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The use of combination drugs is considered to be a promising strategy to control complex diseases such as
ischemic stroke. The detection of metabolites has been used as a versatile tool to reveal the potential
mechanism of diverse diseases. In this study, the levels of 12 endogenous AAs were simultaneously
determined quantitatively in the MCAO rat brain using RRLC-QQQ method. Seven AAs were chosen as the
potential biomarkers, and using PLS-DA analysis, the effects of the new combination drug YQJD, which is
composed of ginsenosides, berberine, and jasminoidin, on those 7 AAs were evaluated. Four AAs, glutamic
acid, homocysteine, methionine, and tryptophan, which changed significantly in the YQJD-treated groups
compared to the vehicle groups (P , 0.05), were identified and designated as the AAs to use to further
explore the synergism of YQJD. The result of a PCA showed that the combination of these three drugs
exhibits the strongest synergistic effect compared to other combination groups and that ginsenosides might
play a pivotal role, especially when combined with jasminoidin. We successfully explored the synergetic
mechanism of multi-component and provided a new method for evaluating the integrated effects of
combination drugs in the treatment of complex diseases.

S
troke is one of the most common neurological disorders and the third leading cause of death worldwide1.
Ischemia causes 87% of stroke and it therefore has become the focus of stroke research2. However, there are
no routine, effective, generally accepted and specific treatments for ischemic stroke, except for thrombolysis

and endovascular therapies, but their scope is limited especially in developing countries. It is a huge challenge for
specific-target drugs or monotherapy to impact the many aspects of clinical trials. The application of combina-
tional drugs, or polypharmacy, in which two or more drugs interact with multiple targets simultaneously, is
considered to be a rational and efficient strategy for therapy designed to control stroke. The analysis of metabo-
lites such as endogenous AAs, which can provide global changes of end products in the body, has been used as a
versatile tool for the discovery of molecular biomarkers helpful for diagnosing or prognosing clinical disease,
exploring the potential mechanism of diverse diseases, and assessing the therapeutic effects of drugs3. The subject
of metabolomics is whole, dynamic and comprehensive, and similar to the nature of Traditional Chinese
Medicine (TCM) on the treatment of disease.

TCM, from the viewpoint of holism, always advocates for combined-drug administrations. Over thousands of
years, prescriptions of TCM, called formulae, have been made by doctors according to their experience and
heritage from their ancestors4. Because of the characteristics of multi-component treatments, research on the use
of formulae paid great attention to the integrated pharmacological effects; however, the mechanisms of the
synergism are still a mystery due to lack of evidence. The extraction and recombination of the major components
of the formulae may help to elucidate the mechanisms of synergism.

The new combination drug Yiqijiedu formulae (YQJD) derived from a homonymous Chinese medicine, which
consists of Panax ginseng, Rhizoma Coptidis and Gardenia jasminoides and is widely used to treat brain disease,
was studied in this paper. This refined YQJD is composed of ginsenosides (A), berberine (B), and jasminoidin (C),
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which are the main components of the three herbs in the original
formulae. According to the Stroke Therapy Academic Industry
Roundtable (STAIR), the infarct volumes, functional response and
cerebral blood flow of middle cerebral artery occlusion (MCAO) rat
treated with YQJD at 12 and 24 h after MCAO were assessed in our
previous study5.

Altered amino acid levels may serve as diagnostic biomarkers for
stroke. In the nearly two decades since Benveniste et al.6 demon-
strated ischemia-evoked releases of Glu and Asp in the rat hippocam-
pus, the neurochemical processes that occur during cerebral
ischemia have been the subjects of numerous studies7–9. However,
there are many types of neurotransmitters in the brain, and the level
of neuronal excitability was determined by examining the relative
balance between these neuroactive substances. Twelve amino acids
that have a direct or indirect relationship with cerebral ischemia in
the literature were chosen. Among these, the excessive release of
excitatory amino acids such as Glu or Asp was the pathological
mechanism behind ischemic brain damage7. Inhibitory AAs, such
as c-aminobutyric acid (GABA) and glycine (Gly), are also released
during cerebral ischemia. It has been reported that inhibitory AAs
can decrease the severity of ischemic injury and can counteract the
toxicity of the excitatory AAs10. Hcy is closely related to stroke and
seems to be an independent risk factor for stroke11. Hcy is a sulfhy-
dryl AA product of Met metabolism12. D-serine (D-Ser), an endo-
genous ligand at the glycine site of N-methyl-D-aspartate (NMDA)
receptors, is a major gliotransmitter in the central nervous sys-
tem13,14. The aromatic AA L-phenylalanine (L-Phe) significantly
and reversibly inhibits excitatory glutamatergic synaptic transmis-
sion (GST) via a unique set of presynaptic and postsynaptic mechan-
isms. Trp is metabolized via several pathways and is a precursor for
the biosynthesis of the neurotransmitter, serotonin (5-HT), which is
a biochemical messenger and regulator15. The role of N-acetyl aspar-
tic acid (Naa) as an indicator of neuronal death originates from the
early observation that its level is markedly lower in the area of the
cerebral infarction area in stroke16. Other AAs, such as alanine

