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approach to profiling the
cardioprotective effect of LCZ696, an angiotensin
receptor-neprilysin inhibitor, on ischemia induced
heart failure†

Yan Xia,‡ Zhangwei Chen,‡ Ao Chen, Danbo Lu, Jianguo Jia, Yunzeng Zou,
Juying Qian * and Junbo Ge*

Heart failure is one of the most common chronic diseases in the world, particularly among the elderly, yet,

no clinically approved metabolite biomarkers have been identified so far. To address this issue, we

conducted a liquid-chromatography study with time-of-flight mass spectrometer (LC/Q-TOF-MS)-based

metabolomics to investigate heart failure and to assess the efficacies and mechanisms of LCZ696, which

is a novel angiotensin receptor neprilysin inhibitor in treating heart failure in mice induced by coronary

artery ligation. Based on unsupervised principal component analysis, a clear separation was observed

between the heart failure and sham-operated group, which revealed that heart failure disturbed the

metabolism of endogenous substances and significantly altered the heart metabolite fingerprints. After

LCZ696 treatment, the metabolomics profile found in heart failure was significantly reversed, shifting

much closer to sham controls, confirming that LCZ696 had therapeutic effects in heart failure.

Metabolomic pathway analysis revealed that several pathways including fatty acid metabolism, lipid

metabolism, glucose metabolism, and amino acid metabolism were significantly altered in heart failure

mice. Consequently, it was inferred that LCZ696 shows therapeutic efficacy in heart failure by restoring

these disturbed metabolic pathways, especially the ones related to energy metabolism. To conclude, the

present study provides a new methodological approach for understanding heart failure and LCZ696

mechanisms relevant for heart failure treatment.
1. Introduction

Heart failure (HF) is a leading cause of mortality in developed
countries with a current prevalence of over 23 million world-
wide.1 Besides an increasing prevalence of heart failure in
industrialized and developing countries, there is also an
increase in the hospitalization burden and healthcare costs
related to this disease, as there are only few available treatment
options.2,3 Consequently, heart failure is considered to be
a worldwide epidemic.2 Circulating biomarkers, such as natri-
uretic peptides, may aid in diagnosis; however, heart failure is
a heterogeneous syndrome, and consequently, there is no single
non-invasive test that could predict with 100% accuracy the
heart failure status in symptomatic patients.4 As a result, there
is considerable interest in identifying novel biomarkers that
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could improve diagnosis, enhance prognostication, guide
individual therapy, and enrich pathophysiological under-
standing of the heart failure syndrome.5 Increasing evidence
suggests heart failure is associated withmetabolic dysfunction.6

Insulin resistance, diabetes mellitus, and obesity are risk
factors for heart failure development. In patients with heart
failure, myocardial substrate utilization largely switches from
using fatty acids to using glucose.7,8 As a result, metabolic
prole provides a signicant prognostic value. LCZ696 is a novel
angiotensin receptor neprilysin inhibitor. The PARADIGM heart
failure trial conrmed the superiority of LCZ696 over enalapril
in treating patients with chronic heart failure.9 However, the
molecular mechanisms underlying the benecial effects of
LCZ696 in heart failure treatment have still not been fully
understood. Therefore, identifying circulating metabolite
proles that are characteristic of heart failure is an attractive
approach to discover valuable biomarkers, especially following
LCZ696 treatment. Metabolomics is the analysis of a whole
array of metabolites in a biosystem under a given set of condi-
tions.10 Metabolomics has been shown to have a substantial
impact on the investigation of various cardiovascular
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra01404j&domain=pdf&date_stamp=2017-06-02
http://orcid.org/0000-0002-7512-3692
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra01404j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007046


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

04
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
diseases.11,12 And the number of studies on its application for
heart failure assessment is growing.13–15

The goal of this study was to investigate the biochemical
changes in heart failure, and therapeutic effects and mecha-
nisms of LCZ696 by means of LC-MS-based metabolomics.
Heart tissues were collected from the established sham-
operated mice, model mice model and LCZ696-treated group
subjected to metabolomics analysis. Multivariate statistical
analysis was used to interpret metabolic changes, and to
providemore insight into heart failure, as well as to characterize
LCZ696 efficacy and mechanisms relevant for heart failure
treatment.

