Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 May 2020. Downloaded on 11/22/2025 1:32:24 AM.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

W) Checkfor updates A metabolomic study for chronic heart failure
patients based on a dried blood spot mass
spectrometry approach

Cite this: RSC Adv., 2020, 10, 19621

Gaowa Zhao,?® Dong Cheng,?® Yu Wang,?¢ Yalan Cao,?® Shuting Xiang®®
and Qin Yu®*2

Objective: a dried blood spot (DBS) method integrated with direct infusion mass spectrometry (MS) focused
on a metabolomic analysis was applied to detect and compare the difference of metabolites between the
heart failure (HF) patients and non-HF patients in order to facilitate the early detection of heart failures,
provide targeted intervention and offer prognostic insights. Methods: the method we used was an
untargeted metabolic approach. The dry blood spot mass spectrometry (DBS) was used to analyze 23
types of amino acids and 26 types of carnitine in blood samples. In the current study, 49 metabolites were
selected to establish the PLS-DA model to compare the differences between the 117 HF patients and 118
non-HF patients, which inclined to detect the difference between the two groups. Multiple algorithms
were run for selecting different metabolites as potential biomarkers. Ten-fold cross validation method was
used to verify and evaluate the selected potential biomarkers. Results: through significant analysis of the
microarrays (SAM) and analysis of 9 parameters, 8 metabolites showed significant discrepancies between
the HF and non-HF groups. Among these metabolites, the levels of 5 metabolites were increased, and the
other 3 metabolites were decreased in the HF group compared with the non-HF group. However, 7
metabolites including Asn, CO, C14, C4DC, C5-OH, C6 and Glu were selected to distinguish the HF group
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Introduction patients would be beneficial to early diagnosis, prediction,
prognosis and individualized treatments.

Heart Failure (HF) is a global public health problem with high Metabolomics is used to detect low-molecular metabolites

morbidity and mortality, involving 26 million worldwide pop- produced during the cellular metabolism processes.® MS could
ulation, particularly occupying approximately 1% to 2% of the detect and quantify low-abundance metabolite sensitively.”® As
adult population.’” From an epidemiological perspective, an important metabolic analytical technology, mass spectrom-
timely diagnosis and early interventions in HF probably have etry (MS) has been widely used in the field of HF including the
far-reaching impacts on the healthcare economics and public ~ detection of metabolic spectra, screening of biomarkers and
health. From a microscopic perspective, HF is a manifestation exploring the metabolic changes both in human blood and
of metabolic derangements on the genetic, cellular, proteomic, urine samples.”*" Furthermore, the direct infusion MS tech-
and metabolic levels;** however, the metabolomic mechanism nology could meet the requirements of high-throughput and
of HF is not completely understood. According to statistics, rapid collection of fragmentation data and it has been applied
more than 40 000 unique metabolites have been identified in in the metabolomics studies of various diseases.'*** Compared
the Human Metabolome Database.’ Therefore, exploring the to the traditional venous blood sampling technology, a dried
specific metabolomics and related biomarkers in the HF blood spot (DBS) sample technology was usually used to collect

blood in new born screening (NS), which makes samples easy to

be transported and stored."** In the current study, we
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Materials and methods
Sample information

