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Background: Acute coronary syndrome (ACS) is one of the leading causes of death and is often
accompanied by hypertension.

Methods: We investigated whether hypertension affects the metabolism of patients with ACS. Serum
samples were provided from healthy controls (HCs; n=26), patients with ACS (n=20), or those patients with
ACS complicated with hypertension (HTN, n=21), and all were subjected to non-targeted metabolomics
analyses based on gas chromatography-mass spectrometry (GC/MS). Differential metabolites were
screened using principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA),
and orthogonal partial least squares discriminant analysis (OPLS-DA). Kyoto Encyclopedia of Genes and
Genomes (KEGGQG) provided metabolic pathways related to these metabolites.

Results: Compared to those in the HC group, 12 metabolites were significantly upregulated and 6
significantly downregulated in the ACS group; among these, L-cystine and isocitric acid showed the most
obvious differences, respectively. Compared to those in the ACS group, 3 metabolites were significantly
upregulated and 2 metabolites were significantly downregulated in the ACS-HTN group, among which oleic
acid and chenodeoxycholic acid showed the most marked difference, respectively. The five most prominent
metabolic pathways involved in differential metabolites between the ACS and HC groups were arginine
biosynthesis; oxidative phosphorylation; alanine, aspartate and glutamate metabolism; citrate cycle; and
glucagon signaling pathway. The metabolic pathways between the ACS and ACS-HTN groups were steroid
biosynthesis, fatty acid biosynthesis, arginine biosynthesis, primary bile acid biosynthesis, and tyrosine
metabolism.

Conclusions: A comprehensive study of the changes in circulatory metabolomics and the influence of
HTN was conducted in patients with ACS. A serum metabolomics test can be used to identify differendally

metabolized molecules and allow the classification of patients with ACS or those complicated with HTN.

Keywords: Metabolomics; acute coronary syndrome (ACS); hypertension; gas chromatography-mass spectrometry
(GC/MS)
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Introduction

Globally, coronary heart disease (CHD) poses a serious
public health threat (1), with China accounting for 38.2%
of the increase in deaths caused by CHD worldwide (2). A
growing number of Chinese are being afflicted with CHD
due to the aging population (3,4). Furthermore, a worsening
profile of risk factors, such as an increased prevalence of
hypertension, dyslipidemia, obesity, diabetes, and tobacco
use, is contributing to the rise in the occurrence of CHD
“,5).

An acute coronary syndrome (ACS) is generally
associated with the rupture of atherosclerotic vulnerable
plaques and coronary thrombosis (6). With a very wide
range of clinical presentations, ACS represents one of the
leading causes of disability and death worldwide. With
economic development and lifestyle change, the incidence
of ACS tends to be younger and the corresponding
mortality has been increasing since 2012 in China (7).
Early diagnosis of ACS is imperative to provide optimized
medical care and reduce case-fatality rates due to acute
myocardial ischemia or heart failure (8). Traditional markers
of myocardial injury, such as troponin and myocardial
enzymology, have been widely adopted in clinical practice.
However, the abnormal appearance of such markers often
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indicates that the disease has entered a severe stage. Such
markers focus on myocardial damage itself and cannot
describe the situation of the whole body well.

Atherosclerosis is significantly influenced by chronic
inflammation during its initiation, progression, and
destabilization (9). It is thought that inflammation of the
vascular walls, caused by inflammatory leukocytes, resulted
in the progression of the atherosclerosis and, ultimately,
the destabilization cause plaque rupture and ACS (9). Acute
phase proteins, including C-reactive protein, adhesion
molecules, selectins, metalloproteinases, interleukins-1 and
-6, tumour necrosis factor-a, vascular endothelial growth
factor and so on, are important inflammatory mediators
in ACS pathogenesis (10). Furthermore, inflammatory
pathways not only regulate plaque properties, but also
modulate atherosclerosis’ thrombotic complications (11).
Chronic inflammatory reaction and subsequent unbalanced
lipid metabolism contributes to the pathogenesis of
atherosclerosis (12). On the basis of lipid metabolism,
there are many biomarkers that can be used to predict ACS
(13-15). However, most of these biomarkers have been
derived from retrospective analysis, and the predictive
accuracy is inconsistent. The development of novel
circulatory biomarkers is therefore needed for the early
detection of ACS (16,17).

In metabolomics, small-molecular-weight endogenous
metabolites can be analyzed qualitatively and quantitatively
(18,19). Precision metabolic profiling at the molecular
species level has been enabled by advances in mass
spectrometry and high-throughput metabolomics
techniques (20). Metabolomics have been adopted
extensively for identifying new biomarkers and identifying
the potential targets of CHD (16,17,21). Paynter
et al. (22) indicated that novel metabolites point to the
pathophysiological relationship between lipid oxidation and
subsequent CHD occurrence in women. Jiang et /. (16)
reported that the serum oxyneurine concentration,
triglyceride level, and weight are potential biomarkers
for CHD diagnosis in the early stages. It is therefore
highly desirable to develop serum metabolic biomarkers
for diagnosing ACS. Jiang er a/l. (17) demonstrated that a
combined model of serum betaine and ejection fraction
could be a promising diagnostic biomarker for plaque

Ann Transl Med 2023;11(2):50 | https://dx.doi.org/10.21037/atm-22-6409



Annals of Translational Medicine, Vol 11, No 2 January 2023

vulnerability in patients with ACS.

