that AA might inhibit the activity of
these compounds, ultimately repressing energy metabolism.
This study revealed that AA led to direct cytotoxic effect and
enzyme inhibition, and to the significant alteration of gut-
motivated metabolites and energy metabolism, and ulti-
mately induced a disruption of the kidney-related metabolic
regulatory network and renal function.

Prospects

In recent years, TCM toxicity problems have attracted a wide
range of concerns, which arouses many toxicity studies on
TCM. Nevertheless, the present studies on mechanism of
toxic action remain merely confined to a single chemical
constituent in TCM. It must be impossible to acquire compre-
hensive understanding about TCM toxicity retained by means
of restrictive experimental conditions and methods. In addi-
tion, there is no standard and objective basis for TCM toxicity
evaluation and no uniform standard for safety assessment up
to now. All these factors seriously hinder the development of
TCM toxicology research currently. Therefore, with imple-
mentation of the modernization of TCM, we urgently desid-
erate strengthening TCM toxicology studies, formulating
TCM safety assessment norms, extending further application
of modern scientific and technological means to commonly
used TCM safety assessment and establishing international
standards and safety assessment criteria and indicators.
Clearly, metabonomics based on a variety of high-throughput
analytical techniques provides a novel technological means

for the security study on TCM. There are different kinds of
analytical techniques widely used in TCM modern research,
but a few of which are applied to the study of TCM toxicity.
The predicament is largely attributable to two reasons: first,
there are still more or less shortcomings and inadequacies in
these analytical techniques; second, lack of profound aware-
ness of the great benefits of metabonomics in that metabo-
nomics is an emerging discipline, the applications of which in
various fields are still in its start-up stage. Thus, with the
development of various existing analytical techniques along
with the emergence of novel technologies, as well as with
deeper understanding, metabonomics based on various ana-
lytical techniques will play an increasingly important role in
TCM toxicology research.
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