(Ala)17, have been reported to be present at varying levels before
and after cerebral ischemia, but their relationships with stroke and
the mechanisms involved are not clear.

In the present study, neurological behavior examinations and
changes in AA levels were used to compare the efficacy of different
combinations of the 3 components to treat cerebral ischemia. It is
undoubtedly a new trial to explore the synergetic mechanisms of
ginsenosides, berberine, and jasminoidin in treating cerebral ische-
mia by examining the endogenous metabolic changes. Whether this
approach could be useful to clarify the integrated therapeutic effects
of combination drugs, especially on the treatment of complex dis-
eases, was also investigated.

Results
Determination of cerebral infarct size by magnetic resonance
imaging (MRI). The ischemia produced a marked infarct as a
result of the MCAO in the serial MRI coronal brain sections. At
12 h after MCAO, the mean infarct volumes in the vehicle-treated
group were 340.94 6 79.20 mm3 (p , 0.05) (Figure 1). As expected,
the oral administration of YQJD (25 mg?kg21) significantly reduced
the infarct volume (p , 0.01) compared to the vehicle control.

Method validation. To quantitatively and simultaneously determine
the concentrations of the 12 endogenous AAs in brain tissue, an
triple quadrupole electrospray tandem mass spectrometry (RRLC-
QQQ) analytical method was developed and validated. Figure 2
showed the full chromatograms of a mixture of AA standard
solutions (100 ng?mL21, a) and a sample (b). The peaks of each
AA were identified by comparing the retention times (Table 1) and
using the RRLC-MS/MS chromatograms of the 12 markers shown in
Figure 3. All standard curves varied linearly, as shown in Table 2. The
correlation coefficient (r2) for all analytes was above 0.9966
indicating good linearity. The LODs were in the range of 0.07–
5.31. The results of the calibration curves and the LOD and LOQ
values were summarized. The data showing the intra- and inter-day

Figure 1 | Effects of YQJD on the infarct volume of MCAO rats monitored by T2 weighted MRI. (A) Illustrative MRI images of coronal sections

showing the infarct volumes of the cerebral hemisphere as a distinct, bright pale area in the rats subjected to ischemia and the attenuation of the infarct

volume by treatment with YQJD; (B) The effects of YQJD on the infarct volume of rats induced by MCAO. YQJD was administered i.g. 15 min prior to

MCAO. The values are expressed as the mean 6 SD (n 5 8), and the data were analyzed with one-way ANOVA. #p , 0.01 versus the sham group;

*p , 0.01 versus the vehicle control.
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Figure 2 | Total ion chromatogram (TIC). Full chromatograms of 12 AAs standard solutions (100 ng?mL21, a) and a sample from the vehicle group (b).
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Table 1 | Ion transitions for AAs and instrumental parameters for MS-MS detection in MRM mode

AAs 1 I.S. m/z Ion transition Mean RT AAs 1 I.S. m/z Ion transition Mean RT

Naa 176.1 176.1 . 134.3 6.176 Trp 205.2 205.2 . 188.3 10.535
176.1 . 88.1 6.176 205.2 . 146.2 10.535

Ala 90.1 90.1 . 44.2 4.466 Asp 134.2 134.2 . 88.2 4.620
GABA 104.1 104.1 . 87.2 4.077 134.2 . 74.2 4.620
Phe 166.3 166.3 . 120.3 8.833 Ser 106.1 106.1 . 60.2 4.478

166.3 . 103.2 8.833 106.1 . 42.2 4.478
Tyr 182.3 182.3 . 165 5.579 Glu 148.2 148.2 . 102 4.570