Treatment and secondary prevention of ischemic
coronary events in Croatia (TASPIC-CRO study) found
that 66% of the 15,520 patients with established CHD in
Croatia had high blood pressure between 1 June, 1998 and
31 March, 2003 (23). The prevalence of hypertension was
70.1% in a total of 1,298 patients with hospitalized CHD
in the period of October 1st 2007 until January 7th 2010
at Croatia (24). Croatian patients with CHD continue to
have a higher prevalence of hypertension than European
average, a trend that is unfavourable (24). Rinkiiniene
et al. (25) found that the prevalence of hypertension was
47.7% in 606 patients with CHD in the Vilnius University
Hospital between 1997 and 2005. Zheng ez al. (26) followed
972 young patients (<50 years of age) with CHD followed
for one year. Most of the patients had poor management
of risk factors and 64 patients (6.6%) experienced clinical
outcomes. The baseline prevalence of hypertension and
ACS were 34.3% and 51.2%, respectively (26).

A multifactorial etiology has been uncovered for the
pathogenesis of hypertension (27). Genes, environmental
effects, and their interactions influence hypertension
development. Researchers have discovered a complex
interaction of genetics and environment that influences
risk-conferring behaviors, such as smoking, not exercising,
drinking alcohol and eating unhealthy foods (28). When
irreversible pathology has already occurred, hypertension
and its underlying pathophysiology may be present for years
before clinical diagnosis. As an expression of gene action
and environmental exposure, the metabolome represents
the result of multiple physiological and metabolic processes.
Consequently, metabolomics may provide high-resolution,
multifactorial phenotypic signatures of hypertension
etiology, manifestation, and pathophysiology (29). Thus,
human metabolome is a measure of gene-environment
interactions and could identify novel pathways in the
etiology of hypertension.

Metabolomics studies on hypertension have provided
further insights into the identification of disease-specific
biomarkers (30). 896 African American normotensives were
investigated in the Atherosclerosis Risk in Communities
(ARIC) Study and 38% of subjects developed hypertension
during 10-years of follow-up. Baseline 4-hydroxyhippurate,
a product of gut microbial fermentation, was associated
with 17% higher risk of hypertension after controlling
for traditional risk factors and renal function (29). The
top-down lipidomics revealed that hypertension was an
independent marker of lipidomic alterations caused by

© Annals of Translational Medicine. All rights reserved.

Page 3 of 17

obesity and insulin resistance, along with specific reductions
in ether lipids and free cholesterol (31). Kulkarni ez a/.
identified the disturbance of diacylglycerol metabolism
as an independent biomarker of hypertension (32). The
EPIC-Potsdam study identified 127 metabolites related
to the occurrence hypertension in a mean follow-up of
9.9 years (33). As ACS is often accompanied by hypertension,
the study evaluated the effect of hypertension on the
metabolism of ACS and aimed to identify novel circulatory
metabolic biomarkers. We present the following article in
accordance with the MDAR reporting checklist (available at
https://atm.amegroups.com/article/view/10.21037/atm-22-
6409/rc).

Methods
Chemicals and reagents

Chemicals and solvents used in this study were analytical
grade or high performance liquid chromatography (HPLC)
grade. We purchased acetonitrile and methanol from
Thermo Fisher Scientific (Waltham, MA, USA). CNW
Technologies GmbH (Diisseldorf, Germany) supplied us
with pyridine, N-hexane, methoxyamine hydrochloride
(97%), and trifluoroacetamide (BSTFA) with 1%
trimethylchlorosilane (TMCS). L-2-chlorophenylalanine
was obtained from Hengchuang Love Biotechnology Co.,
Ltd. (Ningbo, China).

Patients and sample collection

We recruited eligible participants between March 2021
and October 2021 at the First Affiliated Hospital, Zhejiang
University Medical School. Exclusion criteria included
patients with severe liver and kidney disease, hematological
disorders, psychiatric disorders, diabetes, autoimmune
diseases, malignancies, thoracalgia due to aortic dissection
or pulmonary embolism, and acute pericarditis. On
the basis of clinical characteristics, electrocardiogram
examinations, cardiac troponin T (¢TnT) levels, and
coronary angiography, 20 patients were diagnosed with
ACS, 21 patients with ACS complicated with hypertension
(ACS + HTN), and 26 as healthy controls (HCs) (34)
(Figure 1). The serum samples (about 900 pL) were
collected and stored at —80 °C immediately after collection.
The Research Ethics Committee of the First Affiliated
Hospital, Zhejiang University Medical School approved this
study (institutional review board approval No. 2022/820).
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Figure 1 Design of the study. ACS, acute coronary syndrome; PCA, principle component analysis; PLS-DA, partial least-squares-

discriminant analysis; OPLS-DA, orthogonal partial least-squares-discriminant analysis.

The informed consent of all participants was obtained
before they were enrolled in the study. The study was
conducted in accordance with the Declaration of Helsinki (as
revised in 2013).

Sample preparation

Homogenization of blood samples was performed on
patients. We transferred 150 pLL of serum to an Eppendorf
tube and added 10 pL of L-2-chlorophenylalanine
(0.06 mg/mL) dissolved in methanol to serve as an internal
standard. We extracted the mixed solution with 450 L of
methanol and acetonitrile (2/1, vol/vol) and vortexed it for
30 seconds before placing it at =20 °C for 10 minutes. The
extract was centrifuged for 10 minutes at 4 °C (13,000 rpm).

© Annals of Translational Medicine. All rights reserved.