2. Materials and methods
2.1. Chemicals and reagents

LC-MS grade acetonitrile and methanol were purchased from
Honeywell Burdick and Jackson (Muskegon, MI, USA). Mass
Spectroscopic grade formic acid was purchased from Fluka
(Buchs, Switzerland). Ultra-pure water was obtained in a Milli-Q
system fromMillipore (Bedford, MA, USA). Reference standards
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals and treatment

Adult male Balb/c mice (8 weeks old, weighing 20–22 g) were
purchased from laboratory animal center of Fudan University
(Shanghai, China). The mice were randomly divided into three
main groups: sham-operated group (n ¼ 13), model mice group
(n ¼ 12) and LCZ696-treated group (n ¼ 10). Sham-operated
mice were thoracotomy and without le anterior descending
ligation. Ischemia heart failure mice group were subjected to
myocardial infarction (MI) induced by le anterior descending
ligation.16 LCZ696-treated group were injected once a day with
LCZ696 (Selleck, USA, 60 mg kg�1 per day) dissolved in normal
saline; the rst injection was preformed 24 h post-MI surgery.17

The treatment lasts for 4 weeks.
The isolated tissue were analyzed using histological assay (n

¼ 4) or by metabolomic prole. For metabolomic analysis,
tissue was randomly divided into 2 samples and minced on ice
to measure charged and lipid metabolites. The tissue samples
were then weighed and snap frozen in liquid nitrogen and
stored at �80 �C for further analysis.

All animal studies (including the mice euthanasia proce-
dure) were done in compliance with the regulations and
guidelines of Fudan University Institutional Animal Care. All
experiments were approved by the Animal Research Committee
Board of Fudan University Institutional Animal Care and con-
ducted according to the Institutional Animal Care and Use
Committee (IACUC) guidelines.

2.3. Echocardiography and histochemical staining

Transthoracic echocardiography was performed using Visual-
Sonics Vevo770 (Toronto, ON, Canada) by end of the forth week
post-treatment. Anesthesia was induced by putting the mouse
in an induction chamber using 3% isourane and 1 L min�1

100% oxygen for 1–2 minutes. Once the animal lost its righting
This journal is © The Royal Society of Chemistry 2017
reex, it was laid supine on a heated platform with its nose
enveloped in a nosecone to keep the mouse anesthetized by 2%
isourane. M-mode images were then recorded when the heart
rate (HR) was 450–500 bpm. Le ventricular ejection fraction
(LVEF), and le ventricular end-diastolic dimension (LVEDD)
and le ventricular end-systolic dimension (LVESD) were
measured as previously described.18 All measurements were
averaged from ve consecutive cardiac cycles and were carried
out by three experienced technicians who were unaware of the
identities of animal groups.18

Mice were then euthanized and the hearts were carefully
dissected and xed in 10% neutral-buffered formalin at room
temperature for 24 h and then embedded in paraffin. Tissue
were then cut in 5 mm sections and stained with hematoxylin
and eosin (H&E) to analyze the heart morphology. The results
were digitalized using an Olympus BX-51 light microscope
(Olympus America Inc., Melville, NY, USA).

2.4. Measurement of NT-proBNP and high-sensitivity
cardiac troponin T (hs-cTnT)

Blood samples were collected through the plexus\sinus, centri-
fuged at 2000� g at 4 �C for 15 min to separate serum, and then
stored at �80 �C for further analysis. Serum NT-proBNP and hs-
cTnT levels were measured according to the manufacturer's
instructions by enzyme-linked immunosorbent assay (ELISA)
using a mouse NT-proBNP and hs-cTnT ELISA Kit (MyBio-
Source, CA, USA).

2.5. Sample processing

For LC/MS analysis, 50 mg of tissue sample was transferred to
a 1.5 mL centrifuge tube. 0.5 ml a monophasic mixture of
methanol–water (4 : 1, v/v), with an internal standard 10 mL 2-
chlorophenylalanine (4 mg mL�1), were added to each sample
and the mixture was homogenate at 4 �C for 2 min. The samples
were subsequently centrifuged at 13 000 rpm for 10 min at 4 �C
and 0.2 mL of the supernatant was collected separately from
each sample into a test tube. Quality control (QC) samples,
which were prepared by mixing equal amounts of tissue
samples from each sample, were used to control intra- and
inter-batch variability. All samples were obtained and stored at
�80 �C until further analysis.