HF and non-HF patients were obtained from Affiliated Zhong-
shan Hospital of Dalian University. All the clinical parameters
were obtained from the targeted population including age,
height, weight, and blood pressure (BP) levels. In addition, the
medical histories were collected. DBS samples were composed
of 117 HF patients as the case group. In addition, 118 non-HF
patients were taken into the control group without cardiovas-
cular diseases. The HF patients enrolled in the study should
meet the following inclusion criteria for the diagnosis of
chronic heart failure (CHF), who should meet the Framingham
heart failure diagnostic criteria; ESC (European society of
Cardiology) guidelines for the diagnosis and treatment of HF
2016; New York Heart Association (NYHA) class II to IV. Exclu-
sion criteria: patients with malignant hypertension, severe
arrhythmia, acute myocardial infarction (<72 h), acute
myocarditis, aortic dissection, hemodynamic instability, and
malignant tumor combined with severe hepatorenal dysfunc-
tion; other specific oxidative stress related diseases. In the
control group, patients with non-HF were excluded from dia-
betes, digestive diseases, chronic infectious diseases, hyper-
tension, kidney diseases, autoimmune diseases, endocrine
disorders and cancer. The average age of the case and control
groups is 54 (23-91) years and 73 (26-96) years, respectively. The
information for HF patients and non-HF patients are shown in
Table 1. There was no age difference between the case and
control groups (p = 0.2975, t-test). All the participants were used
to build a training set for the prediction model. Ten-fold cross
validation was executed to build the test set for checking the
applicability of the prediction model. The study was approved
by Affiliated Zhongshan Hospital of Dalian University. Also, all
the participants have understood and signed the informed
consent.

Chemicals

We acquired high-purity acetonitrile of high-performance
liquid chromatography grade from Thermo Fisher (Waltham,
MA), and obtained 1-butanol and acetyl chloride from Sigma-

Table1 Information of the heart failure patients and non-heart failure
individuals®

Clinical indicator Control Case p-Value
Age (year) 54 + 11.42 73 £ 12 <0.0001
Gender (M/F) 56/61 65/53 0.2975
Height (m) 1.68 + 8.71 1.68 + 8.32 0.9015
Weight (kg) 64.51 £ 9.53 69.64 + 14.80 0.0018
BMI (kg m™3) 22.89 + 3.61 24.60 + 4.59 0.0017
SBP (mmHg) 122.82 + 11.93 135.32 £+ 22.12 <0.0001
DBP (mmHg) 76.43 + 7.58 76.42 + 12.27 0.9927

“The clinical indicators were compared between case and control
groups. Continuous variables were analyzed by the unpaired ¢test.
Chi-squared test was used to count variables.
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Aldrich (St Louis, MO). Also, we utilized isotope-labeled
internal standards, which were obtained from Cambridge
Isotope Laboratories (Tewksbury, MA) for 12 amino acids (NSK-
A) and 8 acyl carnitines (NSK-B) to make absolute quantifica-
tion. We prepared these standards by dissolving in 2 ml pure
methanol and storing them at 4 °C. Besides, we diluted the
working solution 100-fold for metabolite extraction. We
purchased the quality control (QC) standards for amino acids
and carnitine from Chromsystems (Grafelfing, Germany) and
injected the QC standards into the real sample analysis queue to
ensure analysis stability.

Sample preparation

A DBS filter paper (equivalent to 3.2 pl whole blood) was placed
into a 96-well plate. This disc was transferred to a Millipore
Multi Screen HV 96-well plate (Millipore, Billerica, MA, USA) for
metabolite extraction. Briefly, 100 pl of the working solution
was dispensed into one well containing a DBS disc and gently
shaken for 20 min at room temperature and centrifuged at 1500
x g for 2 min to collect the filtrate into a new flat bottom 96-well
plate. The filtrate and QC solutions were subjected to drying by
pure nitrogen gas at 50 °C. Each dried sample was derivatized in
a 60 pl butanol and acetyl chloride mixture (90 : 10, v/v) at 65 °C
for 20 min. The derivatized solutions were dried by pure
nitrogen gas at 50 °C again. Every 100 pl mobile phase solution
was added into each well prior to the metabolomics analysis.*

Metabolomic analysis

The direct injection MS metabolomic analysis was conducted
using an AB Sciex 4000 QTrap system (AB Sciex, Framingham,
MA, USA). The equipped ion source was an electrospray ioni-
zation source. All the analytes were scanned under a positive
model."” The positive model, we used, was linked with abun-
dant detection of the metabolites, while use of a negative model
could not detect the metabolites, so only “positive model” was
used in the current study.

