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In China and its surrounding countries, both 
chemical drugs and CM are extensively used in 
clinic. Compared with chemical drugs, CM has 
advantages in treating chronic diseases such as 
fatigue.(1) In addition, CM exhibit several unique 
characteristics. Many CM compounds exhibit poor oral 
bioavailability. For example, the oral bioavailability 
of berberine is less than 1%,(2) however, it still 
possesses strong cholesterol-lowering effects in 
clinic.(3) The material bases of the therapeutic effects 
of most CM remain unknown, and this conundrum 
between low bioavailability and efficacy of CM has 
perplexed researchers for a long time.(4,5) Meanwhile, 
CM are usually used as formulas that contain 
multiple herbs and numerous compounds acting in a 
synergistical and holistic fashion to treat diseases.(6) 
Correspondingly, it is almost impossible to use a few 
targets to completely describe the mechanisms of CM. 
As a result, the active compounds and mechanisms 
of CM are usually unknown. The ambiguity of active 
compounds also makes it rather diffi cult to set proper 
quality standards for CM. This status quo of CM has 
limited the rational use of CM in clinic and acceptance 
of CM in the world. 

Gut Microbiota, a New Frontier to Understand CM
Gut microbiota, or intestinal microbiota, gut 

flora, intestinal flora, is a large and diverse group 

of microorganisms that dwell in the gastrointestinal 
tract of human body. Gut microbiota can metabolize 
intestinal contents and produce a variety of new 
metabolites that contribute to the homeostasis of host. 
The interplay between gut microbiota and human 
body can also shape the development of diseases that 
includes, but not limited to, allergy,(7) hypertension,(8) 
colitis,(9) type 2 diabetes mellitus, and non-alcoholic 
fatty liver disease.(10) Most CM are administrated orally 
to achieve the therapeutic effects, they will inevitably 
contact with gut microbiota. As a result, gut microbiota 
could influence the therapeutic and toxic effects of 
CM by changing the structure of CM compounds.(11,12) 
Gut microbiota could transform ginsenosides such as 
ginsenoside Rb1, Rc, Rb2, Rb3, and Rd to compound K, 
a metabolite that exhibits stronger anti-tumor effects 
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than its parent compounds.(13) In addition, some 
studies also demonstrated the indispensable role of 
gut microbiota in achieving the therapeutic effects of 
CM. Using horizontal fecal microbiota transplantation, 
antibiotic treatment, and 16S rDNA-based microbiota 
analysis, Wu, et al(14) found out that Parabacteroides 
goldsteinii  plays a predominant role in the anti-
obesity effects of Hirsutella sinensis polysaccharides. 
Because of the important role of gut microbiota 
in maintenance of health and achievement of the 
biological effects of CM, gut microbiota has become a 
new frontier to study CM.

Metabolomics, a Useful Tool for Studying CM 
Metabolomics has raised as a hot topic in life 

science over the past decade. So far, a battery of 
hyphenated analytical platforms for metabolomics have 
been fully developed such as gas chromatography, 
high-performance liquid chromatography, ultra-
performance liquid chromatography (UPLC), capillary 
electrophoresis combined with nuclear magnetic 
resonance spectroscopy or mass spectrometry.(15) 
Based on experimental purposes, metabolomics 
can be classified into targeted and untargeted 
metabolomics. According to the sample types, 
metabolomics can be classifi ed as plant metabolomics, 
plasma metabolomics, fecal metabolomics, and food 
metabolomics, etc.

As a tool in the post-genomics era, metabolomics 
is an omics approach to comprehensively analyze 
all the metabolites in a biological system, and to 
elucidate the complex interaction of components.(16,17) 
By analyzing various biological matrices such 
as urine, plasma, feces, or biopsies from host, 
microbes, and their co-metabolism, metabolomics 
enables personalized health care, identification 
of risk biomarkers, discovery of new targets, and 
characterizing of microbial metabolism.(16,18) Sharing 
similar holistic thinking of CM by comprehensively 
characterizing the function and metabolic changes 
of whole organisms, metabolomics is believed to 
have great potential to expand our understanding on 
CM application.(19) In the past decade, researchers 
have used this method to study CM and yielded 
fruitful achievement in areas such as quality control, 
bioactive component screening, and mechanism 
study of  CM. (20,21) Undoubtably ,  the work on 
metabolomics has and will continue to help us 
understand and use CM.  

