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a b s t r a c t

Although compatibility is highly advocated in traditional Chinese medicine (TCM), inappropriate com-
bination of some herbs may reduce the therapeutic action and even produce toxic effects. Kansui and
licorice, one of TCM “Eighteen Incompatible Medicaments”, are the most representative cases of improper
herbal combination, which may still be applied simultaneously under given conditions. However, the
potential mechanism of their compatibility and incompatibility is unclear. In the present study, two
different ratios of kansui and licorice, representing their compatibility and incompatibility respectively,
were designed to elucidate their interaction by comparative plasma/tissue metabolomics and a heatmap
with relative fold change. As a result, glycocholic acid, prostaglandin F2a, dihydroceramide and sphin-
ganine were screened out as the principal alternative biomarkers of compatibility group; sphinganine,
dihydroceramide, arachidonic acid, leukotriene B4, acetoacetic acid and linoleic acid were those of in-
compatibility group. Based on the values of biomarkers in each tissue, the liver was identified as the
compatible target organ, while the heart, liver, and kidney were the incompatible target organs.
Furthermore, important pathways for compatibility and incompatibility were also constructed. These
results help us to better understand and utilize the two herbs, and the study was the first to reveal some
innate characters of herbs related to TCM “Eighteen Incompatible Medicaments”.
© 2019 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
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1. Introduction

Traditional Chinese medicine (TCM) has gained growing popu-
larity and wide usage in the world in the past several decades.
However, the modernization of TCM is still facing many obstacles
due to its unimaginable complexity. Herb compatibility, as the basic
characteristic of TCM, is of great importance in the study of TCM
modernization. In TCM theory, compatibility refers to the combi-
nation of two or more herbs based on the clinical settings and the
properties of them, which help enhance the therapeutic effects and
counteract the toxicities or side effects. Long-term applications
have demonstrated that herb compatibility is not only a better
choice, but also a necessary one. However, although compatibility is
highly advocated in TCM, it does not mean that the combination of
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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herbs always brings benefits. Inappropriate combination of two
herbs, for example, may reduce or restrict the therapeutic action of
the other, and even produce toxic effects. The phenomenon was
early noticed and described as incompatibility. TCM “Eighteen
Incompatible Medicaments”, the most representative cases of
improper herbal combination, have been summarized based on the
long-term experiences of TCM physicians since the Jin and Yuan
dynasties [1,2], and were strictly observed in ancient and modern
clinical medication.

The compatibility of kansui and licorice is a classical represen-
tative of TCM “Eighteen Incompatible Medicaments”. Kansui, the dried
roots of Euphorbia kansui T. N. Liou ex T. P. Wang and a well-known
TCM recorded in Shen Nong’s Herbal Classic, has been widely used
for centuries in China as a remedy for edema, ascites, and asthma [3].
Recent studies have demonstrated that kansui also has a variety of
pharmacological actions including anti-fertility, anti-tumor and
immune-regulation [4e6]. Licorice, the dried roots and rhizomas of
Glycyrrhiza uralensis Fisch., Glycyrrhiza inflata Bat., or Glycyrrhiza
glabra L., is a widely distributed herbal medicine in southern Europe
and parts of Asia. Licorice is described in many TCM formulae for its
medical activities, such as anti-inflammatory, anti-allergic, anti-
microbial, and immune-regulatory effects [7,8]. As a unique “guide
drug” in TCM, licorice is commonly combined with other herbs to
play the toxicity-reducing and effect-enhancing role in almost half
of the Chinese herbal formulae [9,10]. Taking kansui and licorice as
an example, the herbal pair has been prescribed in a classical TCM
formula (Gansui Banxia Tang) for the treatment of cancerous ascites
since the Han Dynasty, and it was effective for cirrhosis ascites cases
in recent clinical trial [11]. However, in many TCM monographs, the
compatibility of kansui and licorice was recorded as one of “Eighteen
Incompatible Medicaments”, which was traditionally believed to be
antagonistic and thus theoretically should not be applied simulta-
neously [12]. Additionally, it was found that the combined use of
licorice and kansui has a significant impact on cardiac, hepatic and
renal functions [13], and the purgative effect of kansui is markedly
weakened when combined with licorice [14], which suggests that
the two herbs may exhibit synergistic or antagonistic effects in
different combination conditions.

Recently, our research group investigated the dosage-toxicity-
efficacy relationship of kansui and licorice in malignant pleural
effusion (MPE) models [15,16]. The results showed that kansui had
certain efficacy for treating MPE, but the efficacy was influenced by
co-using with licorice, and even serious toxicity was caused at a
given ration. The ratio between 2:1 and 1:1 (kansui: licorice) was
considered as the flex point of the dosage-toxicity-efficacy. When
the ratio of kansui and licorice was lower than this point, there was
a potential therapeutic effect on MPE with negligible toxicity. By
contrast, when the ratio was above the flex point, liver, kidney and
heart toxicity with unfavorable therapeutic effects occurred. It
showed that the compatibility and incompatibility of kansui and
licorice were changed with the different ratios and dosages. How-
ever, the potential mechanism of this interesting phenomenon is
unclear.