A freeze concentration centrifugal dryer was used to dry
150 pL of supernatant in a glass vial. We prepared a quality
control (QC) sample by mixing aliquots from all samples
to create a pooled sample. At room temperature, 150 pL
of supernatant was transferred to a glass sampling vial
for vacuum drying. Following this, 80 pL of 15 mg/mL
methoxyamine hydrochloride dissolved in pyridine were
added. Following vigorous vortexing for 2 minutes, the
mixture was incubated for 90 minutes at 37 °C. In the
mixture, 50 pL of BSTFA (containing 1% TMCS) and
20 pL of N-hexane were added. After vigorous vortexing
for 2 minutes, the mixture was derivatized at 70 °C for
60 minutes. Before gas chromatography-mass spectrometry
(GC/MS) analysis, samples were kept at ambient
temperature for 30 minutes.
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Untargeted metabolomics and measurement of metabolites

The derivative samples were analyzed with an Agilent
7890B gas chromatography system equipped with an
Agilent 5977A MSD system (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Separating the derivatives was
achieved using a DB-5MS fused-silica capillary column
(30 mm x 0.25 mm x 0.25 mm, Agilent ] & W Scientific,
Folsom, CA, USA). In the column, 1 mL/min of helium
(>99.999%) flowed as the carrier gas. The temperature
of the injector was maintained at 260 °C with an injection
volume of 1L.

The initial oven temperature was 60 °C, which was
maintained at 60 °C for 0.5 minutes; increased to 125 °C at a
rate of 8 °C/min, 210 °C at a rate of 5 °C/min, 270 °C at a rate
of 10 °C/min, and 305 °C at a rate of 20 °C/min; and then
maintained at 305 °C for 5 min. A temperature of 150 °C
was set for the MS quadrupole, while 230 °C was set for the
ion source (electron impact). Data were acquired in full-
scan mode (m/z 50-500) with a collision energy of 70 eV.

Data preprocessing and statistical analysis

For quick retrieval of the raw data, the GC/MS raw data
in D format were converted into axon binary format (ABF)
format using Analysis Base File Converter software. The
data were imported into the software MS-DIAL, which
performed peak detection, peak identification, MS2Dec
deconvolution, characterization, peak alignment, wave
filtering, and missing value interpolation. A database
called Lumingbio was used for the characterization of
metabolic products. By using internal standards and quality
control samples, quality control was assessed (Total Ion
Chromatogram, Figure SI) and a data matrix was derived.
This 3-dimensional matrix included sample information,
peak names, retention times, retention indices, mass:charge
ratios, and signal intensities. After screening, all peak signal
intensities in each sample were segmented and normalized
according to internal standards with a relative standard
deviation (RSD) greater than 0.3. The data matrix was
obtained by removing redundancies and merging peaks after
normalization (available online: https://cdn.amegroups.cn/
static/public/atm-22-6409-1 xlsx).

The matrix was imported in Cytoscape software 3.6.1 to
carry out principle component analysis (PCA) to observe
the overall distribution of samples and the stability of the
whole analysis. We used orthogonal partial least-squares-
discriminant analysis (OPLS-DA) and partial least-squares-
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discriminant analysis (PLS-DA) to identify metabolites
that differed between groups. The model was evaluated
using 7-fold cross-validation and 200 response permutation
testing (RPT) to prevent overfitting. Furthermore, Kyoto
Encyclopedia of Genes and Genomes (KEGG) provided
metabolic pathways related to these metabolites.

Group discrimination was ranked based on the variable
influence on projection (VIP) values obtained from the
OPLS-DA model. Furthermore, a 2-tailed Student z-test
was used to determine whether there were significant
differences between groups in metabolites. Differential
metabolites were selected if the VIP value was greater than
1.0 and the P value was less than 0.05. In order to improve
the accuracy of metabolites screening, the condition of fold
change (FC) >2 or <0.5 was further added (Figure I).

Results
Clinical characteristics of participants

The clinical indices between the HC, ACS, and ACS-
HTN groups are presented in Table I; the mean ages
were 45.96+13.2, 63.46+8.55, and 64.83+12.02 in the
three groups, respectively; the prevalence rates of female
participants were 69.23%, 25.00%, 28.57% in the three
groups, respectively. The mean age, sex, systolic blood
pressure (SBP), high-density lipoprotein cholesterol
(HDL-C), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), serum creatinine, ¢TnT| creatine
kinase-MB (CK-MB), and brain natriuretic peptide (BNP)
as well as the prevalence of smokers between the HC
and ACS groups were significantly different (all P values
<0.05). The ACS and ACS-HTN patient groups showed no

obvious differences in these clinical characteristics.

Detection of dysregulated metabolites

Serum metabolites of 26 HCs, 20 patients with ACS,
and 21 patients with ACS complicated with HTN were
comparatively and qualitatively characterized, with 661
molecular features ultimately being acquired and analyzed
(available online: https://cdn.amegroups.cn/static/public/
atm-22-6409-2 xlsx). There were differential peak heights
between the HCs, ACS, and ACS-HTN groups, as shown
in Figure S2A-S2C).