2.6. LC-Q-TOF/MS

All the samples were randomized prior to LC-TOFMS analysis to
decrease experimental dris. Tissue metabolite proling was
performed on an Agilent 1290 Innity Liquid Chromatography
System (Agilent Technologies, Santa Clara, CA, USA) equipped
with Waters ACQUITY UPLC@HSS T3 column with 2.5 mm
particle size (2.5 mm, 100 � 2.1 mm, Waters Corp., Milford, MA,
USA). The column was maintained at 40 �C; the injected sample
volume was 4 mL. Gradient conditions were 0–2 min 5% B, 2–
13 min linear gradient from 5 to 95% B, and 13–15 min 95% B,
post time, 5 min. Solvent A was 0.1% formic acid–water; solvent
B was 0.1% formic acetonitrile. The ow rate was 400 mL min�1.
MS experiments were performed on an Agilent 6538 UHD and
Accurate-Mass Q-TOF (Agilent Technologies) equipped with
RSC Adv., 2017, 7, 29170–29183 | 29171
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electrospray ionization source. Data for each ionization tech-
nique were acquired in positive and negative ionization mode.
The measurement conditions were as follows: capillary voltage,
4 kV in positive mode and 3.5 kV in negative mode; drying gas
ow, 11 L min�1; gas temperature, 350 �C; nebulizer pressure,
45 psig; fragmentor voltage, 120 V; skimmer voltage, 60 V. The
scan range used was m/z 50–1000.

2.7. LC-Q-TOF/MS data processing

Firstly, raw data was processed using the “Find by Molecular
Feature” function, using MassHunter Qual version B.04.00
(Agilent) soware, for peak detection and removal of isotopes
and adducts. Generated MHD les were then imported into the
soware Mass Proler Professional version B.12.05 (Agilent) for
normalization, alignment, peak ltering and statistical analysis.
The parameters used were the following: retention time range
0–15 min, mass range 50–1000 Da, mass tolerance 0.02 Da, RT
tolerance was set at 0.01 min. Consequently, a list of the ion
intensities, retention time and the m/z of each peak, was
generated. Finally, all samples were normalized using the
internal standard 2-chlorophenylalanine, and the ion peaks,
generated by the internal standard, were removed. In order to
obtain consistent differential variables, only peaks present in at
least 80% of samples in at least one group were retained for
further analysis.

2.8. Multivariate data analysis

Data were exported into SIMCA-P+ 13.0 soware (Umetrics,
Umeå, Sweden). Principle component analysis (PCA) and partial
least squares-discriminant analysis (PLS-DA) were carried out to
visualize the metabolic alterations between the groups aer
mean centering and unit variance scaling. In this study, the
default 7-round cross-validation was applied to guard against
over-tting of PLS-DA model. The variable importance in the
projection (VIP) values of all the peaks from the 7-fold cross-
validated PLS-DA model was taken as a coefficient for peak
selection. And those variables with VIP > 1.0 are considered
relevant for group discrimination. Besides the multivariate
analysis, one univariate method, an independent t-test (p < 0.05)
was used to determine whether the candidate biomarkers ob-
tained from PLS-DA modeling were statistically signicant
between groups at univariate analysis level. The structures of
the potential biomarkers were elucidated with the high-
resolution MS and MS/MS spectra and by searching various
databases including KEGG (http://www.genome.jp) and HMDB
(http://www.hmdb.ca). And the structures of biomarkers were
validated by comparing with the reference standards in our lab.
The heatmap of different metabolites was performed using
a MetaboAnalyst platform (http://www.metaboanalyst.ca).

2.9. Molecular pathway and network analysis in IPA

Pathway analysis of different metabolites was performed by
Ingenuity Pathways Analysis (IPA; http://www.ingenuity.com),
a web-based soware that identies biological pathways and
functions relevant to bio-molecules of interest. The metabolite
(with KEGG IDs) and the fold change directions of these
29172 | RSC Adv., 2017, 7, 29170–29183
metabolites were uploaded onto an IPA server. And then the
canonical pathways and molecular interaction networks were
generated based on the knowledge sorted in the Ingenuity
Pathway Knowledge Base.