Metabolomics, a top-down platform in the field of systems
biology, focuses on the dynamic changes of small molecules in
response to the disturbance of the organism [17]. Nontargeted
metabolomics enables the levels of a broad range of metabolites in
parallel assessment and are being widely used for discovering new
biomarkers, diagnosing diseases, measuring the response to treat-
ment and identifying perturbed pathways due to disease or toxicity
[18,19]. Biofluids such as plasma and urine are commonly consid-
ered to be a pool of metabolites that reflect systemic metabolic
deregulation, and the markers in these biofluids could reflect the
characteristics of the system in diseases state. Evaluation of tissue
metabolites is also of great value in metabolomics study which can
provide more direct information of metabolism compared with
biofluids [20,21].

In this study, two different ratios of kansui and licorice (4:1 and
1:4), which represent their compatibility and incompatibility
respectively, were designed to investigate the effect of individual
and combined use of kansui and licorice on MPE rats. Furthermore,
the comparative metabolomics was employed to explore their
mechanisms. Therefore, ultra-performance liquid chromatography
with tandem quadrupole time-of-flight mass spectrometry (UPLC-
Q/TOF-MS) was used to analyze the metabolic changes in plasma,
heart, liver, and kidney of MPE rats; then the multivariate statistical
method was utilized for the metabolomic analysis; metabolic
pathways were constructed, which was aimed to elucidate possible
interaction mechanism for the compatibility and incompatibility of
kansui and licorice.

2. Materials and methods

2.1. Herbs and animals

Kansui was the dried roots of Euphorbia kansui T.N. Liou ex T.P.
Wang, and licorice was the dried roots and rhizomes of Glycyrrhiza
uralensis Fisch. The extraction and preparation of drug solution
were the same as those in our previous study [15]. Fifty-six rats
were randomly divided equally into seven groups: normal control
group, model group, kansui group, licorice 1 group, licorice 2 group,
kansui:licorice 4:1 group, and kansui:licorice 1:4 group. The ratios
and doses are listed in Table 1. Detailed description about materials,
animals and treatment, sample collection and preparation is pro-
vided in Supplemental Data S1.

2.2. Metabolomics study

Metabolomic study was performed on an UPLC-Q-TOF/MS sys-
tem. UPLC separation was achieved on a Thermo Syncronic C18
column (2.1mm� 100mm, 1.7 mm) on an Acquity UPLC system
(Waters, Millford, USA), whereas mass spectrometry was per-
formed on a Synapt™ quadrupole time of flight mass system
(Waters, Millford, USA). Raw UPLC-Q-TOF/MS data acquired were
imported to MassLynx software (Version 4.1, Waters, Milford, USA).
Data treatment procedures, such as peak alignment, discrimina-
tion, filtering, and matching were performed, and the resultant
data matrices were imported to EZinfo 2.0 software for principal
component analysis (PCA), partial least squares discriminant
analysis (PLS-DA) and orthogonal partial least squared discriminant
analysis (OPLS-DA). The variables with VIP >1would be responsible
for the separation of samples. The relative distances between
treated groups and the control group from PLS-DA score plots were
calculated with the average value of all samples of the control
group as the referenced point.

Potential biomarkers were extracted from S-plots constructed
following analysis with OPLS-DA, and VIP was also used for the
selection [22]. Metabolites identification was based on retention
time, precise molecular mass, MS/MS data, and online database.
The precise molecular mass was determined within a reasonable
degree of measurement error (<5 ppm) using Q-TOF, and the po-
tential element composition, degree of unsaturation and fractional
isotope abundance of the compounds were also obtained. The
MassFragment application manager (MassLynx, Version 4.1) was
used to facilitate the MS/MS fragment ion analysis process by way
of chemically intelligent peak-matching algorithms. The presumed
molecular formula was searched in HMDB, Metlin, and KEGG to
identify the possible chemical constitutions, and the MS/MS data
were screened to determine the potential structures of the ions.
Finally, themetaboliteswere identified by comparisonwith theMS/



Table 1
The doses and ratios of different groups.

Groups Kansui (g/kg) Licorice (g/kg) Ratio (kansui:licorice)

Control e e e

Model e e e

Kansui 0.15 e e

Licorice 1 e 0.04 e

Licorice 2 e 0.60 e

Kansui:licorice 4:1 0.15 0.04 4:1
Kansui:licorice 1:4 0.15 0.60 1:4
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MS spectrum in online databases and literature. Pathway analysis
was performed with MetaboAnalyst, which is a web-based tool for
visualization of metabolomics [23,24].