182.3 . 136.3 5.579 148.2 . 84.2 4.570
Gly 76.2 76.2 . 48.2 4.432 Hcy 136.1 136.1 . 90.2 4.966

76.2 . 30.2 4.432 136.1 . 56.2 4.966
Met 150.2 150.2 . 133 5.432 acrylamide-d3 75.1 75.1. . 58.1 6.505

150.2 . 104.2 5.432 75.1. . 30.2 6.505

Figure 3 | RRLC-MS/MS MRM chromatogram of the 12 AAs and IS. 1, GABA; 2, Gly; 3, Glu; 4, Met; 5, Naa; 6, I.S.; 7, Phe; 8, Trp; 9, Ala; 10, Ser; 11, Asp;

12, Hcy; 13, Tyr.

www.nature.com/scientificreports
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precision and accuracy of the method valuated from the QC samples
are summarized in Table 3. The precision of the present method
strictly conformed to the criteria for the analysis of biological
samples, where the RSD determined at each level did not exceed
15%. The recoveries of the AAs during the sample preparation
process were stable, and most of the recoveries ranged from 69%
to 114%. The recovery for a biological sample must be at least 50%
to be acceptable18. The results from all stability tests are presented in
Table 4 and demonstrate a good stability of AAs over all steps of the
experiment at 4uC. The samples were stable for 7 days at 280uC, and
the RSD of repeatability did not exceed 8.35%. The method therefore
proved to be reliable and applicable for routine analysis.

The improvement of neurological defect by YQJD. MCAO was
performed on the left side of rat brains, and 12 h later, right hind
paresis was observed and compared to the contralateral side. As
shown in Figure 4, the mean neurological score of the vehicle-
treated group (2.25 6 0.19) was significantly (p , 0.05, p , 0.01)
higher than the sham groups, indicating a neurological defect after
the MCAO. However, in the YQJD-treated (ABC of 25 mg?kg21 and
5 mg?kg21; AC of 25 mg?kg21) group, significant improvement of
neurological defect was observed compared to the vehicle-treated
group.

Effect of YQJD on the changes in amino acid levels in rat brain
tissue. The levels of 12 endogenous AAs (Glu, Trp, Phe, Tyr, Met,
GABA, Asp, Ser, Ala, Naa, Gly and Asp) in ischemic brains were
analyzed at 12 h after the MCAO. Our results show that the

concentrations of 11 amino acids were increased in the tissue after
MCAO, but the Naa level dropped significantly.

First, a supervised partial least squares discriminate analysis (PLS-
DA) model with the 12 AAs successfully discriminated between the
sham and vehicle groups, with high fitness (R2 value) and prediction
power (Q2 value). The results indicate that the PLS-DA model had an
R2 value of 0.959 and a Q2 value of 0.94 at 12 h after MCAO. The
amino acids that had remarkably altered concentrations between
these two groups as determined by PLS-DA (VIP . 1) were chosen
for further study. A PLS-DA score plot (Figure 5) showed a clear
differentiation between these two groups at 12 h after MCAO, sug-
gesting that marked changes in the levels of amino acids occurred
during the ischemic injury. According to the PLS-DA results, 7 AAs
(Naa, Ala, Glu, Asp, GABA, Gly, Ser) were potential biomarkers. At
12 h after MCAO, there were significant differences (p , 0.05, p ,

0.01) in these seven AAs between the vehicle and sham groups, as
shown in Figure 6. Moreover, the levels of Glu and GABA changed
significantly in all of the YQJD-treated groups and the concentration
of four AAs (Ala, Asp, Gly and Ser) significantly decreased in the two
ABC (25 mg?kg21 and 5 mg?kg21) treated groups compared to the
vehicle groups (p , 0.05, p , 0.01).

To investigate the combinational effects of A, B and C, a principal
component analysis (PCA) was used to analyze the AA level data in
the different groups. The rate of accumulation of the previous five
principal components reached 86% at the dosages of 5 and
25 mg?kg21 (Figure 7). At the dosage of 25 mg?kg21, the ABC group
showed the best performance in PC 1 and PC 2, which was closer to
the normal level (Figure 8 a). At the dosage of 5 mg?kg21, the ABC

Table 2 | Quantitative parameters for analysis of AAs in brain tissue

Chemicals Equationa Correlation coefficient (r2) Linear range (ng?mL21) LODb (ng?mL21) LOQc (ng?mL21)