3. Results
3.1. Histopathological changes in heart of sensitized
animals challenged by LCZ696

Marked inltration of inammatory cells into perivascular,
lumen narrowing and mucosa thickening, were observed in the
hearth tissue of the model group compared with the sham
group tissue (Fig. 1); however, the heart tissues of mice in sham-
operated group showed a normal architecture. Additionally, the
structures of hearts in mice treated with LCZ696 showed
progressive amelioration of the inammatory process and
improved restoration of the mucosal tissue.

3.2. LCZ696 attenuated ischemia le ventricular
dysfunction in mice

Le ventricular ejection fraction (LVEF) measured by echocar-
diography was signicantly reduced in model mice group
compared to sham-operated group and improved by treatment
with LCZ696, while the le ventricular end-diastolic dimension
(LVEDD) and end-systolic dimension (LVESD) were signicantly
increased in heart failure mice, which could be signicantly
attenuated by treatment with LCZ696 (Fig. 2A–D). Furthermore,
NT-proBNP level was signicantly higher in model group
compared to sham-operated group, which tended to be lower
post LCZ696 treatment. However, hs-cTnT levels were similar
among three groups (Fig. 2E and F).

3.3. Tic chromatogram based on LC-Q-TOF MS

LC-Q-TOF MS was applied to obtain the metabolic proles of
the serum of sham-operated group, model mice group and
LCZ696-treated group in the positive and negative ESI mode.
The total ion current data obtained from all the samples was
shown in Fig. 3. The good overlapping spectrum of all the
samples (Fig. 3) demonstrated the excellent stability and
reproducibility of chromatographic separation and mass
measurement during the whole sequence.

3.4. Identication of potential biomarkers

PCA was rst performed on the dataset, and the PCA score plot
of all experimental samples and quality controls (QCs) is shown
in Fig. 4, which showed a trend of inter-group separation
(Fig. 4A and B). Then PLS-DA analysis was implemented to
directly search for treatment related metabolites and the results
were displayed in the forms of score plots. Then PLS-DA analysis
was implemented to directly search for treatment related
metabolites and the results were displayed in the forms of score
plots. The PLS-DA scores plots (Fig. 4C and E) showed three
clusters of sham-operated group, model mice group and
LCZ696-treated group (with R2X ¼ 0.684, R2Y ¼ 0.874, Q2 ¼
0.663 and R2X ¼ 0.883, R2Y ¼ 0.932, Q2 ¼ 0.768, respectively).
Model group was clearly separated from sham-operated group,
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Representative H&E stain of heart sections from (A) sham-operated group, (B) model group, (C) LCZ696-treated group. Representative
H&E-staining micrographs displaying transverse myocardial section (original magnification �100).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