Data on metabolites were statistically analyzed using
R software (The R Foundation for Statistical Computing,
Vienna, Austria). The PCA score plots derived from 7-fold
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Characteristic Healthy control (N=26) ACS (N=20) ACS-HTN (N=21) P1 value P2 value
Female, n (%) 18 (69.23%) 5 (25.00%) 6 (28.57%) 0.003 0.796
Age (years) 45.96+13.2 63.46+8.55 64.83+12.02 0.000 0.386
SBP (mmHg) 119.56+11.44 126.92+11.35 123.06+14.96 0.009 0.325
DBP (mmHg) 71.92+9.68 76.38+11.38 73.06+£14.93 0.103 0.262
Heart rate (times/min) 75.84+9.12 78.38+7.92 74.28+12.30 0.273 0.206
BMI (kg/m?) 24.00+3.35 23.37+3.31 24.22+3.70 0.930 0.877
Smoker, n (%) 2 (7.69%) 7 (35.00%) 9 (42.86%) 0.029 0.606
FBG (mmol/L) 4.69+0.71 4.67+0.55 5.09+0.75 0.747 0.115
TC (mmol/L) 4.04+0.52 3.92+0.86 3.64+0.92 0.959 0.242
TG (mmol/L) 0.96 (0.82-1.24) 1.14 (0.79-1.44) 1.25 (1.05-1.99) 0.145 0.202
HDL-C (mmol/L) 1.08 (0.99-1.39) 0.99 (0.79-1.17) 0.88 (0.74-1.07) 0.019 0.165
LDL-C (mmol/L) 2.32+0.45 2.21+0.71 1.94+0.71 0.925 0.165
ALT (U/L) 12.00 (9.50-19.50) 20.00 (13.75-33.75) 25.00 (14.00-37.00) 0.023 0.718
AST (U/L) 15.00 (11.50-17.00) 19.50 (16.75-32.75) 20.50 (17.00-28.50) 0.002 0.906
Serum creatinine (umol/L) 63.48+13.93 83.23+11.65 80.28+19.02 0.001 0.476
Cardiac troponin | (ng/mL) 0.001 (0.000-0.002) 0.015 (0.0075-5.919) 0.017 (0.004-0.106) 0.000 0.328
CK-MB (U/L) 13.00 (9.50-17.00) 16.50 (13.75-22.75) 15.00 (11.00-19.00) 0.013 0.592
SUA (umol/L) 291.20+83.59 342.69+49.87 356.39+91.04 0.108 0.148
CRP (mg/L) 0.8 (0.39-3.10) 1.74 (0.7-33.56) 1.08 (0.6575-5.65) 0.111 0.498
BNP (pg/mL) 5.20 (0.00-21.00) 78.50 (27.20-219.60) 54.70 (18.05-158.73) <0.001 0.537
Hemoglobin (g/L) 135.68+16.07 130.38+17.29 133.11+£14.76 0.642 0.796

Continuous variables are presented as the means + standard deviation or the median (quartiles), as appropriate, and were compared
using the Student t-test, or the Mann-Whitney test, depending on whether the quantitative data were consistent with a normal distribution.
Categorical variables are presented as count (percentage), and differences between the groups were measured by chi-squared test. All
statistical analyses were performed using SPSS 21.0 (IBM Corp., Armonk, NY, USA). All P values are 2-tailed, and P<0.05 was considered
statistically significant. P1-value obtained from the healthy control group vs. acute coronary syndrome group. P2-value obtained from
the ACS group vs. the ACS-HTN group. SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; FBG, fasting
blood glucose; TC, total cholesterol; TG, total triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CK-MB, creatine kinase-MB; SUA, serum uric acid; CRP,
C-reactive protein; BNP, brain natriuretic peptide; ACS, acute coronary syndrome; HTN, hypertension.

cross-validation indicated separation tendencies between
HC, ACS, and ACS-HTN groups (Figure 2A4). Volcano plot
indicated the obvious differential expression of metabolites
between the ACS and HC groups (Figure 2B). There was
an separation between HCs and patients with ACS in the
PLS-DA score plots (R2X=0.427, R2Y=0.992, Q2=0.944;
Figure S3) and the OPLS-DA score plots (R2X=0.373,
R2Y=0.981, Q2=0.926; Figure 2C).

Moreover, the volcano plot indicated the obvious

© Annals of Translational Medicine. All rights reserved.

differential expression of metabolites for patients with ACS-
HTN compared to those with ACS (Figure 2D). The PLS-
DA score plots indicated an obvious trend of separation
between ACS and ACS-HTN patients (R2X=0.338,
R2Y=0.985, Q2=0.746; Figure S4). The OPLS-DA score
plots indicated an obvious trend of separation between
ACS and ACS-HTN patients (R2X=0.338, R2Y=0.985,
Q2=0.637; Figure 2E).

Model quality was evaluated using 7-fold cross-validation
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Figure 2 Exploratory analysis of differential metabolites. (A) The principle component analysis between the HC, ACS, and ACS-HTN
groups. (B) The volcano plot analysis comparing the metabolites between the ACS and HC groups. (C) The orthogonal partial least-
squares-discriminant analysis comparing the ACS group to the HC group. (D) The volcano plot analysis comparing the metabolites between
the ACS-HTN and ACS groups. (E) The orthogonal partial least-squares-discriminant analysis comparing the metabolites between the
ACS-HTN and ACS groups. HC, healthy control; ACS, acute coronary syndrome; HTN, hypertension; FC, fold change.

and 200 times RPT to prevent overfitting. PCA score plots
derived from 7-fold cross-validation indicated reliable
results (Figure 24). Two hundred times RPT indicated
that OPLS-DA model was not overfitting (R2=0.241,
Q2=-0.846; Figure S5). The correlation of metabolites
between HCs and patients with ACS are presented in
Figure S6, which shows the degree of correlation between
the discrepant metabolites. The correlation of metabolites

© Annals of Translational Medicine. All rights reserved.

between patients with ACS and those with ACS-HTN are
illustrated in Figure S7, which also shows the degree of
correlation between the discrepant metabolites.

Dysregulated metabolites and metabolic pathways

The analysis of variance (ANOVA) identified 68
dysregulated metabolites between HCs and patients with
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Class

Salicylic acid . ACS-HTN

2-hydroxyhippuric acid 4 ACS
Arbutin
Galacturonic acid 2
3-amino-2-piperidone
Citrulline °
N-methylalanine

n B Digalacturonic acid
Resveratrol

D-tagatose
Palatinitol -4
Phytosphingosine

Pseudo uridine
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Figure 3 Heat map of differential metabolites. Heat map of differential metabolites relative to ACS (n=20) or ACS-HTN (n=21) sample data

and healthy controls (CTRL, n=26) after 1-way ANOVA and hierarchical clustering of the samples. Shades of light red and blue represent

the increase and decrease in a metabolite, respectively; other colors are related to the median metabolite levels. The color bar represents fold

change of differential metabolites relative to mean level; the range of the bar size impact values is -6 to 6. HC, healthy control; ACS, acute

coronary syndrome; HTN, hypertension; ANOVA, analysis of variance.

