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A B S T R A C T   

The World Health Organization has shown that coronary heart disease (CHD) is a more common cause of death 
than cancer. In traditional Chinese medicine (TCM), CHD is classified as a form of thoracic obstruction that can 
be divided in different subtypes including Qi stagnation with blood stasis (QS) and Qi deficiency with blood stasis 
(QD). Different treatment strategies are used based on this subtyping. Owing to the lack of scientific markers in 
the diagnosis of these subtypes, subjective judgments made by clinicians have limited the objective manner for 
utility of TCM in the treatment of CHD. Untargeted (UHPLC-QTOF-MS) and targeted (UHPLC-MS/MS) metab-
olomics approaches were employed to search significantly different metabolites related to the QS or QD subtypes 
of CHD with angina pectoris in this study. A total of 42 metabolites were obtained in the untargeted metab-
olomics analysis and 34 amino acids were detected in the targeted metabolomics analysis. In total, 16 metab-
olites were found significantly different among different groups. The results showed distinct metabolic profiles of 
urine samples not only between CHD patients and healthy controls, but also between the two subtypes of CHD. 
Pathway analysis of the significantly varied metabolites revealed that there were subtype-related differences in 
the activity of pathways. Therefore, urinary metabolomics can reveal the pathological changes of CHD in 
different subtypes, make the diagnosis of CHD in different subtypes in an objective manner and comprehensive 
and contribute to personalized treatment by providing scientific evidence.   

1. Introduction 

Coronary heart disease (CHD) is among the deadliest diseases glob-
ally [1], as the World Health Organization has shown it to be a more 
common cause of death than cancer [2]. Being a serious threat to the 
public health, the incidence of CHD is steadily rising due to a confluence 
of genetic and environmental factors that ultimately leads to metabolic 
dysfunctionality and coronary artery obstruction [3]. CHD patients 
affected by stable angina pectoris, one of the most common clinical 
symptoms, are typically present with a range of changes in lipid meta-
bolism, energy metabolism, and other metabolic pathways [4]. How-
ever, it is still an ongoing challenge to comprehensively understand 

metabolic disorders associated with CHD with different symptoms. 
In traditional Chinese medicine (TCM), CHD is classified as a form of 

thoracic obstruction that can correspond to a number of different clin-
ical manifestations and associated subtypes [5]. Most of the CHD pa-
tients (~80%) were classified as suffering from blood stasis subtypes 
[6]. In TCM, blood stasis is frequently cited as a pathological observation 
of cardiovascular and other diseases [7]. Qi stagnation with blood stasis 
(QS) and Qi deficiency with blood stasis (QD) are two commonly 
encountered TCM subtypes of CHD with angina pectoris [6]. The sub-
types with which patients are diagnosed ultimately result in different 
TCM treatments. In order to utilize this knowledge for western medical 
diagnosis and subsequent intervention, it is essential to understand the 
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molecular bases for subtyping [8]. The specific criteria for distinguish-
ing between patients with different subtypes, however, remain to be 
scientifically translated from subjective experience to scientific data. 
Owing to a lack of objective scientific markers in the diagnosis of these 
subtypes, subjective judgments made by clinicians have limited the 
understanding and subsequent acceptance for utility of TCM in the 
treatment of CHD [9]. 

Metabolomics studies allow for targeted or untargeted analysis of 
metabolites present within a given organism or experimental system. 
Thus, metabolomics analyses have the potential to offer direct insight 
into the pathological bases of specific diseases in both traditional and 
modern medicinal contexts [10]. Given its holistic and systematic basis, 
metabolomics align well with the holistic theories that underlie TCM 
and the related treatments. As such, conducting metabolomics-based 
analyses of TCM subtypes has the potential to yield a better-defined 
basis for differentiation between these subtypes, improving scientific 
understanding of current empirical diagnoses and treatments thereof 
[11]. A number of platforms including NMR [12,13], GC–MS [14,15], 
and LC-MS [16,17] can be leveraged for metabolomics analyses. Given 
the potential complexity of particular metabolites, it is essential that 
multiple analytical strategies are employed simultaneously in order to 
conduct a comprehensive metabolic survey of a given experimental or 
pathological context [18]. 