04
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
while the LCZ696-treated group was close to sham-operated
group. The permutation test (200 times) of the PLS-DA model
corresponding to PCA model including correlation coefficient
between the original Y and the permuted Y versus the cumula-
tive R2 and Q2, with the regression line is shown in Fig. 4D and
F. The intercept (R2 and Q2 when correlation coefficient is zero)
which is correlated with the extent of overtting is rather small
(R2 (0.0, 0.371) and Q2 (0.0, �0.483) in positive mode, R2 (0.0,
0.511) andQ2 (0.0,�0.61) in negative mode), suggesting that the
model had a good predictive power and goodness-of-t.
Furthermore, the variables (VIP > 1.0) that signicantly
contributed to the clustering and discrimination were then
validated using an independent sample T-test (SPSS 17.0). The
critical p-value was set to 0.05 for signicantly differential
variables in this study. As a result, 43 signicantly differential
metabolites from tissue samples were selected for further study.
Some of compounds were authenticated based on RTs and MS/
This journal is © The Royal Society of Chemistry 2017
MS fragmentation patterns; and some of metabolites rely on
native high resolution m/z data (Table 1). The MS/MS data
information of potential biomarkers is shown in ESI.† The
heatmap of 43 different metabolites was performed using
a MetaboAnalyst platform (http://www.metaboanalyst.ca), as
shown in Fig. 5; the levels of all 43 metabolites (shown in Table
1) were signicantly altered in the model group compared to the
sham-operated. In the LCZ696 treated group, these metabolites
were signicantly reversed. Furthermore, the 43 metabolites
were subjected to pathway analysis based on metaboanalyst 3.0
(http://www.metaboanalyst.ca) and the associated metabolic
pathways of each substance with their FDR values are summa-
rized in Table 2. As shown in Fig. 6, phenylalanine, tyrosine and
tryptophan biosynthesis, phenylalanine metabolism, valine,
leucine and isoleucine biosynthesis and purine metabolism has
been found as important metabolic pathways.
RSC Adv., 2017, 7, 29170–29183 | 29173
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Fig. 2 Echocardiography parameters in sham-operated group, model group and LCZ696-treated group. All the quantitative data are presented
asmeans� standard error and compared by one-way ANOVA. (A) Echocardiography in three groups. (B) Left ventricular end-diastolic dimension
(LVEDD). (C) End-systolic dimension (LVESD). (D) Left ventricular ejection fraction (LVEF). (E) N-Terminal pro brain natriuretic peptide (NT-
proBNP). (F) High-sensitivity cardiac troponin T (hs-cTnT) in the three groups. *P < 0.05, **P < 0.01, and ***P < 0.001.
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3.5. The network function analysis by IPA

IPA analysis was applied to build network with potential
biomarkers of heart failure. In the network function analysis,
the relatedmetabolites tended to gather into one single network
(Fig. 7). The top 5 altered pathways were fatty acid b-oxidation,
mitochondrialin dysfunction, phenylalanine degradation, fatty
acid activation, cainitine biosynthesis.
Fig. 3 The overlapped total ion chromatogram of sham-operated group,
negative modes (ESI+, ESI�).

29174 | RSC Adv., 2017, 7, 29170–29183
4. Discussion

In the present study, the model mice were subjected to induc-
tion of myocardial infarction (MI) by le anterior descending
ligation. The biomarkers of heart failure and the molecular
mechanisms underlying the benecial effects of LCZ696 in
heart failure treatment were studied using the metabonomics
model group and LCZ696-treated group. One set each for positive and

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 PCA score plot ((A) POS; (B) NEG) and PLS-DA score plot (C) POS (R2X ¼ 0.366, R2Y ¼ 0.828, Q2 ¼ 0.785); (D) POS, A 999-times
permutation test for the correspondingmodel. The Y-axis intercepts were: R2 (0, 0.529),Q2 (0,�0.954); (E) NEG (R2X¼ 0.837, R2Y¼ 0.974,Q2¼
0.829); (F) NEG, A 999-times permutation test for the corresponding model. The Y-axis intercepts were: R2 (0, 0.73),Q2 (0, �0.889). (-) sham-
operated group, (C) model group, (A) LCZ696-treated group.
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method. In model heart tissues of mice, we observed marked
inltration of inammatory cells into perivascular and,
connective tissues lumen narrowing and mucosa thickening
This journal is © The Royal Society of Chemistry 2017
compared with the normal tissue. Furthermore, aer treatment
with LCZ696, le ventricular end-diastolic dimension (LVEDD)
and end-systolic dimension (LVESD) were signicantly
RSC Adv., 2017, 7, 29170–29183 | 29175
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Table 1 The potential biomarkers detected by UPLC-Q-TOF/MS and their variation tendency. ([) Up-regulated; (Y) down-regulated. ‘P’
represents the P value in the T test. ‘FC’ represents the fold change; ‘m/z’ represents the mass charge ratio; ‘RT’ represents the retention time

No. m/z
RT/
min VIP Metabolites Ion Identify Formula

Trend (model
vs.
sham-
operated)
(LCZ696-
treated vs.
model)

P (model
vs. sham-
operated)

FC
(model
vs.
sham-
operated)

P
(LCZ696-
treated
vs.
model)

FC
(LCZ696-
treated
vs.
model)