We injected 20 pl sample for each run, and used the 80%
acetonitrile aqueous solution as the mobile phase at an initial
. The flow rate was subsequently
decreased to 0.01 ml min~ " within 0.08 min and remained for
0.5 min. We set an ion spray voltage at 4.5 kV, a curtain gas
pressure to 20 psi, the pressure for ion source gas 1 and gas 2 to
35 psi, and an auxiliary gas temperature at 350 °C.

Analyst v1.6.0 software (AB Sciex) was used to execute the raw
data collection and system control. Data preprocessing was
achieved by the ChemoView 2.0.2 software (AB Sciex). Partial
least squared discriminant analysis (PLS-DA) and principal
component analysis (PCA) were used to distinguish the HF
patients from non-HF individuals. In addition, importance in
projection (VIP) was calculated by SIMCA-P v12.0 (Umetrics,
Umea, Sweden). This variable represents the contribution of

flow rate of 0.2 ml min~

variables towards disease classification. Therefore, VIP values
were used to select the variables. In order to check the ratio-
nality of the building model, a 200-time permutation test was
used. The normality for all the variables in the HF and non-HF
groups was inspected using the Shapiro-Wilk test. T-test was

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Partial least-squared discriminant analysis (PLS-DA) for the metabolomic data of the heart failure and non-heart failure groups. (A) Score
plot shows the discrepancy between the heart failure and non-heart failure groups. (B) The model is accessed via 200-time permutation test. A
200-time permutation test was used to assess the model. The y-axis intercepts are R2 (0, 0.0954) and Q2 (0, —0.116).

used to check the discrepancy between the HF and non-HF
groups. For the non-parametric variables, the Mann-Whitney
test was applied. In addition, for adjusting the p-values towards
multiple hypothesis testing, a Benjamini Hochberg-based false
discovery rate (FDR) was applied.'® For selecting variables, the
VIP values (VIP > 1) and adjusted p-values (adjusted p < 0.05)
were applied with targeted values over 1 and lower than 0.05,
respectively. In addition, the significant analysis of microarrays
(SAM) method was used, which could inspect the variables with
significant difference between the HF and non-HF groups. For
further selection of the parameters, stepwise selection methods
were applied to select the final variables, and the selected
variables could be used to build the prediction model. At last,
the binary logistic regression method was used to build the HF
prediction model. SAS software was used to conduct the
statistical analysis.

Results
Metabolomic differences between HF and non-HF groups

In this study, 49 metabolites including 23 amino acids and 26
carnitines were used to build the PLD-DA model.** This model
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Fig. 2 Principal component analysis (PCA) for the metabolomic data
of the heart failure and non-heart failure groups.
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showed that the differences between the HF and non-HF groups
were significant (Fig. 1A). A permutation test indicated that
over-fitting was almost impossible to exist (Fig. 1B). R2 and Q2
values are given in the study: R2 = (0.0, 0.0954), Q2 = (0.0,
—0.116). In addition, a PCA scatter plot for metabolomics data
demonstrated that the heart failure group could be distin-
guished from the non-heart failure group (Fig. 2). However,
from the analysis results, the difference between the two groups
was not obvious.

Selecting differential metabolites

A PLS-DA model was applied to select the vital contribution
variables to distinguish the HF from non-HF groups (Fig. 1A). A
total of 16 parameters with VIP > 1.0 were selected for further
analyses. Significant differences for all the variables were
calculated using the Mann-Whitney test and ¢-test. In addition,
false discovery rate was adjusted. There were altogether 20
variables retained. Together, a total of 9 metabolites were
selected using the calculations of VIP and p-values (Fig. 3).
For further defining the biomarkers with significant
discrepancies between the HF and non-HF groups, SAM was
analyzed (Fig. 4). The results were shown in Fig. 4. For the
selected 9 parameters, the differences for 8 metabolites between
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Fig. 3 Scatter plot for the metabolomic data for VIP and adjusted p-
values.
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Fig. 4 Significant analysis of macroarrays for metabolomic data. The
false discovery rate was zero.

the HF and non-HF groups were significant (Table 2). Among
these, the levels of 5 metabolites were increased, and the levels
of other 3 metabolites were decreased in the HF group
compared with non-HF group.