Ala y 5 3.0611x 1 0.0165 0.9999 5–5000 0.53 1.79
GABA y 5 1.1833x 2 0.0018 0.9991 5–5000 0.31 1.05
Ser y 5 1. 0241x 1 0.0230 0.9997 5–5000 0.49 1.67
Asp y 5 0.6314x 1 0.0040 0.9997 5–5000 0.49 1.67
Gly y 5 0.5793x 1 0.0018 0.9990 5–5000 0.51 1.73
Hcy y 5 0.3371x 1 07.73583 3 1024 0.9966 1–200 0.10 0.35
Glu y 5 1.5217x 1 0.0102 0.9999 5–5000 0.47 1.59
Met y 5 1.7855x 1 0.0055 0.9993 1–500 0.05 0.18
Phe y 5 7.4569x 1 0.0922 0.9981 1–500 0.02 0.07
Naa y 5 0.0789x 2 2.50132 3 1024 0.9994 5–5000 0.64 2.17
Tyr y 5 0.8392x 1 0.0126 0.9981 1–500 0.05 0.18
Trp y 5 4.6319x 1 0.0199 0.9996 1–500 0.13 0.43

a. The calibration curves were constructed using relative responses versus the relative concentration of each analyte. Each calibration curve was derived from seven data points (n 5 9), except Hcy (n 5 7).
b. LOD refers to the limit of detection in serum in ng?mL21.
c. LOQ refers to the limit of quantification in serum in ng?mL21.

Table 3 | Determination of neurotransmitter concentrations by HPLC-MS/MS: Validation results for precision and recovery

Chemicals

Intra-day precision (%, n 5 6) Inter-day precision (%, n 5 6)

Recovery (%, n 5 6) matrix effects (%)Low Mid High Low Mid High

GABA 0.54 1.69 8.03 1.69 3.25 8.18 98.80 109.01
Gly 3.64 1.81 6.22 4.31 3.13 6.13 97.46 114.71
Ala 2.95 1.72 8.10 3.62 2.90 6.36 96.21 97.11
Ser 3.43 1.64 8.39 4.55 3.29 8.20 108.58 116.74
Glu 1.60 2.47 8.35 2.33 3.51 7.05 100.38 111.09
Asp 6.63 2.39 8.65 5.32 4.07 6.62 85.11 109.25
Hcy 3.78 3.99 7.56 4.66 4.91 9.42 114.87 106.68
Met 7.86 3.02 7.02 7.89 4.03 8.91 78.78 82.22
Tyr 10.97 4.11 7.52 9.73 6.60 9.58 69.71 94.45
Naa 3.07 1.69 9.16 2.87 3.41 9.25 107.96 115.51
Phe 5.70 3.36 8.43 6.16 3.24 6.77 72.10 75.41
Trp 8.72 6.57 7.99 6.41 7.20 9.83 75.72 99.60

www.nature.com/scientificreports
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and only A treated groups had relatively good performance in the
first two principal components (PC 1 and PC 2), respectively
(Figure 8 b). The ABC treatment seemed to be consistent at both
dosages in the PC1 s.

Discussion
With the improvement of new drug research and development
(R&D), drugs with a high selectivity to a single target have shown
their limitations. The pattern of single target drug treatment seemed
to be tough to meet the requirement of the treatment for complex
diseases. Multi-component therapeutics, in which two or more
agents interact with multiple targets simultaneously, is a rational
and efficient form of therapy designed to control complex dis-
eases19,20. Notably, combination therapies and systematic theories
have been used for more than 2500 years in traditional Chinese
medicine (TCM) to prevent and cure diseases and have accumulated
a large number of clinical experiences. There is no doubt that TCM is
an available and noteworthy source to develop new combination
drugs from which, at least in some formulae, multiple components
could hit multiple targets and exert synergistic therapeutic effica-
cies21. Researchers have made good attempts to explain and identify

the combinational roles of multi-component therapeutics from
Chinese medicines22. However, more studies are still needed to verify
these mechanisms. Here, we have shown that a new YQJD combina-
tion drug from TCM offers protective effects on cerebral ischemia.
To further understand the synergistic effects and combinational
rules, we designed seven different combinations of three drugs to
treat cerebral ischemia in a rat MCAO model. From the behavioral
scores, the combination groups, such as ABC and AC, exhibited
remarkable neuroprotective activity.