In the present study, we employed UHPLC-QTOF-MS for untargeted 
analysis and UHPLC-MS/MS for targeted analysis together with robust 
statistical analyses in order to comprehensively analyze urine metabo-
lites associated with specific TCM subtypes. The overall goal of this 
approach was to explore the mechanistic differences of the QS and QD 
subtypes in CHD patients with angina pectoris in an effort to better 
differentiate between these two TCM subtypes of CHD. To gain more 
benefit for patients, personalized treatment is one of the major impor-
tant strategies. Identification of biomarkers based on TCM personalized 
diagnosis and treatment will contribute to the improvement of current 
standard treatment. 

2. Materials and methods 

2.1. Participant selection 

The Ethics Committees of both the China Academy of Chinese 
Medical Sciences and Xiyuan Hospital approved the present study, and 
all candidates were recruited from Xiyuan Hospital with written 
informed consents prior to their participation. All the candidates pro-
vided details of age, gender, height, weight, cardiac risk factor, prior 
cardiac disease and underwent hematological and biochemical exami-
nation for further diagnoses. The candidates were excluded if with the 
following confounders: liver and renal insufficiency, severe chronic 
heart failure, severe arrhythmia, history of myocardial infarction, poor 
blood pressure control, severe diabetes metabolic syndrome and other 
serious metabolic diseases, suffering from mental illness, and/or 
participation in other clinical trials in the last three months (see Table S1 
for details). 

Overall, 90 participants were selected based on the criteria as 
mentioned below and divided into three groups, i.e., the control group, 
the QS group and the QD group. All subjects were evaluated by age, sex, 
systolic blood pressure (SBP), diastolic blood pressures (DBP) and other 
complications (Table 1). No significant differences in age or sex of 
participants were found among the three groups. The urinary metabo-
lites between male and female participants showed no significant dif-
ference (Figure S1). The medication histories of the participants were 
recorded in the case report form (Table S1), and their blood pressure and 
blood glucose levels were found normal when being enrolled in the 
study. In addition, as shown in Table 1 some participants in the study 
had co-morbidities such as hypertension, diabetes, cerebral infarction or 
gastroenteritis, but there was not difference in the urinary metabolites 
between the participants with and without co-morbidities (Figure S2). 

2.1.1. Western diagnostic criteria 
Patients in the present study had been diagnosed with CHD and 

angina pectoris in light of the nomenclature and criteria for diagnosis of 
ischemic heart disease reported by the International Society of Cardi-
ology and the Joint Subject Group on standardization of clinical naming 
in World Health Organization [19]. Further reference was made to the 
2013 ESC guidelines for managing stable coronary artery disease that 
was released by the European Society of Cardiology [20]. Over sixty 
CHD patients (ages between 48 and 75  years old) with angina pectoris 
diagnosed by angiography or CT angiography examination at stable 
stage were included for further selection, being documented with >50% 
of coronary stenosis in at least one major coronary artery. Thirty can-
didates (ages between 51 and 75  years old) free of any symptoms 
related to cardiovascular disease were selected as healthy subjects. 

2.1.2. TCM diagnostic criteria 
After being selected according to the Western medicine diagnosis, 

the patients received TCM diagnosis. The TCM diagnostic criteria used in 
the present study were based on the “Chest Pain Heartache” (chronic 
stable angina pectoris) diagnosis [21,22] and the treatment program 
that was developed by the stated administration of TCM in the 2014 
Edition of their medical treatment programs [23]. All the candidates 
selected according to the abovementioned Western medicine criteria 
were confirmed by the TCM criteria in both CHD and control groups. 
According to TCM diagnostic and differentiation criteria (Table S1), 60 
CHD patients were further selected and separated into two equally sized 
(n  =  30) subtype groups containing patients with either QS or QD 
patterns, which were diagnosed by two chief Chinese medicine physi-
cians based on main and minor symptoms. The symptoms were scored to 
differentiate subtypes, where five and three points of differences were 
required for QS and QD subtypes, respectively (see all details in 
Table S1). 