ACS and 63 dysregulated metabolites between patients with
ACS and those with ACS-HTN (Figure 3). There were 51
upregulated metabolites and 17 downregulated metabolites
between HCs and patients with ACS. There were 19
upregulated metabolites and 44 downregulated metabolites
between patients with ACS and those with ACS-HTN.
KEGG analyzed 82 metabolic pathways enriched by
dysregulated metabolites between HCs and patients with
ACS (available online: https://cdn.amegroups.cn/static/
public/atm-22-6409-3 .xlsx). There were 34 differential
metabolites enriched in KEGG pathways between HC
and patients with ACS (available online: https://cdn.

© Annals of Translational Medicine. All rights reserved.

amegroups.cn/static/public/atm-22-6409-4.xIsx). The 5
most prominent metabolic pathways (Figure 44) containing
differential metabolites between the patients with ACS and
HCs were arginine biosynthesis; oxidative phosphorylation;
alanine, aspartate, and glutamate metabolism; citrate cycle;
and glucagon signaling pathway.

Based on KEGG analysis, 75 metabolic pathways
enriched by dysregulated metabolites in patients with
ACS and those with ACS-HTN were identified (available
online: https://cdn.amegroups.cn/static/public/atm-
22-6409-5 xIsx). There were 34 differential metabolites
enriched in KEGG pathways between patients with ACS
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Figure 4 The main discrepant pathways. (A) The main discrepant pathways identified between the ACS and HC groups. The colors of the
circle represent the metabolites in the data with different levels of significance, with green being the least and red being the most significant.
The size of the circle represents the pathway impact values from the pathway topology analysis; the range of the circle size impact values is
0.00 to 0.22. (B) The main discrepant pathways identified between the ACS-HTN and ACS groups. The color of the circle represents the
metabolites in the data with different levels of significance, with green being the least and red being the most significant. The size of the
circle represents the pathway impact values from the pathway topology analysis; the range of the circle size impact values is 0.00 to 0.34.
ABC, adenosine triphosphate-binding cassette; TCA, tricarboxylic acid cycle; GAB, y-aminobutyric acid; HC, healthy control; ACS, acute

coronary syndrome; HTN, hypertension.
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Table 2 Significant metabolites between the healthy control group and acute coronary syndrome group

Hu et al. Hypertension and acute coronary syndrome metabolism

Metabolite name Class KEGG RT (min) VIP P value FC Trend
L-cystine Carboxylic acids and derivatives C00491 23.04 3.32 6.75E-14 12.19 1
D-tagatose Organooxygen compounds C00795 19.17 2.92 8.33E-13 8.82 il
D-fructose Organooxygen compounds C02336 18.29 1.37 0.01 5.01 il
Glycerol 3-phosphate Glycerophospholipids C00093 17.76 2.34 8.13E-12 4.53 i
Arachidonic acid Fatty acyls C00219 23.57 1.85 3.70E-08 2.70 i
Glycocyamine Carboxylic acids and derivatives C00581 15.23 1.96 1.20E-12 2.69 il
Pyrophosphate Non-metal oxoanionic compounds  C00013 16.35 1.92 4.19E-13 2.64 il
Linolenic acid Fatty acyls co6427 238.71 1.84 9.37E-11 2.48 T
Docosahexaenoic acid Fatty acyls C06429 24.63 1.52 6.96E-06 2.40 il
Zymosterol Steroids and steroid derivatives C05437 28.49 1.46 2.31E-05 2.21 1
Phytosphingosine Organonitrogen compounds C12144 16.02 1.69 1.80E-11 2.07 1
Agmatine Organonitrogen compounds C00179 14.51 1.45 1.15E-05 2.02 il
Nicotinic acid Pyridines and derivatives C00253 19.46 1.67 9.15E-09 0.44 l
Succinic acid Carboxylic acids and derivatives C00042 11.05 1.7 9.57E-07 0.41 !
Dehydroascorbic acid Lactones C05422 18.85 1.22 0.02 0.37 l
Lathosterol Steroids and steroid derivatives C01189 28.78 2.2 5.23E-09 0.29 |
Pentitol Organooxygen compounds Co0474 16.82 2.39 1.82E-05 0.19 l
Isocitric acid Carboxylic acids and derivatives C00311 10.61 3.44 1.17E-10 0.04 l

Metabolites matched with commercially available reference standards. RT, retention time; FC, fold change; VIP, variable importance in
the project obtained from the healthy control group vs. the acute coronary syndrome group; KEGG, Kyoto Encyclopedia of Genes and

Genomes. 1, fold change >2; |, fold change <0.5.

and those with ACS-HTN (available online: https://cdn.
amegroups.cn/static/public/atm-22-6409-6.xIsx). The 5
most prominent metabolic pathways (Figure 4B) involved in
the differential metabolites between the patients with ACS
and those with ACS-HTN were steroid biosynthesis, fatty
acid biosynthesis, arginine biosynthesis, primary bile acid
biosynthesis, and tyrosine metabolism.

Markedly discrepant metabolites between different groups

To improve metabolite screening accuracy, the condition of
FC >2 or <0.5 was added, as the VIP value was greater than
1.0 and the P value was less than 0.05. From 68 differential
metabolites, 12 were clearly upregulated and 6 were
significantly downregulated in the ACS group compared to
the HC group, among which L-cystine and isocitric acid
were the most obviously up- and downregulated, respectively

© Annals of Translational Medicine. All rights reserved.