In the present study, we established a simple method for the sim-
ultaneous detection of 12 underivatized AAs based on RRLC-MS/MS
technology. Using metabolic AA profiling, a PLS-DA model was
developed to discriminate between the sham and MCAO operated
groups, and seven AAs (Naa, Ala, Glu, Asp, GABA, Gly and Ser) with
VIP . 1 in the brain tissue were selected as potential biomarkers. The
ANOVA results showed that there were significant differences in the
levels of the seven potential biomarkers between the vehicle-treated
and sham groups, which is in accordance with the PLS-DA results.
However, the levels of four biomarkers (Ala, Asp, Gly and Ser) were
also altered in all the drug-treated groups, especially in the 5 and
25 mg?kg21 ABC treated groups. Although the analysis found that

Table 4 | Determination of amino acids by HPLC-MS/MS: validation results on stability and repeatability

Chemicals

Stability RSD (%, n 5 6)

Repeatability RSD (%, n 5 6)280uC Freeze Room Temperature 4uC

GABA 6.44 11.22 9.54 5.72
Gly 11.53 15.32 5.08 3.75
Ala 12.20 15.42 4.33 3.65
Ser 12.72 15.98 6.13 3.48
Glu 6.19 13.82 3.63 3.62
Asp 9.49 13.60 3.43 2.88
Hcy 16.90 6.51 8.75 8.35
Met 14.59 13.51 4.81 3.00
Tyr 11.85 15.07 7.28 6.61
Naa 12.52 6.70 4.61 3.22
Phe 9.47 13.70 3.90 3.26
Trp 8.95 7.84 5.02 2.90

Figure 4 | Effect of YQJD on the neurological deficits induced by MCAO. The neurological examination scores (behavior test). In the neurological

examination, a higher score means a worse pathological condition. The score of each experimental group came from the average of ten subjects’

behavioral performances. The values are expressed as the mean 6 SD (n 5 9), and the data were analyzed using one-way ANOVA; ** p , 0.01 versus the

sham group, # p , 0.05 versus vehicle group. Drugs A, B and C represent ginsenosides, berberine and jasminoidin, respectively.

www.nature.com/scientificreports
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Ala, Asp, Gly and Ser were the key biomarkers in the YQJD treatment
of cerebral ischemia, it did not determine the mechanism of combi-
national effects.

To further investigate the combinational effects of the drugs, we
divided the representative features of multiple AAs into several func-
tional groups that were sensitive to different combinations of drugs.
In bioinformatics, PCA is an efficient and effective feature selection
method that has been widely used in a variety of scientific fields to
extract common patterns from multiple observation samples. In the
present study, the top two principal components (PCs), the 5 and
25 mg?kg21-dosage groups, could explain more than 86% of vari-
ation in AAs in the different experimental groups and were selected
for analysis. In the 25 mg?kg21-dosage group, PC1 and PC2 had
similarities in quantities and distributions, that is, the PCA values
of the ABC-treated groups were all consistent with normal levels. At
the dosage of 5 mg?kg21, the drugs ABC and A had good perfor-
mances in the two principal components (PC1 and PC2). Thus, the
ABC experiment groups had the best performance, followed by the
AC group. Component A, ginsenosides, a type of steroidal glycoside,
has many pharmacological effects on the central nervous, endocrine,
immune, and cardiovascular systems23–25, which could improve the
overall state of the organism. Moreover, ginsenoside Rd was reported
to protect cultured hippocampal neurons against glutamate-induced
excitotoxicity after focal cerebral ischemia, and this neuroprotective
effect may result from the inhibitory effects of GSRd on Ca21 influx26.
Component C, jasminoidin, a type of glycoside, has been proven to
have positive effects on cerebral ischemia through inflammation
inhibition and the release of excitatory neurotransmitters27.
Berberine, a major natural morphinane alkaloid constituent of the
Chinese herb Coptidis Rhizoma, has been shown to exert potent
antitumor, anti-inflammatory, antidiarrheal and antidiabetic
effects28–30. The synergistic effects of ABC may be closely related to
the complementary structure of the three components. The results of
neuroprotective activity and PCA analysis suggest that component A
has a clear positive effect on MCAO rats and it may be the critical

component of YQJD. This study also shows that PCA might be an
appropriate method to analyze the complicated data obtained in the
study of combination drugs.