2.2. Chemicals and standards 

MS-grade methanol, formic acid, acetic acid, and acetonitrile were 
from Fisher Scientific (Milford, MA, USA). Ultra-pure water (18.2 
MΩ⋅cm) was prepared with a Milli-Q water purification system (Bed-
ford, MA, USA). Choline, inositol, melibiose, glucuronic acid, stachy-
drine, gluconolactone, D-(+)-glucose, creatine, allantoin, malic acid, 
urocanic acid, uric acid, α-ketoglutaric acid, citric acid, L-pyroglutamic 
acid, adenosine, cAMP, hypoxanthine, inosine, succinic acid, 1-methylu-
ric acid, 3-methylxanthine, 7-methylxanthine, 1-methyladenosine, 
kynurenine, pantothenic acid, theobromine, 3,4-dihydroxyphenylacetic 
acid, quinaldic acid, 5-hydroxyindole-3-acetic acid, hippuric acid, phe-
nylacetylglutamine, indolelactic acid, 3-indoleacrylic acid, nonanedioic 

Table 1 
Demographic and clinical characteristics of subjects.  

Group Control group 
(n  =  30) 

QS group 
(n  =  30) 

QD group 
(n  =  30) 

Male, n (%) 21 (70) 16 (53.33) 15 (50) 
Age (years)* 61.1  ±  1.29 60.3  ±  1.39 61.6  ±  1.5 
SBP (mmHg)* 129.0  ±  13.89 134.60  ±  3.02 129.70  ±  3.04 
DBP (mmHg)* 79.18  ±  3.56 81.32  ±  1.70 78.21  ±  2.02 
HBP, n (%) N/A 16 (53) 18 (56.67) 
Diabetes, n (%) N/A 5 (16.67) 7 (23.33) 
Cerebral infarction, 

n (%) 
N/A 0 1 (3.33) 

Gastroenteritis, n 
(%) 

N/A 1 (3.33) 1 (3.33) 

Sleep disorder, n 
(%) 

N/A 0 1 (3.33) 

SBP: systolic blood pressure; DBP: diastolic blood pressures; HBP: high blood 
pressure; N/A: no available. 

* The data are presented as mean  ±  SD. There was no significant difference in 
demographic data between the control, QS and QD groups. 

N. Guo et al.                                                                                                                                                                                                                                     



Journal of Chromatography B 1179 (2021) 122808

3

acid, 3-indoleacetic acid, octanoylcarnitine, glycochenodeoxycholic 
acid, cholic acid, phytosphingosine, sphingosine, palmitoylcarnitine, 
leucine-enkephalin, glycine, β-alanine, sarcosine, L-alanine, γ-amino-
butyric acid, L-serine, L-histamine, L-proline, L-valine, L-threonine, L- 
cysteine, taurine, L-leucine, L-isoleucine, trans-4-hydroxy-L-proline, L- 
asparaginate, L-aspartic acid, L-ornithine, L-lysine, L-glutamic acid, L- 
methionine, 1-methyl-L-histidine, 3-methyl-L-histidine, L-2-aminoadipic 
acid, L-phenylalanine, L-arginine, L-citrulline, L-tyrosine, L-tryptophan, 
kynurenic acid, DL-3-aminoisobutyric acid, 5-aminovaleric acid, L- 
carnitine, pipecolinic acid, and 5-hydroxy-L-tryptophan were from 
Sigma-Aldrich(St. Louis, MO, USA). L-histidine, glutamine, and creati-
nine were from TCI Development Co., ltd (Shanghai, China). 
Phenylalanine-d5 used as an internal standard (IS) was from Toronto 
Research Chemicals (Toronto, Ontario, Canada). Amino acids as IS 
compounds including Alanine (D4), Arginine (13C; D4), Glutamatic acid 
(D3), Citrulline (D2), Glycine (13C; 15N), Leucine (D3), Methionine (D3), 
Ornithine (D2), Phenylalanine (13C6), Tyrosine (13C6), Valine (D8) were 
from Cambridge Isotope Laboratories (Andover, MA, USA). All other 
chemicals and reagents used were of analytical grade. 

2.3. Sample preparation 

2.3.1. Stock solutions and urine samples 
Water or methanol was used to prepare 1  mg/mL stock solutions of 

individual standards, and these solutions were stored at 4 ◦C. Urine 
samples were collected from participants within six months in Xiyuan 
Hospital, China Academy of Chinese Medical Sciences. One mid-stream 
urine sample per participant was collected after fasting for 12  h, and 
was centrifuged at 870 g for 10  min at 4 ◦C to remove all insoluble 
particles at once. The resulting supernatants were immediately stored at 
− 80 ◦C until further analysis. 