2.3. Statistical analysis

A novel heatmap with relative fold changes was used to inves-
tigate the variations of metabolites visually in herb-combination
group. First, differential metabolites between the control group
and treated groups were screened out. Then, based on fold changes
(FC) of these differential metabolites, the original metabolic heat-
map was performed to visualize the degree of metabolites, which
could clearly show the biomarker changes in single herb group of
kansui or licorice. FC of each metabolite was calculated using the
following formulas: if VA> VB, FC ¼ VA/VB, if VA<VB, FC¼ -VB/VA,
where VA represents the value of one metabolite in one group, and
VB represents the value of this metabolite in another group. How-
ever, the compatibility and incompatibility biomarkers filtered
from the herb-combination group were misleading by neglecting
herb-herb interaction. Thus, an interactive heatmap with relative
fold changes (RFC) was created, which means FC of one metabolite
in herb-combination group minus that of in single herb group. RFC
of each metabolite in kansui-licorice combination group was
calculated using the following formula: RFC¼ FCC-FCL-FCK, where
FCC represents the fold change of one metabolite in kansui-licorice
combination group/model group, FCL represents that in licorice
group/model group, and FCK represents that in kansui group/model
group. Finally, a heatmapwas used to visualize the change trends of
metabolites in each group.

3. Results

3.1. General status, biochemical and histopathological observations

There were noticeable differences in the general status among
the different groups. The model group exhibited signs of weight
loss and appetite decrease, while these symptoms could be
improved by the administration of kansui and kansui: licorice 4:1.
The pleural fluid volume of the control, model, kansui, licorice 1,
licorice 2, kansui: licorice 4:1 and 1:4 groups was 0.8± 0.3,
13.1± 2.3, 5.4± 1.2, 10.8± 1.7, 11.3± 2.4, 4.6± 1.5, and 12.9± 2.1mL,
respectively. The results indicated that kansui and kansui: licorice
4:1 had a certain therapeutic effect on MPE.

Biochemical parameters of different groups are shown in
Table 2. Compared with the control group, levels of ALT, BUN, CREA
and CK were significantly increased (P< 0.05) in the model group,
which indicated that the rats in the model group might suffer liver,
kidney and heart injuries. The decreased levels of ALT, BUN, CREA
and CK in both kansui group and kansui:licorice 4:1 group reflected
the therapeutic effect on MPE rats.

Histopathology of heart, liver, and kidney tissues of each group
was examined to further investigate the effect or toxicity. As
demonstrated in Fig. 1, the heart, liver, and kidney of the control
group showed no signs of obvious abnormality or tissue damage,
but pathological changes could be observed in the model group.
After oral administration of kansui, licorice and their combination,
the pathological changes in the liver and kidney were attenuated in
kansui: licorice 4:1 group, while heart, liver, and kidney injuries
were even worse in kansui: licorice 1:4 group.

3.2. Metabolic profiling of plasma samples

Global metabolic profiling in both positive and negative ion
modes was analyzed by UPLC-Q-TOF/MS. The PCA score plot
(Fig. 2A) could divide the plasma samples of the control group and
the model group into different blocks, suggesting that the metabolic
profiles have changed as the result of MPEmodeling. The significant
differences of endogenous metabolites between the control group
and the model group could be found from the S-plots (Fig. 2B). The
mass spectrometry signals responsible for this differentiation are
characterized by the value from VIP plot (Fig. 2C). The farther away
from the origin, the higher the value of the ions in VIP score plot was.

The supervised PLS-DA analysis revealed a greater metabolic
signature difference of the plasma from treated groups, compared
to the control group (Fig. 2D). The R2Y values and the Q2 values of
the PLS-DA model were 0.994, 0.899 in positive mode and 0.939,
0.936 in negativemode, indicating that the PLS-DAmodel was good
to fitness and prediction. In PLS-DA score plot, licorice groups and
kansui: licorice 1:4 group were close to the model group, while
kansui group and kansui: licorice 4:1 group were close to the
control group. The relative distances between treated groups
(model, licorice 1, licorice 2, kansui, kansui: licorice 4:1, kansui:
licorice 1:4) and the control group were calculated for quantization
(Table 3). It can be obviously found that the order of relative dis-
tance in both modes is as follows: model group> kansui: licorice 1:
4 group> licorice 1 group> licorice 2 group> kansui group> kan-
sui: licrice 4:1 group. It can be concluded that MPE model deviated
the metabolite profiles from the normal states, demonstrating
metabolism turbulence and significant pathobiological changes.
The results showed that kansui group could regulate abnormal
metabolism of MPE rats to the normal state, and kansui: licorice 4:
1 group had a better curative effect, while kansui: licorice 1: 4
group presented the opposite effect.

3.3. Metabolic profiling of heart, liver and kidney samples

The same procedures were employed for the metabolic profiling
analysis of heart, liver, and kidney tissues. The PCA score plot of the
control group and the model group showed that these two groups
obtained good separation (Figs. 3A1, B1, C1). The potential bio-
markers were extracted from the S-plot (Figs. 3A2, B2, C2) and VIP-
value plot. Supervised PLS-DA (Figs. 3A3, B3, C3) were performed to
explore the tendency of seven groups in both positive and negative
modes. Furthermore, the relative distances between treated groups
and the control group from PLS-DA score plot were calculated for
quantization (Table 3). The same tread could be observed in heart,
liver and kidney tissues. The results indicated that kansui group
could adjust the abnormal metabolism of MPE rats to the normal
state; kansui: licorice 4:1 group demonstrated better result while
kansui: licorice 1:4 group showed worse result, and licorice 1 and 2
groups nearly had no impact on regulating the metabolism.