In conclusion, this study first presented the synergism and com-
binational rules of YQJD in the treatment of cerebral ischemia from
the perspective of AA metabolism. Understanding the synergistic
mechanisms of multi-component drugs is critical for developing
novel strategies to combat complex diseases. The purpose of this
study was to search for a reasonable tool to clarify the role and rules
of combination drugs by evaluating the changes in the endogenous
AA metabolite profile, together with successfully simulating the inte-
grated therapeutic model by determining the principal components.
This study provides a new method to investigate and understand the
molecular mechanism of TCM, and it could be a promising strategy
to explain combination theory of multi-component drugs based on
the viewpoint of holism.

Methods
Chemicals and reagents. The AA standards, L-glycine (Gly), alanine (Ala), c-
aminobutyric acid (GABA), L-aspartic acid (Asp), L-glutamic acid (Glu), L-
methionine (Met), L-phenylalanine (Phe), tyrosine (Tyr), D-serine (D-Ser),
homocysteine (Hcy), N-acetyl aspartic acid (NAA), and DL-tryptophan (Trp) were
purchased from Sigma-Aldrich Co., Ltd.(Beijing, China) The formic acid (purity
99%) was obtained from Roe Scientific Inc. (Newark, DE, USA). All solutions were
prepared using LC-MS Ultra High Purity water and LC-MS-grade acetonitrile (Tedia
Company Inc., USA). The I.S. (acrylamide-d3) was purchased from Toronto
Research Chemicals Inc. (Brisbane, North York, Canada).

The ginsenosides (Rg11Re1Rd $ 40.55 6 2.10%) were purchased from Nanjing
ZeLang Medical Technology Co., Ltd. (Nanjing, China). The berberine (Purity $

95.18%) was purchased from Xianyang Aviation 168 Bio-Engineering Co., Ltd
(Xianyang, China). The jasminoidin (purity $ 99.68%) was purchased from Baoji F.S.
Biological Development Co., Ltd (Baoji, China).

Animal handing procedure. All animal experiments were performed on male
Sprague-Dawley rats weighing 250–270 g and obtained from Beijing Vital River
Company (P.R. China). All animals were housed individually at 22 6 2uC and a
relative humidity of 50 6 10% with a 12 h light/dark cycle and free access to chow and
water. The rats were adapted to the housing conditions for 2 days before the
experiments. The animals were taken care of by the China Academy of Chinese
Medical Sciences’ Laboratory Animal Care Center. All animal experiments were

Figure 5 | PLS-DA score plots derived from sham and vehicle group at 12 h after MCAO by SIMCA-P12.0. In the score plots, the spots of vehicle group

were clearly separated from the sham group.
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performed in accordance with institutional guidelines and ethics. The Institute of
Chinese Materia Medica, China Academy of Chinese Medical Sciences approved all
animal experiments performed in this study.

The middle cerebral artery occlusion (MCAO) model in rats has been widely used
since 197531,32. This technique is widely accepted33 and has become a classical method
in the research of focal cerebral ischemia. To ensure the success of the MCAO
procedure, the MCAO operation using the intraluminal filament method was per-
formed by one experienced researcher according to a previous method by Zea Longa
with some slight modifications34. The rectal temperature was recorded and main-
tained at 37 6 0.5uC throughout the surgical procedure. Animals were anesthetized
with chloral hydrate (10%, 400 mg?kg21, i.p.) and placed in a supine position on an
operation table. A midline neck incision was made. The left common carotid artery,
the left external carotid artery (ECA) and the left inner carotid artery were exposed. A
fishing thread (diameter of 0.26 mm) lightly dipped in paraffin was inserted into the
left common carotid artery and occluded the middle cerebral artery. Animals in the
sham group underwent the same procedures as described above with the exception of
the insertion of the nylon filament into the inner carotid.

In this experiment, we designed the experiment to prove whether the three com-
ponents used together would represent the maximum pharmacological effect. Two
doses were used: 5 mg?kg21 and 25 mg?kg21. For each dose, various combinations
consisting of one, two or three components were used. Sixteen experiments were
conducted as explained in Table 5. Each group was given YQJD intragastrically (i.g.)
15 min prior to MCAO. The sham and vehicle-treated rats were given physiological
saline intragastrically.

All 196 rats were randomly divided into 16 groups with 12 rats each, the dead and
unsuccessful rats were excluded, and the remaining rats were used in the final
analysis.