Need for Integration of Gut Microbiota and 
Metabolomics 

Over the past two decades, a diverse range of 
metabolites associated with gut microbiota have been 
identified. These metabolites can be broadly grouped 
into 3 groups: (1) produced by gut microbiota directly 
from dietary components (and drugs); (2) secreted by 
host and modified by gut microbiota; (3) synthesized 
by gut microbiota de novo.(22,23) Metabolites such as 
indole derivatives and polyamines are produced by gut 
microbiota from dietary components; metabolites such 
as secondary bile salts and taurine are secreted by 
host and modifi ed by gut microbiota; metabolites such 
as ATP and polysaccharide A are de novo synthesized 
metabolites.(22,24) For CM, the interactions between CM 
and gut microbiota lead to the change of the content 
of gut microbiota metabolites such as short chain fatty 
acids (SCFAs), and transformation of CM compounds 
to metabolites of different bioactivates and toxicities.(25) 
These metabolites act as shuttling information that 
links gut microbiota and host, and gut microbiota 
could thereupon act up target organs to modulate the 
homeostasis of host.(24) Correspondingly, integrating 
the gut microbiota and metabolomics is crucial and 
necessary for comprehensive understanding of the 
interactions between gut microbiota and hosts at 
system level.(16,26)

Besides, paying attention only to metabolites 
or gut microbiota may omit the associative or causal 
relationship between CM compounds, gut microbiota, 
and the response of  human body.  A l though 
genetic analysis of gut microbiota is invaluable for 
understanding the contribution of microorganisms to 
hemostasis or progress of diseases, it offers nothing 
about the actual activity of the microbial community, 
or how it interacts with the hosts at system level.(16) 
Similarly, paying attention only to gut microbiota could 
not answer the question of what compounds are 
associated with the curative effects of CM. Holistic 
profi ling of metabolites could provide direct functional 
readout of cellular state and are easier to correlate 
with phenotype.(27) However, it cannot directly trace 
which kind of microorganisms should be responsible 
for the changing of metabolites considering the 
large number of metabolites and microorganisms. 
Therefore, paying attention only to gut microbiota or 
metabolomics would omit important information in 
other dimensions and the association between CM 
compounds, gut microbiota, and human body. 
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Furthermore, compared with single dataset 
genera ted  f rom gu t  m ic rob io ta  ana lys i s  o r 
metabolomics, multiple datasets of different kind of 
information could help infer missing information.(28) 
Due to the limitation of extraction methods, detection 
parameters and types of equipment, many omics 
techniques such as UPLC-quadrupole-time of flight 
mass spectrometry (UPLC/Q-TOF-MS) based 
metabolomics are inherently flawed. Incorporating 
different detection methods, such as plant metabolomics 
and fecal metabolomics, could infer the missing 
metabolites in fecal samples. Similarly, integrating 
data information derived from different molecular types 
could enhance the statistical power considering that the 
data information from one molecular level can adjust 
the data information from another level.(28) Therefore, 
integration of gut microbiota and metabolomics is a 
necessary approach to investigate the interplay among 
CM, gut microbiota, and human body. Examples 
beyond CM research area using this integrative 
approach has allowed identification of beneficial and 
detrimental gut microorganisms and metabolites.(29-38) 
This integrative idea has been embraced and practiced 
in CM by some researchers with some certain 
successful cases, guiding us to explore deeper into this 
ancient medical system.(39-43)

Currently, integration of other types of omics 
techniques such as genomics, transcriptomics, and 
proteomics has been widely practiced to study the 
mechanisms of how our body functioning in life 
science. In CM research area, other omics techniques 
such as transcriptomics and proteomics are also 
used in CM research. It seems that integration of 
these techniques is necessary for studying the 
mechanisms of CM at system level. Du, et al(44) 
integrated metabolomics and transcriptomics to study 
the mechanisms of Baoyuan Decoction (保元汤). 
However, data generated in those studies are derived 
from animals or humans, but not gut microbiota, which 
is different from the data discussed here (generated 
from both gut microbiota and hosts). In fact, the 
human body and gut microbiota are two different types 
of (interrelated) life entities each with their own genes, 
protein, and metabolites. Correspondingly, on the 
one hand, integration of genomics, transcriptomics, 
and proteomics can be used to study the two entities 
separately;(45,46) on the other hand, integration 
of information from both systems is needed to 
study the interplay between the two entities. Since 

metabolites is the main compounds that link the gut 
microbiota and hosts, we believe that integration of 
gut microbiota (mainly taxonomic information) and 
metabolomics is fundamentally needed to study CM 
although other types of integration such as integration 
of human proteomics and gut microbiota can be used. 
In addition, unlike genes and proteins whose functions 
are susceptible to epigenetic regulation and post-
translational modifi cations, metabolites are a series of 
small molecules that provide direct functional readout 
of cellular state and are easier to correlate with 
phenotype.(27) Therefore, integration of gut microbiota 
and metabolomics is more practical and meaningful 
as compared with other types of integration.