For untargeted metabolomics analyses, 500  μL of individual super-
natant samples were spiked with phenylalanine-d5 (100  ng/mL), fol-
lowed by one minute of vigorous shaking. Samples were then spun for 
10  min at 14,000  g at 4 ◦C, after which supernatants were analyzed via 
UHPLC-QTOF-MS. 

For targeted amino acid analyses 4  μL of urine were diluted 250-fold 
in a solution containing the following 11 IS compounds: L-alanine-d4 
(4.7  ng/mL), L-arginine-d4 (10.8  ng/mL), L-citrulline (8.9  ng/mL), DL- 
glutamatic acid-d3 (7.5  ng/mL), glycine-15  N (19.3  ng/mL), L-leucine- 
d3 (6.7  ng/mL), L-methionine-d3 (7.6  ng/mL), L-ornithine-d2 (8.5  ng/ 
mL), L-phenylalanine-13C6 (8.6  ng/mL), L-tyrosine-13C6 (9.4  ng/mL), 
and L-valine-d8 (6.3  ng/mL). After mixing, the samples were vortexed 
for one minute prior to spinning for five minutes at 14,000  g at 4 ◦C. 
Supernatants were then used for UHPLC-MS/MS analysis. 

2.3.2. Quality control sample 
Aliquots (1  mL) of all individual urine samples were pooled together 

to yield a mixed sample that was then used for quality control (QC) 
purposes. This pooled sample was processed for analysis in the sample 
manner as that for individual samples. The QC sample was injected once 
after every 10 urine samples and was analyzed in between the individual 
samples totally-nine times for the validation of the UHPLC-QTOF-MS 
system stability. For LC-MS/MS analysis, the operation steps were the 
same as above. The concentrations of internal standards were chosen to 
monitor the system stability. 

2.4. UHPLC-QTOF-MS untargeted analysis 

A UHPLC-QTOF-MS system (, Waters, Milford, MA, USA) with an 
electrospray ionization (ESI) source in positive and negative ion modes 
was used for the metabolomic analyses described herein. Sample sepa-
ration was achieved using a Waters ACQUITY UPLC HSS T3 column 
(100  mm  ×  2.1  mm, 1.7  μm), with ultrapure water (A) and aceto-
nitrile (B) both supplemented with 0.1% (v/v) formic acid serving as the 
mobile phases for this analysis. The linear elution gradient settings used 

were as follows: 0–2.0  min, 5% B; 2.0–6.0  min, 5–15% B; 
6.0–11.0  min, 15–45% B; 11.0–13.0  min, 45–100% B; 13.0–15.0  min, 
100% B; 15.0–15.1  min, 100–5% B; 15.1–17.0  min, 5% B. The flow rate 
was maintained at 0.3  mL/min during separation. 

MS settings were as follows: desolvation gas  =  800 L/h, 400 ◦C; 
cone gas  =  50 L/h, source temperature  =  100 ◦C; 2,000  V and 40  V 
for the capillary voltage and sampling cone, respectively; TOF acquisi-
tion rate  =  0.2  s, inter-scan delay  =  0.01  s. LockSprayTM was used to 
acquire MS data of leucine-enkephalin (200  pg/μL) in an effort to 
ensure accurate and reproducible mass measurements. The [M+H]+ and 
[M− H]− ions of leucine-enkephalin were set at m/z 556.2771 and 
554.2615, respectively, in positive and negative ion modes. The infusion 
rate was set at 10  μL/min, with the acquisition of profiling data for 
individual samples being conducted across the 50–1,200  Da range. 
Dynamic range enhancement was used during MS analyses in order to 
ensure that measurements remained accurate across a larger range of 
values. Data were processed with the Waters MarkerLynx software. Peak 
finding, filtering, and alignment were conducted using Waters Pro-
genesis QI applications manager (v2.3) (Waters, Milford, MA, USA). The 
following data collection parameters were used: Retention 
time  =  0–17  min; mass range  =  50–1,200  Da; retention time 
tolerance  =  0.01  min; mass tolerance  =  0.02  Da. Peak selection was 
conducted in automatic mode, with no specific masses or adducts being 
excluded. 