1 162.1120 0.66 6.42 L-Carnitine [M +
H]+

Accurate
mass,
MS/MS

C7H15NO3 Y[ 2.57 �
10�6

0.61 5.47 �
10�1

1.12

2 215.0335 0.71 1.56 Glucose [M +
Cl]�

Accurate
mass

C6H12O6 [Y 1.33 �
10�10

2.73 7.94 �
10�1

0.98

3 229.0126 0.73 1.03 Ribose 1-phosphate [M �
H]�

Accurate
mass

C5H11O8P Y[ 4.63 �
10�4

0.73 6.59 �
10�1

1.05

4 368.9999 0.87 1.17 Sedoheptulose 1,7-bisphosphate [M �
H]�

Accurate
mass

C7H16O13P2 [Y 4.71 �
10�6

3.24 8.82 �
10�1

0.98

5 338.9894 0.87 2.52 D-Glucose biphosphate [M �
H]�

Accurate
mass

C6H14O12P2 [Y 2.44 �
10�6

3.05 5.63 �
10�1

0.93

6 613.1600 0.89 1.80 Glutathione, oxidized [M +
H]+

Accurate
mass,
MS/MS

C20H32N6O12S2 [Y 4.63 �
10�5

2.47 5.54 �
10�2

0.70

611.1453 0.89 1.88 Glutathione, oxidized [M �
H]�

Accurate
mass,
MS/MS

C20H32N6O12S2 [Y 9.21 �
10�6

2.94 1.28 �
10�1

0.79

7 135.0314 1.04 1.04 Hypoxanthine [M �
H]�

Accurate
mass,
MS/MS

C5H4N4O [Y 2.01 �
10�12

3.06 2.86 �
10�1

0.93

8 426.0229 1.04 1.39 ADP [M �
H]�

Accurate
mass,
MS/MS

C10H15N5O10P2 Y[ 7.75 �
10�7

0.55 9.25 �
10�1

1.01

9 153.0410 1.10 3.84 Xanthine [M +
H]+

Accurate
mass

C5H4N4O2 [Y 5.33 �
10�9

3.19 9.62 �
10�1

0.98

151.0264 1.11 3.38 Xanthine [M �
H]�

Accurate
mass,
MS/MS

C5H4N4O2 [Y 4.92 �
10�12

3.15 2.31 �
10�1

0.92

10 132.1020 1.16 7.07 Isoleucine, L-leucine [M +
H]+

Accurate
mass,
MS/MS

C6H13NO2 [Y 5.48 �
10�9

1.92 9.09 �
10�1

0.98

11 164.0719 2.07 1.52 L-Phenylalanine [M �
H]�

Accurate
mass,
MS/MS

C9H11NO2 [Y 4.95 �
10�10

2.05 8.39 �
10�1

0.99

12 220.1180 2.92 1.40 Pantothenic acid [M +
H]+

Accurate
mass,
MS/MS

C9H17NO5 [Y 1.72 �
10�5

1.50 3.33 �
10�1

0.91

218.1038 2.93 1.49 Pantothenic acid [M �
H]�

Accurate
mass,
MS/MS

C9H17NO5 [Y 6.64 �
10�5

1.44 2.47 �
10�1

0.92

13 188.0710 3.97 1.28 3-Amino-2-naphthoic acid [M +
H]+

Accurate
mass,
MS/MS

C11H9NO2 [Y 5.14 �
10�9

1.59 4.91 �
10�1

0.96

14 205.0970 3.97 1.75 L-Tryptophan [M +
H]+

Accurate
mass,
MS/MS

C11H12N2O2 [Y 5.12 �
10�9

1.64 1.90 �
10�1

0.93

15 494.3250 9.83 1.03 LysoPC(16:1), PC(16:1/0:0) [M +
H]+

Accurate
mass

C24H48NO7P [Y 1.28 �
10�2

1.60 4.14 �
10�1

0.83

16 544.3400 10.11 5.16 PC(20:4/0:0), LysoPC(20:4) [M +
H]+

Accurate
mass

C28H50NO7P [Y 4.13 �
10�8

1.86 2.88 �
10�2

0.83

588.3312 10.11 2.23 LysoPC(20:4) [M +
FA �
H]�

Accurate
mass

C28H50NO7P [Y 1.31 �
10�7

1.88 7.23 �
10�2

0.86

17 520.3400 10.12 6.39 1-
Linoleoylglycerophosphocholine

[M +
H]+

Accurate
mass

C26H50NO7P [Y 2.45 �
10�7

1.98 2.05 �
10�1

0.87

564.3314 10.12 2.49 C26H50NO7P [Y 1.85 0.99

29176 | RSC Adv., 2017, 7, 29170–29183 This journal is © The Royal Society of Chemistry 2017
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Table 1 (Contd. )