The method to integrate the datasets of gut 
microbiota and metabolites is undoubtably the core 
issue of the integrative approach considering the 
complexity and the enormity of data obtained from 
different resources. And the development of algorithms 
and integrating platforms specialized for integrating 
information of gut microbiota and metabolites are 
still in inceptive stage.(47) Nevertheless, progress in 
development of techniques used for integration of 
those data has been made. Noecker, et al(48) introduced 
a framework to integrate the metabolomic variation 
with community composition of gut microbiota using 
taxonomic, genomic, and metabolic information. 
McHardy, et al(49) used Spearman correlations to 
identify the microbiota-metabolite relationships. In 
an effect to examine the bacterial fermentation in 
respiratory tract, Whiteson, et al(50) used linear models 
to identify the explanatory ability of Streptococcus, 
Rothia  and Pseudomonas  on 2,3-butanedione 
concentration in cystic fibrosis patients. Using non-
metric multidimensional scaling analysis, Antharam, 
et al(29) identifi ed 63 gut bacteria that were associated 
with high levels of fecal coprostanol and two gut 
bacteria were correlated with low fecal coprostanol 
levels. In fact, although there are only a few specialized 
methods for integrating the data derived from gut 
microbiota and metabolomics, a relatively large number 
of integrating methods with the ability to integrate 
different types of datasets have been developed, 
and these methods can be applicable to other omics 
data with minor modifi cations.(47,51) In practice, a good 
understanding of the integrating algorithms is crucial for 
correct application of the integrative approach. 

According to the aim of most CM studies, we 
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present here a scheme for integration of information 
from gut microbiota and metabolites (Figure 1). Layer 1 
is the information of constitutional compounds of 
CM obtained by plant metabolomics. Layer 2 is the 
gut microbiota information that mainly describe the 
taxonomic profi les of gut microbiota obtained from 16S 
rRNA sequencing or other types of information such 
as gene information obtained from whole-metagenome 
sequencing. Layer 3 is the metabolite information 
of gut microbiota obtained by fecal metabolomics. 
Layer 4 is the metabolite information of human body 
obtained by plasma/serum metabolomics or other 
types of metabolomics such as urine metabolomics. 
Choosing appropriate information at different layers 
according to the aim of study is the fi rst step toward 
integration process. For example, integration of 
information at layers 1, 2, and 3 is needed to reveal 
the infl uence of CM on metabolism of gut microbiota. 
To holistically reveal the mechanisms of a CM 
compound at system level, integration of information 

at layer 2–4 is needed. 

Application Fields of Integrative Approach
It's easy to imagine that the direct application 

fields of the integration approach are screening 
bioactive compounds and paving the way towards 
better understanding of the mechanism of CM at 
system via construction of networks linking the CM 
compounds, gut microbiota, and hosts at molecular 
level. In practice, the application fields might stretch 
beyond these two fi elds. Focusing on gut microbiota 
and metabolites, we depict the possible fields that 
involve the integrated approach (Figure 1, lower 
panel). Here we take the possible application field, 
quality control of CM, which has long been an 
important issue, as an example. Traditional approach 
for quality control of CM emphasizes the content of 
a certain compounds in CM products or the similarity 
of chemical fingerprint.(52) However, this approach 
seems to omit the fact that those detected compounds 

Figure 1. Integration of Gut Microbiota and Metabolomics at Different Layers Reveals the 
Material Bases and Mechanisms of CM at System Level

Notes: Using multivariate statistical analysis, each detection method generate key elements such as chemical compounds in CM 
and taxonomic information of gut microbiota that are useful for integration. In practice, different networks might be constructed according 
to the aim of study, such as plant metabolites-gut microbiota-gut microbiota metabolites network and plant metabolites–gut microbiota 
network. The integrative approach can be used broadly in CM research areas that include, but not limited to, active compound 
screening, quality control and mechanism study of CM
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might not be the active compounds in vivo and the 
active compounds might be the compounds that 
are transformed by gut microbiota.(53) Therefore, a 
possible solution to address this issue is to find out 
the gut microbiota transformed active compounds 
by integrating fecal metabolomics and plasma/
serum metabolomics. And the precursor of gut 
microbiota transformed active compounds such as 
the aforementioned compounds ginsenosides can 
be used to control the quality of CM. Similarly, other 
possible application fields of this approach could be 
envisioned. 