3.4. Identification and quantification of MPE biomarkers

According to the protocol detailed in metabolites identification,
there were totally 57 differential metabolites contributing to MPE.
Among the 19 metabolites identified in the plasma samples
(Table S1), 11metabolites were significantly increased, while 8 ones
were significantly decreased in MPE model group compared to the



Table 2
Biochemical parameters of different groups.

Group ALT (U/L) AST (U/L) ALP (U/L) BUN (mmol/L) CREA (mmol/L) CK (U/L)

Control 35.2± 5.6 134.1± 16.3 86.6± 9.7 8.3± 0.8 57.7± 14.6 224.3± 37.4
Model 76.4 ± 7.3* 152.6± 18.5 97.6± 15.4 15.6 ± 2.1* 86.0 ± 9.2* 543.1 ± 63.2*
Kansui 48.5± 2.5# 145.0± 20.1 85.2± 18.5 9.5± 1.4# 42.8± 3.6# 380.3± 33.5#

Licorice 1 38.3± 5.3# 133.3± 24.6 93.2± 23.6 16.8± 1.7 78.1± 11.3 521.3± 54.3
Licorice 2 47.8± 10.9# 141.6± 17.0 87.3± 21.2 14.3± 2.5 88.7± 11.5 484.2± 46.4
Kansui:licorice4: 1 45.1± 8.2# 157.0± 26.4 94.0± 10.9 7.9± 0.9# 45.6± 4.5# 216.3± 51.8#

Kansui:licorice1: 4 64.7± 8.2 157.0± 26.4 104.3± 19.1 16.3± 1.5 87.7± 6.3 587.5± 46.8

* Compared with control group, P < 0.05.
# Compared with model group, P< 0.05.

Fig. 1. Histological micrographs of heart, liver and kidney tissues stained with hematoxylin and eosin (original magnification 200� ) in control group, MPE model group, kansui:
licorice 1:4 group, kansui: licorice 4:1 group, kansui group, licorice 1 group, and licorice 2 group.
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control group. The detailed information about metabolites in heart,
liver and kidney samples is shown in Table S2, Table S3 and
Table S4, respectively.
Additionally, to characterize the effects of kansui, licorice, and
kansui-licorice combination, relative intensity of the differential
metabolites in Tables S1eS4were analyzed for semi-quantitation. It



Fig. 2. The PCA score plot (A), S-plot (B), VIP-plot (C) of control and model groups, and the PLS-DA score plot (D) of all groups derived from plasma samples.

Fig. 3. The PCA score plot, S-plot and PLS-DA score plot derived from heart (A), liver (B), and kidney (C) samples.
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Table 3
The relative distance between the treated groups and control group from the PLS-DA score plot of the plasma and tissue samples.

Sample Mode Control Model Kansui Licorice 1 Licorice 2 Kansui:licorice 4 : 1 Kansui:licorice 1 : 4

x-aix y-aix

Plasma þ 74.75 18.59 114.84± 7.96 68.08 ± 6.33* 98.79± 8.12 96.88± 8.02 32.05 ± 6.19* 118.52± 7.44

e 57.41 �9.26 121.51± 6.22 54.14 ± 8.00* 110.17± 7.76 108.26± 6.66 43.10 ± 8.25* 115.34± 8.41

Heart þ 54.23 17.51 104.42± 6.85 57.12 ± 7.37* 83.20± 6.22 91.87± 7.41 25.40 ± 5.16* 98.34± 7.87

e 43.61 �8.47 101.95± 7.27 49.41 ± 6.98* 89.62± 7.50 93.86± 8.19 34.25 ± 6.32* 95.56± 7.49

Liver þ 52.72 20.41 125.35± 7.26 65.28 ± 6.63* 108.75± 6.03 111.16± 8.37 43.36 ± 5.12* 89.22± 6.54

e 39.31 �4.27 119.59± 8.42 58.15 ± 6.16* 102.86± 10.13 108.41± 8.25 50.17 ± 5.82* 83.25± 8.74

Kidney þ 59.36 21.42 123.35± 7.81 51.24 ± 7.45* 72.87± 6.89 105.76± 8.50 31.09 ± 5.73* 75.45± 7.68

e 53.02 �8.47 112.57± 8.23 53.37 ± 7.83* 79.73± 7.65 99.53± 7.65 32.24 ± 6.45* 83.51± 6.81