No. m/z
RT/
min VIP Metabolites Ion Identify Formula

Trend (model
vs.
sham-
operated)
(LCZ696-
treated vs.
model)

P (model
vs. sham-
operated)

FC
(model
vs.
sham-
operated)

P
(LCZ696-
treated
vs.
model)

FC
(LCZ696-
treated
vs.
model)

1-
Linoleoylglycerophosphocholine

[M +
FA �
H]�

Accurate
mass,
MS/MS

3.02 �
10�6

8.86 �
10�1

18 476.2787 10.17 1.70 PE(18:2/0:0) [M �
H]�

Accurate
mass,
MS/MS

C23H44NO7P [Y 6.38 �
10�9

2.11 1.95 �
10�1

0.91

19 500.2787 10.22 1.19 LysoPE(20:4/0:0), PE(20:40:0) [M �
H]�

Accurate
mass,
MS/MS

C25H44NO7P [Y 4.34 �
10�6

1.50 7.16 �
10�1

0.98

20 454.2930 10.55 2.41 PE(16:0/0:0) [M +
H]+

Accurate
mass,
MS/MS

C21H44NO7P [Y 1.97 �
10�4

1.64 1.12 �
10�1

0.81

452.2790 10.56 2.34 PE(16:0/0:0) [M �
H]�

Accurate
mass,
MS/MS

C21H44NO7P [Y 2.35 �
10�4

1.55 8.66 �
10�2

0.84

21 991.6730 10.60 6.42 NeuAcalpha2-3Galbeta-
Cer(d18:1/16:0)

[M +
H]+

Accurate
mass

C51H94N2O16 [Y 3.63 �
10�4

1.83 5.37 �
10�2

0.73

22 540.3313 10.61 3.97 PC(16:0/0:0), PC(0:0/16:0),
LysoPC(16:0)

[M +
FA �
H]�

Accurate
mass,
MS/MS

C24H50NO7P [Y 1.83 �
10�3

1.30 5.64 �
10�1

0.96

23 528.3090 10.64 2.46 LysoPE(22:5/0:0) [M +
H]+

Accurate
mass

C27H46NO7P [Y 5.19 �
10�9

4.11 6.09 �
10�2

0.81

24 570.3560 10.67 6.34 LysoPC(22:5) [M +
H]+

Accurate
mass

C30H52NO7P [Y 4.06 �
10�8

4.97 4.65 �
10�2

0.72

25 526.2945 10.78 2.68 LysoPE(22:5/0:0), LysoPE(0:0/
22:5)

[M �
H]�

Accurate
mass,
MS/MS

C27H46NO7P [Y 9.27 �
10�16

4.46 7.90 �
10�3

0.85

26 614.3467 10.82 1.76 LysoPC(22:5) [M +
FA �
H]�

Accurate
mass,
MS/MS

C30H52NO7P [Y 5.15 �
10�5

1.74 2.52 �
10�1

0.89

27 478.2945 10.90 1.90 LysoPE(18:1/0:0), PE(18:1/0:0),
LysoPE(0:0/18:1)