Prediction regression model

A stepwise regression method was used to further select the
variables. Finally, 7 biomarkers were selected to establish the
binary logistic regression model, and these biomarkers were
Asn, C0, C14, C4DC, C5-OH, C6 and Glu (Fig. 5). This model is
adjusted by gender, age, body mass index (BMI), systolic blood
pressure (SBP), and diastolic blood pressure (DBP) with the
logic probability being given by (Logit probability = 0.3582 —
0.828 x gender + 2.0622 x age + 0.7273 x BMI + 1.16 x SBP —
0.2799 x DBP — 0.3078 x Asn + 0.4063 x CO + 0.9498 x C14 —
0.3275 x C4DC — 0.5561 x C5-OH + 1.4037 x C6 + 0.2495 X
Glu). The receiver operating characteristic (ROC) curve analysis
was executed to assess the diagnosis potential of the 7
biomarkers, and an ROC curve is shown in Fig. 6. The AUC value
for this ROC curve is 0.9549. The ROC curve displayed sensi-
tivity of 0.8475 and specificity of 0.9487 for distinguishing HF
from the non-HF groups. Ten-fold cross validation was applied
to test the diagnostic potential for the 7 selected biomarkers.
The AUC value for the ROC curve of the ten-fold cross validation
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model was 0.9386. The sensitivity and specificity for this vali-
dation model were 0.8475 and 0.8974, respectively.

Discussion

HF is a global medical problem with poor prognosis. Although
the HF treatment has been constantly updated with develop-
ment in medicines and technology, the difference in metab-
olomics between HF and non-HF patients remains unclear.
Metabolomic strategies could be used in probing the metabolic
aspects of HF, which is beneficial to understand the altered
metabolic pathways of HF. In the current study, the metabolites
including amino acids, carnitine and acylcarnitines in the HF
and non-HF groups were measured using the direct infusion MS
detection method and DBS sample technology. After systematic
selections, the differences for 8 metabolites between the HF and
non-HF groups were significant. Ultimately, 7 metabolites as
novel potential HF biomarkers taken from the stepwise
regression process could be used in classification for non-HF
patients.

There are many reasons for heart failure, and the common
causes of heart failure are high blood pressure, coronary
atherosclerotic disease, myocardial ischemia, myocardial
infarction, hyperglycemia, impaired glucose tolerance, dia-
betes, obesity and so on. However, during the development of
heart failure, a complex network of compensatory mechanisms
is activated on macro and micro structural, cellular, and
molecular levels to maintain the heart function.*® The heart
needs and consumes more energy than any other organ of the
human body. To reach this enormous demand, the heart
converts chemical energy stored in the fatty acids and glucose
into mechanical energy. If these mechanisms do not reach the
demand of the heart, cardiac malfunction, mechanical failure
of the heart occurs. The “energy starvation” hypothesis
subsumes the altered mechanisms of myocardial energetics,
which leads to the energy depletion. From the perspective of
metabolism, heart failure is the manifestation of a abnormal
myocardial energy metabolism, including the metabolism of
fatty acids, glucose, amino acids.