*P < 0.05, compared with model group.
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was found that compared to MPE group, 13 of 19 metabolites in
plasma sample (Fig. S1), 11 of 15 metabolites in heart sample
(Fig. S2), 14 of 18 metabolites in liver sample (Fig. S3), and 14 of 21
metabolites in kidney sample (Fig. S4) were adjusted to almost
normal level in kunsui: licorice 4:1 group (p< 0.05). While the
numbers of metabolites adjusted to normal level in plasma, heart,
liver, and kidney sample were 2 of 19, 2 of 15, 2 of 18, and 0 of 21 by
kunsui: licorice 1:4 treatment, and 13 of 19, 7 of 15, 8 of 18, and 11
of 21 by kansui treatment, respectively. The results indicated that
kansui has a certain regulative action on MPE rats, and the effect
can be enhanced by co-used with licorice at the ration of 4:1, but is
weakened at the ration of 1: 4.
3.5. Calculation of biomarkers associated with compatibility and
incompatibility

Heatmap was used to visualize the change trends of metabolites
among groups and drawn by using Multi-experiment Viewer. To
find out the biomarkers associated with compatibility and in-
compatibility in different rations of kansui-licorice combination, FC
of kansui: licorice 4:1 group/model group or kansui: licorice 1:4
group/model group minus the corresponding single herb/model
group is shown in Fig. 4. In the column of model/control, red rep-
resents up-regulation of metabolites by MPE, and in the column of
(kansui: licorice 4:1 e kansui e licorice 1)/model, green represents
the compatibility biomarkers leading to the synergism, while in the
column of (kansui: licorice 1:4 e kansui e licorice 2)/model, red
represents the incompatibility biomarkers leading to the antago-
nism. Similarly, in the column of model/control, green represents
down-regulation of metabolites by MPE, and in the column of
(kansui: licorice 4:1 e kansui e licorice 1)/model, red represents
the compatibility biomarkers leading to the synergism, while in the
column of (kansui: licorice 1:4 e kansui e licorice 2)/model, green
represents the incompatibility biomarkers leading to the antago-
nism. Totally 29 compatibility biomarkers including 8 in plasma, 5
in the heart, 12 in the liver, and 6 in the kidney were identified,
while 48 incompatibility biomarkers including 14 in the plasma, 12
in the heart, 16 in the liver, and 16 in kidney were identified.
3.6. Construction of metabolic pathways related to compatibility
and incompatibility

To explore the metabolic pathways influenced by MPE and
affected by kansui-licorice combination, endogenous metabolites
identified above were imported into MetaboAnalyst and the path-
ways were constructed (Fig. 5). Arachidonic acid metabolism,
sphingolipid metabolism, linoleic acid metabolism, glycer-
ophospholipid metabolism, primary bile acid biosynthesis, pentose
and glucuronate interconversions with -log(p) value>2 and impact
value>0.1 were filtered out as the important metabolic pathways
influenced by MPE. Five pathways including arachidonic acid
metabolism, sphingolipid metabolism, linoleic acid metabolism,
glycerophospholipid metabolism, synthesis and degradation of
ketone bodies were regulated by kansui: licorice 4:1, which may
indicate the compatibility mechanism. And 7 metabolic pathways
including arachidonic acid metabolism, sphingolipid metabolism,
linoleic acid metabolism, glycerophospholipid metabolism, syn-
thesis and degradation of ketone bodies, pentose and glucuronate
interconversions, butanoate metabolism were affected by kansui:
licorice 1: 4, which may elucidate the incompatibility mechanism.
3.7. Statistical analysis identified key biomarkers and pathways of
compatibility and incompatibility

The compatibility biomarkers in kansui: licorice 4:1 group and
the incompatibility biomarkers in kansui: licorice 1:4 group are
summarized in Table S5. The absolute values of the biomarkers
obtained from the heatmap of normalized fold change (Fig. 4) were
then analyzed. In the column of (kansui: licorice 4:1 e kansui e
licorice 1)/model, blue represents the compatibility biomarkers
leading to the synergism, and black represents the incompatibility
biomarkers, while in the column of (kansui: licorice 1:4 e kansui e
licorice 2)/model, orange represents the incompatibility bio-
markers leading to the antagonism, and black represents the
compatibility biomarkers (Table S5). The greater the value, the
more important the biomarker is. For the common biomarkers of
plasma and tissues, the value was summed by each tissue. Thus,
biomarkers of glycocholic acid (1.89) in primary bile acid biosyn-
thesis, prostaglandin F2a (1.54) in arachidonic acid metabolism,
dihydroceramide (1.54) and sphinganine (1.51) in sphingolipid
metabolism were filtered as the key biomarkers of compatibility.
Biomarkers of sphinganine (2.73) and dihydroceramide (2.05) in
sphingolipid metabolism, arachidonic acid (2.02) and leukotriene
B4 (1.52) in arachidonic acid metabolism, acetoacetic acid (1.14) in
synthesis and degradation of ketone bodies, and linoleic acid (1.05)
in linoleic acid metabolism were filtered as the key biomarkers of
incompatibility. The key biomarkers in metabolic pathways are
shown in Fig. 6.
3.8. Expression of the pathway related cytokines and enzymes

Cytokines and enzymes were examined to further verify the
influenced pathways. Three key pathways of arachidonic acid
metabolism, sphingolipid metabolism, and primary bile acid
biosynthesis identified above were used. Then related cytokines
and enzymes in different groups were determined. The levels of
sPLA2, AA, COX-2, PGF2a in serum were significantly decreased in
kansui: licorice 4: 1 groupwhile slightly changed in kansui: licorice