2.5. UHPLC-MS/MS targeted analysis of amino acids 

We employed a Waters ACQUITY UPLC system with a quaternary 
pump, an autosampler, a degasser, and a Xevo TQ-S mass spectrometer 
with an ESI ionization source (Waters) for amino acid analyses. A Waters 
ACQUITY UPLC BEH Amide column (2.1  mm  ×  100  mm, 1.7  μm; 
flow rate  =  0.3  mL/min) was used for sample separation, with the 
mobile phases being composed of water with 0.1% formic acid (A) and 
0.2% formic acid in acetonitrile (B). Linear elution gradient settings 
were as follows: 0–0.5  min, 15% B; 0.5–5.5  min, 15–20% B; 
5.5–12.5  min, 20–40% B; 12.5–13  min, 40–15% B; 13–15  min, 15% B. 
A 5  μL injection volume was used, and the column was heated to 40 ◦C. 
Between injections, the system was washed with 90% acetonitrile fol-
lowed by 10% acetonitrile. Data processing was conducted with the 
Waters MarkerLynx software. 

2.6. Statistical analyses of metabolic data 

Multivariate statistical analyses were performed on the metab-
olomics data generated by the UHPLC-QTOF-MS approach using the 
SIMCA-P software (v13.0) (Umetrics, Malmö, Sweden). The data matrix 
of the QC sample was analyzed by principal component analysis (PCA) 
to verify the stability of the UHPLC-QTOF-MS system. Partial least 
squares discriminant analysis (PLS-DA) was conducted in order to 
visualize the global metabolic difference of individuals between the 
control, QS and QD groups. To be specific, in each sample individual 
peak intensity was divided by total intensity of peaks that were common 
in all samples for normalization. Three-dimensional matrices of indi-
vidual urine samples containing the peak index, normalized peak area, 
and retention time values were exported from the Waters MarkerLynx 
software (v4.1) (Waters, Milford, MA, USA), and were mean-centered 
prior to multivariate analyses. To validate the PLS-DA model, permu-
tation tests were performed (n  =  200). 

Furthermore, a t-test-based approach was employed in order to 
identify significantly different metabolites via the untargeted metab-
olomics approach as well as the amino acids quantified by the UHPLC- 
MS/MS method among the control, QS and QD groups. The resulting 
metabolites of interest were then confirmed for their distinct abun-
dances between different groups using SPSS (v24.0) (Chicago, IL, USA) 
with p  <  0.05 as the significance threshold. 
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2.7. Metabolite identification and pathway analysis 

The initial identification of metabolites was completed with the 
Waters MarkerLynx software based on the elemental compositions of 
compounds. Thereafter, the putative identified metabolites were 
searched in the KEGG (http://www.genome.jp) and the HMDB 
(http://www.hmdb.ca) databases in order to further verify their struc-
tures based upon the high-resolution MS and MS/MS spectra data. The 
identified metabolites were finally confirmed via comparisons with the 
defined commercially-obtained standards. 

The confirmed metabolites with significant different abundances 
were subjected to the enrichment and metabolite topology analysis via a 
metabolomics pathway analysis approach in the MetaboAnalyst 
analytical pipeline (http://www.metaboanalyst.ca/) [24]. 

3. Results and discussion 

3.1. Validation of LC-MS methods 

The representative BPI chromatograms of urine samples obtained in 
the positive and negative ion modes of the UHPLC-QTOF-MS method are 
shown in Fig. 1. The chromatograms corresponding to the pooled QC 
sample used for performance monitoring are shown in Fig. 2A and B. 
The data from nine runs of the QC sample were analyzed by PCA, where 
the projection result of each run on the first principal component was 
used to verify the stability of the system. The resulting line plots of the 
QC sample (Fig. 2C and D) confirmed the good stability of the applied 
system as small deviations were found along the Y axes under both 
positive and negative ion modes. Furthermore, the high repeatability of 
retention time and peak intensity of the internal standard used in our 
untargeted metabolomics analyses (Table S2) also indicated good sta-
bility and reproducibility of the UHPLC-QTOF-MS system over the 
experimental duration. For the targeted amino acid analyses, the co-
efficients of variation corresponding to the peak areas of 11 internal 
standards were  <  25% (Table S3), indicating a stable UHPLC-MS/MS 
system. 