Amino acids are an important part of the human body and
the basic components of structural and functional proteins.*
They are also used as substrates for generating energy.”
Previous metabolomics studies have shown HF to be associated

Table 2 The differential parameters between the heart failure patients and non-heart failure subjects

Adjusted
No Parameters Control (mean + SD) Case (mean =+ SD) Status p-Value p-value
1 Asn 73.8558 £ 23.0247 65.5182 £ 20.6377 l 0.0048 0.0157
2 Co 35.8565 =+ 28.4928 68.1325 + 70.5508 T <0.0001 <0.0001
3 C14 0.0858 + 0.0353 0.1117 £ 0.0683 T 0.0011 0.0049
4 C4DC 0.6045 + 0.3144 0.4548 + 0.2128 l 0.0003 0.0021
5 C5-OH 0.2585 + 0.1031 0.2197 + 0.0946 l 0.0029 0.0101
6 Cé 0.0617 + 0.0281 0.1059 + 0.0538 1 <0.0001 <0.0001
7 Cit 19.5681 + 6.8929 24.1283 4 11.8882 T 0.0081 0.0233
8 Glu 102.5858 + 36.0924 122.2345 + 55.8465 1 0.0099 0.0269
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Fig. 5 Levels of seven metabolites were used for building binary the logistic regression model (A-G).

with abnormal amino acid metabolism.* In the study, Asn level
was found to be decreased, whereas the Glu and Cit levels
increased for HF patients, all of them being the non-essential
amino acids. Asn can be used as a carrier of K" and Mg>" to
deliver the electrolytes to the myocardium. Previous studies
have verified the process involved in improving the myocardial
systolic function, reducing oxygen consumption and effecting

This journal is © The Royal Society of Chemistry 2020

the myocardium protection when the coronary artery circula-
tion is impaired by hypoxia. In addition, it is involved in the
ornithine cycle, promoting the production of urea from oxygen
and carbon dioxide and reducing the amount of nitrogen and
carbon dioxide in the blood. It seems reasonable that the level
of Asn is decreased in HF. Glu is the main component of protein
and one of the basic amino acids for nitrogen metabolism in the

RSC Adv, 2020, 10, 19621-19628 | 19625
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Fig.6 ROC curves for the training set and ten-fold cross validation set
based on the logistic regression model.

body, which has been demonstrated to have the effect on
vasodilatation, promoting blood circulation and improving
tissue energy metabolism. The previous study showed
a decreased expression of the mitochondrial protein
9030617003Rik in the heart failure mouse model.>* The accu-
mulation of glutamate in the heart of 9030617003Rik-deficient
mice suggests that glutamate is metabolized in the mammalian
hearts. In our study, increased glutamate levels in the patients
with HF may be associated with impaired myocardial cells and
impaired glutamate metabolism.>

Cit is produced in the body when NOS catalyzes arginase
reactions through the arginine NO pathway to produce nitric
oxide (NO).>* NO acts on the vascular endothelial cells to expand
the peripheral blood vessels, and has a variety of effects such as
reducing blood pressure, inhibiting platelet aggregation, and
antioxidant. The activity of arginase was increased in the previous
studies, leading to the decrease in the NO formation and
increasing the production of reactive oxygen species. Therefore,
the increased Cit level in HF may be due to the increased arginase
activities, which leads to the increased ornithine level and thus
the increased citrulline level.?® So, the level of Cit could serve as
a biomarker for the endothelial function.