Fig. 4. Heatmap of fold change of metabolites screened out in plasma, heart, liver, and kidney.
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1: 4 group compared with those in the MPE group. MPE caused a
significant elevation in the level of SPT, and kansui: licorice 4: 1
group could markedly decrease the level. Meanwhile, serum con-
centrations of ACER1 and ACER2 were not influenced by MPE
treatment, while that of ACER1 was significantly increased in
kansui: licorice 1: 4 group. CYP7A1 and Tau were of great impor-
tance in primary bile acid biosynthesis; additionally, serum con-
centrations of them were increased in MPE group and kansui:
licorice 1: 4 group compared with the control group, but was
decreased in kansui: licorice 4: 1 group compared with MPE group
(Fig. 7).
4. Disccusion

4.1. Metabolic feather of MPE affected by compatibility and
incompatibility of kansui and licorice

Inflammation is an important progress of MPE. Arachidonic acid
is the precursor for diverse inflammatory molecules. It can be
synthesized by linoleic acid in vivo. Phospholipids from the plasma



Fig. 5. Pathway analysis of MPE and affected by kansui: licorice 4:1 and 1:4 groups.
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membrane are the primary source of arachidonic acid. A decreased
level of PC was observed in the plasma, heart, liver and kidney
tissues. However, the levels of partial LysoPC were greater in the
plasma and tissues. PC could be converted into arachidonic acid by
the enzyme catalysis of sPLA2. Although the level of PC was
decreased, sPLA2 was upregulated, leading to the increase of the
generation of endogenic inflammation molecules such as arach-
idonic acid. COX-2 can metabolize arachidonic acid to prosta-
glandin H2, which is subsequently processed by downstream
enzymes to the various prostanoids [25]. In the present study, COX-
2 was upregulated and the downstream product PGF2a was
increased.

Sphingolipids constitute a class of lipids defined by their
eighteen-carbon amino alcohol backbones synthesized from non-
sphingolipid precursors. Modification of this basic structure gives
rise to the vast family of sphingolipids that play significant roles in
membrane biology and provide many bioactive metabolites in cell
regulation as second messengers. Despite the diversity of structure
and function of sphingolipids, their creation and destruction are
governed by common synthetic and catabolic pathways. Sphingo-
lipid metabolism can be imagined as an array of interconnected
networks; additionally, sphingosine, phytosphingosine, and dihy-
drosphingosine are served as the backbones and ceramide is
considered as the central molecule [26]. ACERs can catalyze the
hydrolysis of ceramide to generate sphingosine, and sphingosine is
further phosphorylated to produce sphingosine-1-phosphate.
ACERs regulate the balance of ceramide, sphingosine and sphin-
gosine-1-phosphate, and thus mediate cell proliferation, differen-
tiation, survival, apoptosis, and tumor initiation and development.
However, serum concentrations of ACER1 and ACER2 were not
changed significantly inmost of the groups except ACER1 in kansui:
licorice 1: 4 group, suggesting that the turbulence of sphingolipid
metabolism in MPE group has no concern with the two enzymes.
Serine and palmityl-CoA can form 3- ketone -dihydrosphingosine
under the catalysis of SPT, and then are converted to dihy-
drosphingosine and dihydroceramide, and finally form ceramide,
and SPT is the speed limiting enzyme in the pathway. The levels of
SPT are elevated significantly in MPE rats, which may cause the
increase of sphinganine, dihydroceramide, and glucosylceramide in
sphingolipid metabolism. Given that sphingolipids participate in
most of the cellular processes, it is not surprising that sphingolipid
metabolism is pivotal in the regulation of inflammatory signaling
pathways [27].

Primary bile acid biosynthesis related to metabolites of cholic
acid, taurocholic acid and taurochenodesoxycholic acid was
observed to be upregulated in MPE rats. Thus, cholesterol 7a-hy-
droxylase (CYP7A1), the rate-limiting enzyme in the neutral
pathway of bile acid biosynthesis [28], was determined. The result
showed a significant increase of CYP7A1 in the control group and
MPE group. The metabolism of cholesterol and bile acids is a pri-
mary function of normal liver cells, and the upregulated synthesis
of bile acids may be associated with the hepatic injury. The me-
tabolisms of cholesterol and bile acids by the gut microbiota have
been known for decades. Cholesterol is mainly converted into
coprostanol, a nonabsorbable sterol which is excreted in the feces.
Primary bile acids (cholic and chenodeoxycholic acids) are con-
verted to over twenty secondary bile acid metabolites by the gut
microbiota. The main bile salt conversions include deconjugation,



Fig. 6. Compatibility and incompatibility biomarkers in metabolic pathways.