Cerebral infarct size by magnetic resonance imaging (MRI). Magnetic resonance
imaging (MRI) is an invaluable tool used in the diagnosis of ischemic stroke and can
therefore determine the extent of ischemic injury within the initial hours of
ischemia35. Conventional T2-weighted MRI becomes sensitive to ischemic changes
only after a net increase in the water content of the cerebral tissue and therefore can
detect ischemia a few hours after symptom onset and play a role in estimating the final
tissue outcome, specifically by providing information on severity and location of the
ischemic insult. This classical MRI detection was used in this study to evaluate the
therapeutic effects of YQJD treatment after focal cerebral ischemia in rats. In vivo
MRI was performed on a 7T MRI animal scanner (Varian, Palo Alto, CA). The 16-cm
horizontal bore magnet equipped with actively shielded gradients capable of 200 mT/
m used a receive-only head surface coil (Rapid Biomedical, Rimpar, Germany) that
was actively decoupled from a transmit birdcage resonator 12 h after MCAO.

Rat brains were imaged in vivo with a T2-weighted fast spin-echo (T2FSE)
sequence. The imaging parameters were repetition time (TR) 5 3000 ms; echo time
(TE) 5 72 ms; slice thickness 5 1.5 mm; Gap 5 0.5; NEX 5 4; and image matrix size
5 256 3 256, covering the whole brain with a field-of-view (FOV) of 34.8 mm 3

43.3 mm, which resulted in a final in-plane resolution of 135 mm 3 169 mm. The
quantitative measurement value of the infarct area of each slice was extracted from the
MRI data to compare the YQJD-treated to the vehicle-treated animals. Surgery failure,

Figure 6 | Effect of YQJD on the levels of 7 amino acids (ng?mL21). (a) GABA, (b) Ala, (c) Gly, (d) Asp, (e) Ser, (f) Glu, (g) Naa; the values were analyzed

using one-way ANOVA and expressed as the mean 6 SD (n 5 9). **p , 0.01,*p , 0.05 versus the sham group; ##p , 0.01, #p , 0.05 versus the vehicle

group. Drugs A, B and C represent ginsenosides, berberine and jasminoidin, respectively.
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defined by the absence of lesions on the MRI, was an exclusion criterion. The adjusted
infarct areas of each slice were determined by image analysis software (Vnmrj 4.0). The
infarct volume of each rat was calculated as the infarct area 3 thickness (1.5 mm). The
sum of the infarct volumes of all the brain slices was the total infarct volume.

Assessment of neurological defects. Neurological deficit was evaluated at 12 h after
the MCAO procedure. The time point of 12 h after MCAO is pivotal in acute cerebral
ischemia36,37, and the levels of some neurotransmitters had changed significantly at
that point, especially Glu and Gly38,39. The effects of the YQJD formulae at that point
had been verified with other indicators, such as the cerebral infarct volume, cerebral
edema and mitochondrial function5. The neurological scores were assessed as
described by Huang et al.40, and then the animals were euthanized. The researcher was
blinded to the experimental treatment groups. The neurological scores were defined
as follows: 0, no neurological deficit; 1, failure to extend the right forelimb; 2, circling

to the contralateral side; 3, falling to the contralateral side at rest; and 4, no
spontaneous motor activity.

Brain tissue homogenate sampling and preparation. The left brain hemispheres
were weighed and homogenized in 5 mL initial mobile phase solution (90% water
with 0.1% formic acid and 10% acetonitrile) in the cold (0uC) using a homogenizer.
The brain homogenate was collected in a 10-mL centrifuge tube and then centrifuged
at 3000 rpm for 10 min at 4uC. The separated homogenate was kept in the dark at
280uC until analysis. Next, 25 mL of the homogenate specimen was pipetted into a
1.5-mL eppendorf tube and spiked with 10 mL of I.S. stock solution (the final
concentration is 1000 ng?mL21), and then initial mobile phase was added to a final
volume of 500 mL. After mixing with a vortexer for 1 min, the mixture (500 mL) was
filtered before the analysis.

Figure 8 | The association between the values of each PC and the various drugs combinations (a: the PCs at the dosage of 25 mg?kg21; b: the PCs at the
dosage of 5 mg?kg21). At the dosage of 25 mg?kg21, the ABC group had the best performance in PC1 and PC2 and was close to the level of the

sham group (Figure 8 a). At the dosage of 5 mg?kg21, the ABC- and only A-treated groups performed relatively well in the first two principal components

(PC 1 and PC 2), respectively (Figure 8 b). Drugs A, B and C represent ginsenosides, berberine and jasminoidin, respectively.