(Table 2). To visualize the relative expression of these
discrepant metabolites between the HC and ACS groups, we
used box diagrams (Figure SA-5H; Figure S6A-S6]). There
was a high degree of relationality between the metabolites of
HCs and those of patients with ACS (Figure S7).

Moreover, 5 metabolites were screened out of the 63
differential metabolites. Compared to the in the ACS
group, the ACS-HTN group had 3 metabolites that
were obviously upregulated and 2 metabolites that were
significantly downregulated, among which oleic acid and
chenodeoxycholic acid were the most obviously up- and
downregulated, respectively (7uble 3). To visualize the
relative expression of these discrepant metabolites between
the ACS-HTN and ACS groups, we used box diagrams
(Figure 5I-5K, Figure S6K-S6L). There was a high degree
of relationality between the metabolites of patients with

ACS and those with ACS-HTN (Figure S8).

Ann Transl Med 2023;11(2):50 | https://dx.doi.org/10.21037/atm-22-6409


https://cdn.amegroups.cn/static/public/atm-22-6409-6.xlsx
https://cdn.amegroups.cn/static/public/atm-22-6409-6.xlsx
https://cdn.amegroups.cn/static/public/ATM-22-6409-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-6409-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-6409-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-6409-supplementary.pdf

Annals of Translational Medicine, Vol 11, No 2 January 2023

A L-cystine B Glycerol 3-phosphate
30 7 87
o Kkk ° el
2 S 6 T
S 20 A X
c c
_8 =
© Q41
(9] (9]
£ 10 1 £
2 1 'l I
ol T L=
HCs ACS HCs ACS
E Docosahexaenoic acid F Zymosterol
6 - ok 5 .
[0} © 4
4 5]
2 234
_8 >
© S )
[0} o -
224 =
k| T &
c =21 &' 1
0 - Oo-—F71—
HCs ACS HCs ACS
I Oleic acid J Lathosterol
10 7 15 7
8 6 el 10
c 3
s, Pt
£ 51
5, 5
2 o
0 == 0 _iﬂ'—i
ACS ACS-HTN ACS ACS-HTN

Page 11 of 17

C 8 Arachidonic acid D 5 Linolenic acid
° oxk o4 ork
S 6 g 4 T
© ©
E E
5 S 34
84+ 3
s 224
B 2 3 J_
o | o 14
0 - r ______T°r 0 I Y
HCs ACS HCs ACS
G Lathosterol H Isocitric acid
2.0 7 2.0
0] @Q T
215 -|- g 1.5 -
s o
T c
S >
3 a
3 1.0 1 s 1.0 4
2 2
B ©
o - 0.5
0.0 - 0.0 '
HCs ACS HCs ACS

K Chenodeoxycholic acid
4

Relative abundance
N
1

T
ji=N%

ACS ACS-HTN

Figure 5 The significant metabolites identified for different groups. In order to improve the accuracy of metabolite screening, the condition
of FC >2 or <0.5 was added, as the VIP values were greater than 1.0 and the P values were less than 0.05. (A-H) Compared to that in the
HCs group, the ACS group had 12 obviously upregulated metabolites and 6 significantly downregulated metabolites, among which L-cystine
and isocitric acid were the most obviously up- and downregulated, respectively. Among these discrepant metabolites, glycerol 3-phosphate,
arachidonic acid, linolenic acid, docosahexaenoic acid, zymosterol, and lathosterol belong to the lipid family or lipid-like molecular classes.
(I-K) Compared to that in the ACS group, the ACS-HTN group had 3 obviously upregulated metabolites and 2 significantly downregulated
metabolites, among which oleic acid and chenodeoxycholic acid were the most up- and downregulated, respectively. Among these discrepant
metabolites, oleic acid, lathosterol, and chenodeoxycholic acid belong to the lipid family or lipid-like molecular classes. *, P<0.05; **,
P<0.01; ***, P<0.001. HC, healthy control; ACS, acute coronary syndrome; HTN, hypertension; FC, fold change; VIP, variable influence on

projection.

Discrepancies in lipid metabolites between different groups

In view of the close relationship between blood lipids
and ACS, we measured the related biomarkers of lipid

metabolism. There are many metabolic discrepancies

© Annals of Translational Medicine. All rights reserved.

between HCs and patients with ACS. Glycerol 3-phosphate,
arachidonic acid, linolenic acid, docosahexaenoic acid,
zymosterol, and lathosterol belong to the lipid family
or lipid-like molecular classes (Figure 5B-5G, available
online: https://cdn.amegroups.cn/static/public/atm-22-
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Table 3 Significant metabolites between the ACS and ACS-HTN groups

Hu et al. Hypertension and acute coronary syndrome metabolism

Metabolite name Class KEGG RT (min) VIP P value FC Trend
Oleic acid Fatty acyls coo0712 22.57 2.83 0.002 3.16 T
Urea Organic carbonic acids and derivatives  C00086 9.9 3.25 0.003 2.89 i
Lathosterol Steroids and steroid derivatives C01189 22.78 2.72 0.015 2.41 il
DI-dopa Carboxylic acids and derivatives C00355 12.75 2.23 0.017 0.31 1
Chenodeoxycholic acid Steroids and steroid derivatives C02528 29.71 2.95 0.008 0.30 1

Metabolites matched with commercially available reference standards. ACS, acute coronary syndrome; HTN, hypertension; KEGG, Kyoto
Encyclopedia of Genes and Genomes; RT, retention time; FC, fold change; VIP, variable importance in the project obtained from the ACS

group vs. the ACS-HTN group. 1: fold change >2; |: fold change <0.5.