Fig. 7. Expression of the pathway related cytokines and enzymes.
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oxidation and epimerization of hydroxyl groups at C3, C7 and C12,
7-dehydroxylation, esterification and desulfatation [29]. The sig-
nificant increases in cholic acid, taurocholic acid and taur-
ochenodesoxycholic acid suggest that the co-metabolism of gut
microbiota is altered in MPE, and potential changes in the enter-
ohepatic circulation may also have occurred.
4.2. An interactive heatmap to visualize complex metabolomics
data and explore biomarkers of herb-herb interaction

Heatmap is one of the most widely used bioinformatics graphic
displays [30]. It is especially popular in visualization of genomic
data sets. Similar to genomic expression analysis, metabolomic
experiment generates large data sets and heatmap is useful for
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visual pattern recognition when searching for interesting features
in the data, such as differentially expressed metabolites [31,32].

As is well known, multi-herb therapy is one of the most
important characteristics of TCM, and herb-combination may lead
to compatibility or incompatibility, but there are many obstacles in
revealing the modernized connotation of multi-herb application
due to the unimaginable complexity. The main reason is that herb-
combination has a mixture of the characteristics of multi-
components and multi-targets. Thus, it is difficult to accurately
evaluate the efficacy or toxicity of TCM, which leads to the uncer-
tainty and complexity of mechanism revealing. Metabonomic
provides a valuable chance for understudying TCMwith the similar
characteristics of systematic and comprehensive [33], and explor-
atory data analysis including visual pattern recognition is devel-
oped for searching useful information.

The traditional heatmap provides a descriptive visualization of
dysregulatedmetabolite features of single herb in each group, but it
does not offer the opportunity to sort the data or reveal the bio-
markers associated with herb-herb interaction. To overcome this
limitation, we created an interactive heatmap with relative fold
changes to display the underlying information. The relative fold
changes of compatibility and incompatibility groups were calcu-
lated by relative abundance of ions of herb-combination minus
single herb group. When comparing the dissimilarity heatmaps
with fold changes for herb-combination group (Fig. 4, column 5e6)
versus herb-combination minus single herb group (Fig. 4, column
7e8), there were stark changes in the two patterns. The changes
caused by single herb were eliminated, and the biomarkers of
compatibility and incompatibility screened out were more reliable.
The results showed the potential and applicable of this data pro-
cessing approach in deciphering the complex mechanisms of TCM
compatibility and incompatibility. Thus, an interactive heatmap
with relative fold change has been created to improve our ability to
explore complex metabolomics data of herb-herb interaction. The
interactive heatmap facilitates rapid recogniztion of biomarkers in
herb-combination group, and also provides a novel means of
viewing the metabolomic data to understand biological relation-
ship of herb-herb interaction.

4.3. Untargeted tissue metabolomics revealed the target organs of
compatibility and incompatibility of kansui and licorice

In this study, an untargeted plasma and tissue metabolomics
approach was used to reveal the target organs of compatibility and
incompatibility. As shown in Table S5, the values of plasma, heart,
liver, and kidney were calculated by the absolute value of
compatibility biomarkers minus the absolute value of in-
compatibility biomarkers, which were 2.85, �1.33, 9.72, and �0.27
in the column of (kansui: licorice 4:1 e kansui e licorice 1)/model,
and �6.16, �7.93, �13.76, and �6.83 in the column of (kansui: lic-
orice 1:4 e kansui e licorice 2)/model, respectively. It means that
the liver (9.27) is the compatible target organ, while the heart
(�13.76), liver (�7.93) and kidney (�6.83) are the incompatible
target organs. The results are in accordance with the biochemical
and histopathological indicators. The decreased level of ALT and the
attenuated pathological changes of the liver in kansui:licorice 4:1
group reflected the synergistic effect. Andmore severe pathological
injuries of the heart, liver, and kidney were observed in kansui:
licorice 1:4 group, which means the antagonistic effect.

The tissue metabolome can more directly reflect metabolic
deregulation than the body fluid metabolome, but the biomarkers
for clinical diagnosis should return from the tissue to the biofluids.
Venn diagram was used to show common metabolic differences in
plasma and tissues between control and MPE rats. Plasma and
tissues shared 6 common metabolites, which were arachidonic
acid, prostaglandin F2a, linoleic acid, taurocholic acid, cholic acid,
and taurochenodesoxy cholic acid (Fig. S5), and the levels of these
metabolites were observed to be up-regulated significantly in MPE
group in comparison with the control group (p< 0.05). Kansui:
licorice 4:1 treatment decreased the level of these metabolites
while kansui: licorice 1:4 treatment increased them or showed no
influence on them.

As shown in the results, each tissue clearly has a metabolic
profile; therefore, it is interesting to determine how reflective
plasma is as a systemic readout of these different tissue profiles.
Because of the relative ease and non-invasive nature of the
collection protocols for most biofluids (plasma and urine), they are
frequently employed as the sample material for investigation,
although a possible drawback of biofluids is that they represent a
systemic readout of a highly dynamic system rather than allowing
tissue-specific readouts. For the metabolites studied in this
method, plasma and tissues shared only 6 common metabolites. It
is still rather unclear whether the serum profile reflects the phys-
iology of the various tissues. It is generally believed that localized
disease perturbations in the body are severe enough to spill over
into the circulation, where they can be measured in a less invasive
manner. This is also the fundamental principle in disease biomarker
studies, where systemic circulating metabolites are sensitive and
specific for a disease, acting as a biomarker.