3.2. Metabolite profiling of urine samples 

For the untargeted metabolomics analysis, we employed the UHPLC- 
QTOF-MS approach to define and quantify the metabolites in the 
healthy subjects and the CHD patients with QS- or QD-type symptoms. 
We employed PLS-DA in order to better explore the differences of me-
tabolites between these three groups. The PLS-DA results revealed a 
clear separation between the urine samples of participants from the 
control, QS and QD groups (Fig. 3), demonstrating specific metabolic 
profiles of different groups. To validate the model, permutation tests 
were performed (n  =  200) and the values of R2 and Q2 are shown in 
Fig. 4, indicating that the model showed great fitness and prediction. 

3.3. Regulated metabolites and pathways 

For the untargeted metabolomics, by searching features against to 
the KEGG and the HMDB databases and reducing data redundancy, 400 
compound candidates were available for further exploration. Based on 
the information of accurate masses of compounds, fragmentation pat-
terns of ions, published data and chemical reference standards 
(Table S4). For the targeted metabolomics, 35 amino acids were 
analyzed in this study. In total, 11 metabolites and five amino acids were 
found significantly different among different groups via the untargeted 
and targeted approaches, respectively (Fig. 5). The levels of glucono-
lactone, indolelactic acid, inositol, aspartic acid, ornithine, asparagine, 
and arginine were significantly higher in both QS and QD groups than 
those in the control group, while palmitoylcarnitine and phytos-
phingosine showed opposite trends. Noteworthy, the amounts of inositol 
and aspartic acid of the QD subtype was significantly higher than those 
of the QS subtype. Specific to the QD group, citric acid, L-pyroglutamic 
acid, hippuric acid, phenylacetylglutamine and 3-methyl-histidine were 
found significantly higher, while hypoxanthine was significantly lower 
compared to those in the QS and control groups. Interestingly, the level 
of uric acid was lower in the QS group while higher in the QD group 
compared to that in the control group, leading to a significant change 
between the QS and QD groups. 

In order to gain biologically meaningful insights into these 16 

Fig. 1. The BPI chromatograms of urine samples via the untargeted approach in the control group (A), QS group (B), QD group (C) under the positive mode and in 
the control group (D), QS group (E), QD group (F) under the negative mode. 

N. Guo et al.                                                                                                                                                                                                                                     

http://www.genome.jp
http://www.hmdb.ca
http://www.metaboanalyst.ca/


Journal of Chromatography B 1179 (2021) 122808

5

potential metabolite biomarkers, we next conducted pathway enrich-
ment and topology analysis. The significantly enriched metabolic 
pathways and the corresponding metabolites are listed in Tablse S5–S7. 
The results revealed that a number of metabolic pathways (e.g. arginine 
biosynthesis, alanine, aspartate and glutamate metabolism) associated 
with these metabolites were significantly different between the control 
and CHD groups (Fig. 6A and 6B). These, collectively, indicated that 
CHD patients with angina pectoris suffered from abnormal activity 
across a number of different metabolic pathways mainly related to 
amino acid metabolism, purine metabolism, and energy metabolism 
compared with healthy subjects. Of note, arginine biosynthesis and 
citrate cycle (TCA cycle) were more activated in the QD group than in 

the QS group (Fig. 6C). The link between differently regulated metab-
olites and pathways were summarized in Fig. 7. 

3.4. Discussion 

In this study, we explored the metabolic characteristics of CHD pa-
tients with QS and QD symptoms, two subtypes based on TCM diagnostic 
principle. UHPLC-QTOF-MS and UHPLC-MS/MS were applied in the 
untargeted and targeted metabolomics, aiming at as comprehensive 
urinary metabolic profiles of CHD patients as possible. Both approaches 
showed good stability and reproducibility (Fig. 2; Table S2-S3), which 
enabled valid qualitative and quantitative comparisons of metabolites 

Fig. 2. The BPI chromatograms of the QC sample in the positive mode (A) and negative mode (B). Line plots of QC samples generated by PCA deriving from (+) ESI- 
MS data (C) and (-) ESI-MS data (D). Peak area deviation could be evaluated by the distribution of the runs. 