Our previous study has used this strategy to 
study the mechanism of hydroxysafflor yellow A 
(HSYA) on obese mice.(40) HSYA is a water-soluble 
monomer isolated from Carthamus tinctorius L. We 
used untargeted UPLC-Q-TOF/MS to study the 
serum metabolites, targeted GC-MS to study the 
SCFAs in caecal content, and 16S rRNA sequencing 
method was used to study the gut microbiota. 
Targeted metabolomics showed that HSYA increases 
SCFAs production in high fat diet-fed mice, and 
untargeted metabolomics showed that HSYA 
increases lysophosphatidylcholines, L-carnitine and 
sphingomyelin, and decreases phosphatidylcholines 
in obese mice. Sequencing of gut microbiota showed 
that HSYA increases SCFAs-producing bacteria, 
including genera Butyricimonas and Alloprevotella. 
To further analyze the relationship between serum 
metabol i tes and gut  microbiota,  Spearman's 
correlation coeffi cient was used to obtain a correlation 
matrix. We found out that 5 bacterial strains, including 
phylum Verrucomicrobia , genera Akkermansia , 

Butyricimonas, Parasutterella, and Romboutsia, are 
positively correlated with 8 lysoPCs. The correlation 
between bacterial strains and metabolites provide a 
reference for further researching the mechanisms of 
HYSA at system level (Figure 2). 

Challenges of Integrative Approach
Although integration of metabolomics and gut 

microbiota give us a more holistic description of the 
reactions within a biological system, integration of 
different kind of datasets from two distinctive data-
types remains a core issue to be tackled.(54,55) The fi rst 
reason for the challenges is lies in the actions within/
between gut microbiota and metabolites themselves. 
For instance, the change of gut microbiota and 
metabolites in body might happen in different time-
scale, and the content change of metabolites might be 
resulted not from the interaction among gut microbiota, 
hosts, and medicines, but from the interactions 
between different gut microbiota species. The second 
reason is associated with the algorithms used to 
integrate the datasets. Pearson and Spearman 
correlations are traditional correlation methods that 
enable pairwise correlation between different omics 
datasets, however, it is prone to generate false 
positive correlations because of high dimensionality 
datasets. In fact, because the datasets usually contain 
too many of the metabolites and microorganisms, it 
would be inevitable to generate signifi cant correlations 
by chance. (56) Furthermore,  even though the 
correlations between the datasets were founded, it is 
still necessary to establish the causal or correlative 
relationship. Whatever challenges we would face, 
the potential for integration of gut microbiota and 
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Figure 2. Combination of Serum Metabolomics and Gut Microbiota Reveals the Effect of HSYA in Obese Mice 
Notes: SCFAs: short-chain fatty acids; SM: sphingomyelin; PC: phosphatidylcholine; HSYA: hydroxysaffl or yellow A
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metabolomic data is promising with the development 
of algorithms and cautious measures were taken.

Comments on Future Studies
Targeted or untargeted, it is a choice that 

necessitates full consideration before initiation of 
metabolomic analysis. Although metabolomics aims at 
depicting metabolite landscape in a given system, in 
practice, metabolomics is divided into two strategies: 
targeted and untargeted metabolomics. Targeted 
metabolomics focus on the concentration of a set of 
chemically characterized and biochemically annotated 
metabolites,(57) while untargeted metabolomics is the 
global profiling of metabolites as many as possible 
without a priori knowledge of metabolites.(58) Untargeted 
metabolomics offers an unbiased method to examine 
the metabolites even though it is not possible to 
gain all metabolites simultaneously because of 
metabolite recovery and that some metabolites remain 
unannotated in databases.(59) Targeted metabolomics 
can obtain the exact concentrations of metabolites 
identifi ed by untargeted metabolomics and thus act as 
an analytical validation role.(60) Therefore, according 
to the classes of interest metabolites and the aim 
of studies, the choice of targeted or untargeted 
metabolomics (or both methods), needs to be 
considered before initiation of work. 

Further validation is needed to strengthen the 
integrative results. It has been noticed that many 
integrative algorithms generate false results across 
multivariate data sets especially in huge data. 
Since the integrative approach is highly depend on 
statistical analysis, the results can be false positive. 
Correspondingly, a further validation step is a requisite 
to strengthen the integrative results. In this step, 
germ-free animal, gnotobiotic animal (mono-colonized 
or with defined microbial communities), culturomics 
(a culturing approach for the identifi cation of bacterial 
species),(61) and fecal microbiota transplantation can 
be used. Using fecal transplantation and antibiotic 
treatment, Wu, et al(14) proved that Parabacteroides 
go ldste in i i  is  the predominant  bacter ia  that 
responsible for anti-obesity effects of polysaccharides 
isolated from Hirsutella sinensis. By in vitro culturing, 
in vivo animal studies, and targeted metabolomics, 
Wang, et al(62) found out that berberine could improve 
energy metabolism by increasing butyrate and the 
abundance of butyrate-producing bacteria. These 
studies provided excellent examples for researchers 

to validate the integrative results.
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