6409-7 .xlsx). Glycerol-3-phosphate production was most
significantly increased in the ACS group, while lathosterol
production was most significantly decreased. KEGG
analysis showed that the biosynthesis of unsaturated fatty
acids and steroid biosynthesis were the main metabolic
signaling pathways involved in the differential lipid
metabolites between the patients with ACS and the HCs
(available online: https://cdn.amegroups.cn/static/public/
atm-22-6409-7 xlsx).

There were many discrepancies between the patients
with ACS and those with ACS-HTN when it comes to their
metabolites. As mentioned above, oleic acid, lathosterol
and chenodeoxycholic acid belong to the lipid family or
lipid-like molecular classes (Figure 5I-5K, available online:
https://cdn.amegroups.cn/static/public/atm-22-6409-8.
xlsx). KEGG analysis showed that there were 4 metabolic
pathways enriched by dysregulated lipid metabolites
between the patients with ACS and those with ACS-HTN,
including fatty acid biosynthesis, unsaturated fatty acid
biosynthesis, steroid biosynthesis, and primary bile acid
biosynthesis (available online: https://cdn.amegroups.cn/
static/public/atm-22-6409-8.xlsx).

Discussion

ACS is a medical emergency associated with inflammatory
response and oxidative stress (17,35,36). Advancements
in metabolomics have provided insights into the potential
mechanisms of ACS. We examined whether hypertension
affects the metabolism of patients with ACS. From the
analysis of baseline data, common clinical metabolites,
including total cholesterol, total triglyceride, low-density
lipoprotein cholesterol, and uric acid, did not differ
significantly between the groups. Compared to the HC
group, the ACS group had 12 significantly upregulated

© Annals of Translational Medicine. All rights reserved.

metabolites and 6 significantly downregulated metabolites.
Among these, L-cystine and isocitric acid differed the
most. Compared to the ACS group, the ACS-HTN
group had 3 significantly upregulated metabolites and 2
significantly downregulated metabolites, among which oleic
acid and chenodeoxycholic acid differed the most. Thus,
hypertension might further affect the metabolic profiling of
patients with CHD.

The relationship between lipid metabolism and
cardiovascular disease has only recently been investigated,
and much remains unknown. Newly developed
metabolic profiling allows for the integrative analysis
of small molecules under physiological or pathological
conditions (18,19). The metabolomics capable of
predicting cardiovascular diseases like atherosclerosis
(16,17,21,22,37-44), dyslipidemia (45), and hypertension (46)
has gradually come to the fore of research. In a large
European cohort study consisting of 10,741 patients
without CHD, there was a significant association
between 5 phosphatidylcholines and an increased
risk of CHD incidence, and there was comparable
discrimination with classic risk factors (38). In a nested
case-control study consisting of 4,662 patients, glycoprotein
acetyls, ketone bodies, glucose, and docosahexaenoic
acid were associated with myocardial infarction,
ischemic stroke, and intracerebral hemorrhage (39).
The Bioheat-CT study reported novel associations between
specific coronary artery disease (CAD) plaque phenotypes,
and 4 metabolites: dimethylguanidino valerate, glutamic
acid, phenylalanine, and trimethylamine N-oxide (40). The
lipid and nucleotide metabolic pathways were independently
associated with the presence of CAD (40).

Metabolites associated with atherosclerosis are largely
consistent among both coronary and carotid arteries beds,
with lipid and carbohydrate metabolism, branched chain
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and aromatic amino acid metabolism, and oxidative stress
and inflammatory pathways all revealed to be dysregulated
in both (41).

Atherosclerosis Risk in Communities (ARIC) study
identified 19 metabolites that when combined, could
improve the risk prediction for CHD, among which
theophylline and y-linolenic acid were the most positive
and negative, respectively (42). A comprehensive
metabolomics analysis of human plasma from total 28
subjects with stable angina, myocardial infarction, and
HC:s revealed that the most significantly disturbed pathway
was glycerophospholipid metabolism (43). Additionally, a
targeted metabolomics approach showed that plasma levels
of oxidized phospholipids, isoprostanes, and isomers of
prostaglandins of patients with myocardial infarction were
significantly elevated (43). An investigation using non-
targeted lipidomics profiling aimed at shedding light on
potential CHD biomarkers and therapeutics revealed a
series of circulating lipids that were significantly altered in
patients with CHD (44).

In our study, compared to the HC group, the ACS
group had 12 obviously upregulated metabolites and 6
significantly downregulated metabolites, among which
L-cystine and isocitric acid were the most obviously up-
and downregulated, respectively. Oxidative stress plays a
significant role in ACS, and part of its effect is mediated by
lipid oxidation (17,35,36). In our research, L-cystine mainly
was found to be involved in iron death and cysteine and
methionine metabolic pathways. Human plasma contains
cysteine and cystine, the 2 main disulfide redox molecules.
As a result of L-cystine’s ability to regulate glutathione’s
extracellular concentration, it is sensitive to oxidative
stress (47). Dysregulation of this redox contributes to
cardiovascular disease, including atherosclerosis through
proinflammatory signaling (48). Isocitric acid is a more
effective antioxidant than ascorbic acid (49). In our study,
isocitric acid was mainly involved in the citrate cycle,
the glucagon signaling pathway, and the metabolism of
glyoxylates and dicarboxylates. Isocitric acid was identified
as a novel coronary lesion-specific marker, independent
of cholesterol levels and aortic lesions, in WHHLMI
rabbits, and might be a promising metric for the early
diagnosis of patients with CHD (50). Our hypothesis was
that myocardial ischemia reduces isocitric acid levels by
enhancing isocitrate dehydrogenase activity in the citrate
cycle.