Fig. 3. Score plots of the PLS-DA model using the MS data extracted from the individual urine samples of the control (red dot), QS (blue dot) and QD (green dot) 
groups in the ESI-positive (A) and -negative (B) modes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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between the control, QS and QD groups. Distinctive metabolite profiles 
of the urine samples were observed between these three groups (Fig. 3). 
Strict inclusion and exclusion criteria (Table S1) were used in our study 
for the selection of CHD patients and healthy controls to avoid potential 
confounding factors such as age, sex, medication as well as co- 
morbidities. Therefore, the subtype-specific metabolic profiles herein 
largely supported the rationality of TCM to divide CHD patients with 
angina pectoris in the QS and QD subtypes for different treatments [8]. 

Potential biomarkers may facilitate the setup of specific criteria for 
distinguishing between CHD patients with different subtypes. We were 
able to identify 16 significantly different metabolites (Fig. 5) that were 
specifically associated with QS- and/or QD-type CHD. The significantly 
disrupted metabolites included amino acids, saccharides, polyols, and 
other endogenous small molecules (Fig. 5) involved in a range of 
metabolic pathways that were assumed to be dysregulated in the CHD 
(Figs. 6 and 7). Of the 16 significant disturbed metabolites, the QS and 
QD patients showed similar trends in the regulations of nine metabolites 
(i.e., upregulation of gluconolactone, inositol, indolelactic acid, aspartic 
acid, ornithine, asparagine and arginine; down regulation of palmi-
toylcarnitine and phytosphingosine) compared with the healthy subjects 
(Fig. 7). This suggested that the nine metabolites may be the common 
criteria for the diagnosis of CHD with angina pectoris, although the CHD 
patients with QD syndromes seemed to suffer from metabolic abnormity 
to a larger extent in most of the cases compared to those with QS syn-
dromes, especially for inositol and aspartic acid (Fig. 5). 

Inositol is important in the formation of phosphatidylinositol and is 
involved in promoting cholesterol and fat metabolism to prevent arte-
riosclerosis [25]. It is known that the urinary levels of inositol in di-
abetics were significantly increased because of the excess excretion 
caused by the metabolic disorders in these patients [26,27]. We 
observed significant increases in the level of inositol in the urine of CHD 
patients, which may be caused by a disorder of the polyol pathway, but 
further research is needed to verify this possibility. 

Carnitine is necessary for the energy production of long-chain fatty 
acid metabolism in the human body. Carnitine is involved in promoting 
the oxidation and degradation of long-chain fatty acids, enabling 
myocardial cells to extract energy from carnitine molecules [28,29]. 
Therefore, the decrease in palmitoylcarnitine levels is associated with 
abnormal fatty acid metabolism and may promote the progression of 
CHD. In the present study, the levels of palmitoylcarnitine in CHD with 
different syndromes were reduced, indicating that the fatty acid meta-
bolism in patients with CHD was abnormal. 

Phytosphingosine is a lipid compound involved in the sphingolipid 
metabolism. It has a variety of physiological activities such as immune- 
enhancing activity and the regulation of inflammation and function of 
vascular endothelial cells, leading to the protection of myocardial cells 
from damage [30,31]. As shown in this study, the levels of phytos-
phingosine in the CHD patients with different syndromes were reduced, 
implying that CHD with the QS and QD syndromes might be both related 
to myocardial cell damage. 

There were six metabolites (citric acid, pyroglutamic acid, hippuric 

acid, phenylacetylglutamine, 3-methyl-histidine and hypoxanthine) 
specific to the QD subtype but not to the QS subtype (Fig. 7). Compared 
to the QS subtype, there were more metabolites and pathways disturbed 
in the QD subtype (Fig. 7), especially in the arginine metabolism and 
TCA cycle (Fig. 5C). Interruption of TCA cycle activity results in elevated 
citric acid levels in the urine. This observed significant increase of citric 
acid in the QD subtype indicated that those patients might have 
dysfunctional energy metabolism [32]. TCA is related to many amino 
acid metabolic pathways, including arginine biosynthesis, aspartic acid 
and glutamic acid metabolic pathways. Previous studies showed that 
levels of all these amino acids in the serum of patients with CHD are 
significantly increased [33,34]. Another increased metabolite in the QD 
subtype of CHD was hippuric acid involved in the phenylalanine meta-
bolism. Food-derived benzoic acid is transported to the liver wherein it 
serves as a precursor for the formation of hippuric acid. As such, 
elevated hippuric acid levels were indicative of the increased suscepti-
bility of CHD patients to renal and hepatic dysfunction [35,36]. There 
were no significant changes of citric acid, aspartic acid, glutamic acid 
and hippuric acid in the QS subtype of CHD patients in our study. 
Further studies are needed to understand this discrepancy. 