Carnitine is a micronutrient that plays a key role in lipid
metabolism.>” Carnitine exists as both free carnitine and
acylcarnitine in the human body and present in all body fluids,
which is mainly in tissues with high energy demand, skeletal
muscle and myocardium, and only a small part in liver, brain,
kidney and extracellular fluid (such as plasma and urine).
Carnitine and its acyl derivatives play an important role in the
fatty acid oxidation. In the current study, the levels of two
acylcarnitines, including C4DC and C5-OH were obviously
decreased in the HF patients; however, the levels of three
carnitine and acylcarnitines, including C14, C6 and C0, were
significantly increased in the HF patients. C4DC and C5DC are
belonging to short-chain acylcarnitines, which might promote
the expression of gene and protein related to oxidative stress.
Hence, the decrease in the short-chain acylcarnitine in the HF
patients may be related to the regulation of oxidative stress
factors.*®?® The long-chain acylcarnitine are closely related to
fatty acid B-oxidation, which is an important source of energy
for the body. The heart is the most metabolically active organ
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in the body and primarily utilizes free fatty acids (FFAs) as
energy substrates. Healthy myocardium primarily meets its
requirements for energy through the oxidation of long-chain
fatty acids (LCFA), where carnitine plays a key role as
a carrier.®® In the HF group, changes occur in myocardial
mitochondrial functions that result in a shift towards the
preferential use of glucose for metabolism rather than FFAs.**
LCFAs are activated by the esterification of CoA at the outer
mitochondrial membrane. The inner mitochondrial
membrane is impermeable to the acyl-CoA esters. The
“carnitine shuttle” regulates the flux of acyl-CoA esters into the
mitochondria. Many clinical and experimental studies have
demonstrated that the failing heart undergoes metabolic
remodeling and develops a metabolic inflexibility, switching
to glucose utilization at the expense of fatty acid oxidation.**
These findings are consistent with the notion that the
syndrome of HF may be characterized by a general state of
metabolic inflexibility and mitochondrial inefficiency that
leads to the accumulation of the metabolic intermediates of
fatty acid oxidation such as the long-chain acylcarnitines.** CO
is an amino acid derivative, and is necessary for the entry of
long-chain fatty acids into the mitochondria for B-oxidation
and protects the myocardium against ischemic injury. When
HF occurs, myocardial cells are damaged, accompanied with
abnormal mitochondrial metabolism, long-chain fatty acids in
the cytoplasm are difficult to enter the mitochondria for B-
oxidation, myocardial energy is insufficient and lipid accu-
mulation in the cytoplasm further damages the myocardial
cells, forming a vicious cycle. The increased level of CO in the
plasma of HF patients might be associated with the leakage of
CO into plasma through damaged myocardial cells,* which
might explain the difference between the HF and non-HF
patients.

A binary logistic regression model was constructed to test if
the significantly changed metabolites could be used in
differentiating the HF patients from non-HF individuals.
Seven metabolites (Asn, C0, C14, C4DC, C5-OH, C6, Glu) were
used to build the regression model. The ROC curve based on
the seven parameters showed significant classification
between the HF patients and healthy subjects with the AUC
value of 0.9386. The sensitivity and specificity for this valida-
tion model were 0.8475 and 0.8974, respectively (Fig. 5). This
suggested that excellent performance of classification between
the HF and non-HF groups could be realized via the seven
decisive parameters.

Conclusion

In the current study, the direct infusion MS analysis combined
with the DBS sample approach supply us a convenient, accurate
and effective metabolomic technology to detect metabolite
changes in HF. A binary logistic regression model was built based
on seven decisive metabolites. It is indicated that this prediction
model could be used as an alternative method for the screening of
HF, which would be beneficial to understand the metabolic
pathway of HF, finding out the biomarkers to predict the prog-
nosis of HF and providing the basis for individualized treatments.

This journal is © The Royal Society of Chemistry 2020
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Abbreviations

DBS Dried blood spot

HF Heart failure

MS Mass spectrometry

CHF Chronic heart failure

Cit Citrulline

Glu Glutamic acid

Asn Asparagine

C4DC Succinyl/methylmalonylcarnitine
C5-OH 3-Hydroxyisovalerylcarnitine

Cé Hexanoylcarnitine

C14 Myristoyl-carnitine

Cco Free carnitine

BP Blood pressure

PLS-DA Partial least squared discriminant analysis
PCA Principal component analysis
SAM Significant analysis of microarrays
VIP Variable importance in projection
NS Newborn screening

FDR False discovery rate

ROC Receiver operating characteristic
AUC Area under the curve

BMI Body mass index

SBP Systolic blood pressure

DBP Diastolic blood pressure
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