There are many lipid metabolic discrepancies
between HCs and patients with ACS. Compared to
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the HCs, glycerol-3-phosphate was most significantly
increased in the ACS group, while lathosterol was most
significantly decreased. Glucose and fat metabolism
intersect at glycerol-3-phosphate, which is formed during
glycolysis, and its availability can influence energy and
intermediary metabolism in mammals. Glycerol-3-
phosphate phosphatase regulates energy and intermediary
metabolism, as well as physiological functions such as
insulin secretion, hepatic glucose production, and fat
synthesis, storage, and oxidation (51). Metabolic risk
factors for ACS may be modulated by disruptions of a
single glycolytic enzyme. Hypertriglyceridemia might
be explained by a loss of glyceraldehyde-3-phosphate
dehydrogenase (GA3PDH) responsiveness to insulin, by
causing accumulation of glycolytic intermediates including
glycerol-3-phosphate (52).

Human serum lathosterol concentration is a measure
of whole-body cholesterol synthesis. Gas chromatography
analysis of serum lathosterol could be identified as the marker
of cholesterol synthesis to predict the efficacy of simvastatin
in patients with CHD (53). The highest plasma lathosterol
concentration was associated with a lack of response of
plasma cholesterol during the phytosterols treatment
period (54). Lathosterol synthesis was decreased in patients
with aortic stenosis who had a positive family history of
cardiovascular disease and concomitant CHD (55). Patients
who did not receive lipid-lowering agents had increased
cardiovascular event risk and excess all-cause mortality when
serum lathosterol was low (56). The serum level of lanosterol
was closely associated with CVD risk factors, while the ratio
of lathosterol to cholesterol might reflect statin response (57).

Compared to the ACS group, the ACS-HTN group
had 3 metabolites that were obviously upregulated and 6
metabolites that were significantly downregulated among
which oleic acid and chenodeoxycholic acid were the
most obviously up- and downregulated, respectively. In
the metabolism of fatty acids, oleic acid belongs to the
monounsaturated group of fatty acids (58). Several studies
have confirmed its potential as a target for infections, and
inflammatory, immune, and cardiovascular diseases (58).
Monounsaturated fatty acids have protective effects for
the human body, including the lowering of cholesterol and
blood glucose and the improvement of insulin sensitivity
and endothelial dysfunction (59). However, it also has
potential adverse effects, such as the promotion of lipid
peroxidation and inhibition of immune function (60).
There is evidence that free fatty acids (FFAs), such as
linoleic acid and stearic acid, can modulate microvascular
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function and contribute to obesity-related insulin resistance
and hypertension (61). Ceramide, triacylglycerol, total
glycolipids, and oleic acid levels have been found to be
positively associated with longitudinal diastolic pressure
change (62). Furthermore, oleic acid was found to have
a close association with pulmonary arterial hypertension
occurrence (63). Our hypothesis was that the increased
oleic acid was the body’s self-protective mechanism against
hypertension.

Primary bile acids (BAs) such as chenodeoxycholic
acid are essential for the digestive-absorptive process of
cholesterol, triglycerides, and liposoluble vitamin (64).
Furthermore, BAs can regulate epithelial cell proliferation
and glycolipid metabolism in the enterohepatic cycle
as signaling molecules (64). Chenodeoxycholic acid can
activate type 2 iodothyronine deiodinase (D2) in brown
adipose tissue via the G protein-coupled bile acid receptor
1 (TGRS), leading to enhancive oxygen consumption and
energy expenditure (65). Chenodeoxycholic acid prevents
high-fat diet-induced obesity and hyperlipidemia via the
activation of TGRS and the inhibition of proliferator-
activated receptor y pathway (66). We speculated that the
decreased chenodeoxycholic acid present in patients with
ACS was caused by the pathophysiological pathways that
induce hypertension.

KEGG metabolic pathway analysis showed that
these differential metabolites were mainly concentrated
in oxidative phosphorylation, amino acid metabolism,
fatty acid metabolism, sphingolipid metabolism,
and citrate cycle. In particular, the discrepant lipids
metabolites between HCs and patients with ACS included
glycerol 3-phosphate, arachidonic acid, linolenic acid,
docosahexaenoic acid, docosahexaenoic acid, zymosterol,
and lathosterol. Discrepant lipid metabolites between
patients with ACS and ACS-HTN included oleic acid,
lathosterol, and chenodeoxycholic acid. KEGG analysis
showed that biosynthesis of unsaturated fatty acids, steroid
biosynthesis fatty acid, biosynthesis, and primary bile acid
biosynthesis were the main metabolic pathways enriched
by these dysregulated lipid metabolites. Reactive oxygen
species might be increased by FFAs, leading to oxidative
stress and insulin resistance as a result of signaling
pathways related to FFAs (67). These findings suggest that
these dysregulated metabolites may be involved in the
metabolic-related signaling pathways that contributed to
ACS pathogenesis.

This study has some limitations that should be noted.
Considering that this study was validated in a small sample,
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its accuracy should be scrutinized by further investigation.
Our experiment only preliminarily screened out the possible
differential metabolites between patients with ACS and
HCs through non-targeted metabolomics. Further targeting
of the screened differential metabolites and enlargement
of the sample size are needed, along with a comprehensive
data analysis of human serum and animal samples. It
would be useful to conduct a prospective cohort-based
metabolomics study to confirm the differential expression of
these metabolites among patients with ACS and those with
hypertension complications.

Conclusions

A comprehensive analysis of the circulatory metabolomics
change in patients with ACS was conducted and
hypertension’s influence on its metabolism was examined.
A serum metabolomics test can be used to identify
differentially metabolized molecules and allow for the
classification of patients with ACS or those complicated
with hypertension.
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