The results of this study revealed that the purine metabolism path-
ways in the QD subtype of CHD patients with angina pectoris were 
abnormal, which are mainly accompanied with the decrease of hypo-
xanthine and the increase of uric acid (Fig. 7). It has been reported that 
CHD can lead to increased xanthine oxidase activity, which accelerates 
the conversion of hypoxanthine and xanthine to uric acid, thereby 
increasing the level of uric acid while reducing hypoxanthine [37,38]. 
Interestingly, although both groups did not show significant changes 
compared to the control group, the level of uric acid was reduced in the 
QS group while was increased in the QD group, leading to significant 
change between the QS and QD groups (Fig. 5). For the validation of this 
difference further investigation is required. 

Although some different metabolites in urine samples of CHD pa-
tients with angina pectoris were discovered, there were still some lim-
itations in the current research. First, 90 subjects were recruited only at 
Xiyuan hospital, where participants were more likely from the same 
region. Compared with genes and proteins, metabolites are in the 
downstream of life activities and are greatly affected by factors such as 
environment, genetic background, region and diet [39]. The relative 
small sample sizes and low diversity of backgrounds may amplify the 
effect of intra-group differences on overall differences, which may in-
fluence the final results. Further studies with large sample size from 
different areas (multi-center) would be necessary to confirm our find-
ings. In addition, it may be essential to consider metabolic profiles of 
different matrix (e.g. serum) besides urine from these patients to more 
comprehensively understand the mechanism behind different TCM 
subtypes of CHD. Using urine for the diagnosis of CHD, however, would 
be of tremendous benefit to both patients and healthcare systems since 
the collection of urine is non-invasive. Although the current study has 
some limitations, the results of the study can provide support for sub-
sequent researches. We discovered several differentially regulated 

Fig. 4. Permutation tests of the PLS-DA model in ESI positive mode (A) and negative mode (B).  
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metabolites in CHD patients with angina pectoris, which are worthy of 
attention. For example, metabolites such as inositol and phytosphingo-
sine have been confirmed to be closely related to lipid metabolism 
[40,41]. Therefore, it is enlightening to develop lipidomics methods to 
explore lipid metabolism in patients with CHD. Studies have shown that 
carnitine is related to cholesterol metabolism [42], and that bile acid 
provides an important excretion pathway for cholesterol metabolism 
[43]. Thus, the study of bile acid metabolism in patients with CHD is of 
importance. 

4. Conclusion 

In summary, in this study we employed the UHPLC-QTOF-MS and 

UHPLC-MS/MS approaches in order to rapidly and comprehensively 
profile the metabolic differences between CHD patients and healthy 
controls, as well as differences between two CHD subtypes segregated 
based by TCM diagnostic principle. In combination with multiple sta-
tistical approaches, this study showed different metabolites of the QS 
subtype and the QD subtype, suggesting that these subtypes are different 
to one another at the metabolic level to a certain degree. The observed 
metabolic characteristics of these two TCM subtypes of CHD were 
characterized mainly by differences in amino acid metabolism, energy 
metabolism and purine metabolism. By comparing the urinary metab-
olite profiles of CHD patients with these two subtypes, it can be seen that 
patients with the same disease (CHD) still suffer from distinct subtypes 
(QS or QD), with the correlations between the disease state and these 

Fig. 5. Concentrations of significantly different metabolites in the untargeted and targeted metabolomics among the control group (red), the QS group (blue), and 
the QD group (green). T-tests indicating significant different values: * p  <  0.05 compared to the control group; # p  <  0.05 compared to the QS group. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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subtypes being evident at the molecular level. These results provide 
molecular bases for TCM diagnosis and can contribute to development of 
strategies for personalized treatment. 
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significantly upregulated or downregulated metabolites in the QS (red) and QD (green) patients compared to the healthy controls, respectively. The significant 
changes of metabolites in the QD group compared to the QS group are also indicated (blue). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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