Metabolomics applications in tissue, as a matrix for studying
disease or intervention, come with several advantages, all of which
derive from the fact that the target pathology/alterations are
directly examined. Firstly, this allows for easier and more relevant
mechanistic elucidation, which in turn can provide targets for
intervention. Additionally, differentially produced metabolites can
be more easily identified in the corresponding tissue, as they may
be metabolized, excreted, diluted or confounded by the complexity
of the biofluid after secretion by the tissue. After being identified as
differentially produced within the tissue, subsequent follow-up
using targeted methods with higher sensitivity may be applied in
biofluids as a less invasive option.

4.4. Comparative metabolomics dissect the possible mechanism of
compatibility and incompatibility of kansui and licorice

Kansui and licorice may exhibit synergistic or antagonistic ef-
fects in different combination design; however, the potential
mechanism of this interesting phenomenon has not been well
clarified. In this study, comparative metabolomics approach was
used to dissect the compatibility and incompatibility mechanism of
kansui and licorice on MPE rats. The abnormal metabolism of
arachidonic acid, sphingolipids, and primary bile acid cause the
cancer cells to modify the metabolic pathway to induce kinds of
adverse consequences, such as inflammation and organ injury.
Biochemical and histological analysis confirmed that the heart,
liver and kidney were injured in MPE rats. These biochemical and
pathological changes in tissues were obviously attenuated in kan-
sui: licorice 4:1 group.

To further understand the metabolic connections of our detec-
ted metabolites in biologically important metabolic pathways,
we performed a manual curation of metabolic pathways (Fig. 6)
by searching these important metabolites from Figs. 4 and 5
in KEGG website. Overall, the changes of these important metab-
olites in kansui: licorice 1:4 group were quite different from those
of in kansui: licorice 4:1 group. Most of the MPE disturbed me-
tabolites were modified by kansui: licorice 4:1 treatment, for
example, decrease of arachidonic acid, prostaglandin F2a and in-
crease of 20-hydroxyeicosatetraenoic, 5-HETE in arachidonic
acid metabolism, decrease of sphinganine, dihydroceramide in
sphingolipid metabolism, and increase of taurocholic acid, and
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taurochenodesoxycholic acid in primary bile acid biosynthesis
were observed. What’s more, the variation of pathway related to
cytokines and enzymes of sPLA2, AA, COX-2, PGF2a, SPT and
CYP7A1 was in accordance with the metabolites change, which
confirmed that the damage was relieved in kansui: licorice 4:1
group compared with MPE group. However, 4 of the 6 MPE
disturbed metabolite pathways were affected greatly and two new
metabolite pathways were influenced by kansui: licorice 4:1, which
may be the incompatibility mechanism. The regulation of different
metabolic pathwaysmay be one of the reasons for the compatibility
and incompatibility of kansui and licorice.

5. Conclusion

The present study investigated metabolic variations in MPE rats
and elucidated the possible compatibility and incompatibility
mechanism of kansui and licorice by comparative metabolomics.
Totally 57 metabolites were filtered and identified from plasma and
tissue metabolome in MPE model, including 19 in plasma, 15 in the
heart, 18 in the liver, and 21 in the kidney. An interactive heatmap
with relative fold change was created to improve our ability to
explore complex metabolomics data of herb-herb interaction. On
the basis of relative contribution values on the heatmap of bio-
markers, glycocholic acid, prostaglandin F2a, dihydroceramide and
sphinganine were screened out as the principal alternative bio-
markers of kansui: licorice 4:1 group, and sphinganine, dihy-
droceramide, arachidonic acid, leukotriene B4, acetoacetic acid and
linoleic acid were screened out as those of kansui: licorice 1:4
group. And by calculating the values of biomarkers in each tissue,
the liver was identified as the compatible target organ, while the
heart, liver, and kidney were identified as the incompatible target
organs. Furthermore, pathways of primary bile acid biosynthesis
and sphingolipid metabolism were constructed as the most
important pathways for compatibility, and arachidonic acid meta-
bolism and sphingolipid metabolism were constructed as those for
incompatibility. These results provided the evidence of compati-
bility and incompatibility of kansui-licorice and gave a better un-
derstanding of the compatibility property for the two herbs, which
is helpful for rational utilization of herbs with certain toxicity in
TCM clinic. The study was the first to reveal some innate important
characteristics of herbs related to TCM “Eighteen Incompatible Me-
dicaments” through comparative metabolomics approach, and also
provided exploratory ideas and a method for studying and devel-
oping other incompatibility herbs. The interactive heatmap mode
with “relative fold change” of biomarkers established here is useful
for characterizing the compatibility and incompatibility relation-
ship of kansui and licorice. This provides a new approach to mining
the biomarkers and for further research on the mechanism of
multi-drug application. Our study not only yields new insights into
the investigation of TCM action but also provides the possibility of
deciphering the complex mechanisms of herb-herb interaction.
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