Figure 7 | The scree plots at the dosages of 5 mg?kg21 (A) and 25 mg?kg21 (B). The rate of accumulation of the previous two principal components

reached 86% at the dosages of 5 mg?kg21 and 25 mg?kg21.
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Instrumentation (chromatographic and MS spectrum conditions). Rapid
resolution liquid chromatography (RRLC) analysis was performed on an Agilent
1200 rapid resolution liquid chromatographer (Santa Clara, CA USA) equipped with
an online vacuum degasser, a binary pump, an autosampler and a thermostatted
column compartment. The analytes were separated on a Diamonsil C18(2) column
(5 mm, 250 3 4.6 mm) at a column temperature of 30uC. The mobile phase for
elution was a gradient established between solvent A (water containing 0.1% formic
acid) and solvent B (acetonitrile) at a flow rate of 0.5 mL?min21. Baseline separation
was achieved using a gradient starting from 90% A/10% B followed by a linear
increase in B reaching 50% B at 10 min. Then, the eluent was returned to the initial
conditions over 10.20 min, where it remained until the end of the run to allow
equilibration.

An Agilent G6410 triple quadrupole mass spectrometer equipped with an elec-
trospray ion (ESI) source (Agilent, MA, USA) was operated in positive ion mode
using MRM scanning. The following optimal conditions were used: electrospray
capillary voltage, 4000 V; nebulizer pressure, 45.0 psi; drying gas, nitrogen; flow rate,
11 L/min; and temperature, 350uC. High-purity nitrogen was used as the collision
gas. To establish the appropriate MRM conditions, standard solutions were infused
into the MS for optimization. The acquisition parameters for each analyte are listed in
Table 1, and the fragmentor voltage (FV) and collision energy (CE) varied between
the different markers. Agilent Mass Hunter workstation software version B.01.04 was
used for data acquisition and processing.

Identification of the endogenous AAs. The RRLC/QQQ analytical method was
developed and validated for the simultaneous quantification of 12 AAs in rat brain
tissue. The method was validated by determining the linearity, inter- and intra-assay
precision, recoveries, sensitivity, and stability (Supplementary Text S1). The
calibration was performed using a least-squares linear regression of the peak area
ratios of the AAs to the I.S. versus the respective standard concentrations. The
sensitivity was evaluated with the limit of detection (LOD) and the limit of
quantification (LOQ) of the transitions of each compound. The LOD and LOQ were
obtained at the concentration that provided signal-to-noise ratios of 3 and 10. The
intra- and inter-day precision were evaluated using QC samples at three different
concentrations. The intra-day precision was assessed by the analysis of the AAs in the
QC samples (n 5 6) on the same day. The inter-day precision was evaluated by the
repeated analysis of the AAs in the QC samples over three consecutive days.
The recovery was determined as the ratio of the concentration measured versus the
sum of the nominal concentration added into the brain homogenate and the initial
concentration of AAs in brain tissue. The stability of the AAs in the brain tissue was
assessed by analyzing the replicates (n 5 6) of samples during the same storage and
processing procedures. Collected tissue samples were analyzed with commercially
purchased standards.

Data analysis. All data were acquired and processed using Agilent Mass Hunter
workstation software version B.01.04 (Agilent, MA, USA). The quantitative data are
presented as the mean 6 SD. The data from the vehicle groups was compared with the
sham groups and the data from the experimental groups was compared with the
vehicle groups. The Kolmogorov-Smirnov test was used to determine the normality
of the distribution of continuous variables. A one-way ANOVA was used to compare
the 12 variables in nine groups. The least significant difference (LSD) was used for the
post hoc test. Additionally, the power analysis was used to test the sample size with
STATISTICA software. On one hand, the power of our sample was near to 80%
according to Cohen (1983)41. On the other hand, we set 5% as the significance level
and 77% as our power goal. The result showed that the required sample size was 12,
which was consistent with our sample size. According to the power analysis, our
sample size was large enough to test the hypotheses of our study.

To investigate the combinational effects of A, B and C, PCAs were used to analyze
the AA profiles with SPSS (Statistical Package for the Social Sciences) 18.0 software.
PLS-DA was used to explore the differences between the sham and vehicle groups. A

variable importance in projection (VIP) . 1, which was selected as the cutoff value to
find the most important variables42, was used to extract novel potential biomarker
ions with the PLS-DA model. The PLS-DA analyses were applied using SIMCA-P
12.0 software (Umertrics, Umea, Sweden).
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