[M �
H]�

Accurate
mass,
MS/MS

C23H46NO7P [Y 7.87 �
10�3

1.45 1.22 �
10�1

0.82

28 572.3710 10.95 2.89 PC(22:4/0:0), LysoPC(22:4) [M +
H]+

Accurate
mass

C30H54NO7P [Y 5.63 �
10�9

4.31 2.27 �
10�2

0.75

616.3619 11.12 1.02 PC(22:4/0:0), LysoPC(22:4) [M +
FA �
H]�

Accurate
mass,
MS/MS

C30H54NO7P [Y 2.91 �
10�15

3.42 1.71 �
10�2

0.87

29 548.3710 11.17 1.14 PC(20:2), LysoPC(20:2) [M +
H]+

Accurate
mass

C28H55NO7P [Y 3.19 �
10�8

2.26 6.00 �
10�3

0.74

30 510.3560 11.23 1.86 1-Heptadecanoyl-sn-glycero-3-
phosphocholine

[M +
H]+

Accurate
mass,
MS/MS

C25H52NO7P [Y 6.02 �
10�6

2.05 9.95 �
10�2

0.80

31 319.2282 11.58 2.74 Hydroxy-eicosatetraenoic acid [M �
H]�

Accurate
mass,
MS/MS

C20H32O3 [Y 2.08 �
10�13

4.46 1.03 �
10�3

0.76

32 480.3101 11.86 3.52 LysoPE(0:0/18:0), PE(18:0/0:0) [M �
H]�

Accurate
mass,
MS/MS

C23H48NO7P [Y 1.44 �
10�3

1.46 1.42 �
10�1

0.86

33 524.3720 11.89 7.07 PC(0:0/18:0), PC(18:0/0:0),
LysoPC(18:0), LysoPC(0:0/18:0)

[M +
H]+

Accurate
mass

C26H54NO7P [Y 9.80 �
10�5

1.44 1.19 �
10�1

0.86

568.3625 11.92 3.24 PC(0:0/18:0), PC(18:0/0:0),
LysoPC(18:0), LysoPC(0:0/18:0)

[M +
FA �
H]�

Accurate
mass,
MS/MS

C26H54NO7P [Y 1.83 �
10�4

1.36 1.19 �
10�1

0.89

34 550.3870 12.14 1.15 1-O-(cis-9-Octadecenyl)-2-O-
acetyl-sn-glycero-3-
phosphocholine

[M +
H]+

Accurate
mass,
MS/MS

C28H56NO7P [Y 2.47 �
10�5

1.76 1.02 �
10�1

0.82

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 29170–29183 | 29177
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Table 1 (Contd. )

No. m/z
RT/
min VIP Metabolites Ion Identify Formula

Trend (model
vs.
sham-
operated)
(LCZ696-
treated vs.
model)

P (model
vs. sham-
operated)

FC
(model
vs.
sham-
operated)

P
(LCZ696-
treated
vs.
model)

FC
(LCZ696-
treated
vs.
model)

35 466.3300 12.26 1.43 PE(P-18:0/0:0) [M +
H]+

Accurate
mass

C23H48NO6P [Y 9.52 �
10�4

1.50 6.99 �
10�1

0.93

464.3149 12.28 1.23 PE(P-18:0/0:0) [M �
H]�

Accurate
mass,
MS/MS

C23H48NO6P [Y 4.17 �
10�3

1.34 3.85 �
10�1

0.92

36 619.2889 12.53 2.19 PI(20:4/0:0) [M �
H]�

Accurate
mass

C29H49O12P [Y 6.19 �
10�4

1.49 1.32 �
10�2

0.76

37 538.3870 12.60 1.32 PC(O-16:0/3:0) [M +
H]+

Accurate
mass

C27H56NO7P [Y 1.62 �
10�5

1.69 8.83 �
10�2

0.83

38 300.2900 12.77 1.57 Palmitoyl ethanolamide [M +
H]+

Accurate
mass,
MS/MS

C18H37NO2 [Y 5.18 �
10�9

3.07 1.16 �
10�2

0.78

39 355.2840 12.88 1.07 MG(18:2/0:0/0:0), MG(0:0/18:2/
0:0), MG(0:0/18:2/0:0)

[M +
H]+

Accurate
mass

C21H38O4 Y[ 1.07 �
10�8

0.28 8.36 �
10�1

1.19

40 303.2333 13.59 4.15 Arachidonic acid [M �
H]�

Accurate
mass,
MS/MS

C20H32O2 [Y 6.28 �
10�5

1.58 8.14 �
10�2

0.85

41 328.3210 14.09 1.05 Stearoylethanolamide [M +
H]+

Accurate
mass

C20H41NO2 [Y 5.95 �
10�7

2.80 1.23 �
10�2

0.68

42 507.2731 14.17 1.47 PG(18:2(9Z,12Z)/0:0) [M �
H]�

Accurate
mass,
MS/MS

C24H45O9P [Y 2.63 �
10�7

2.70 1.25 �
10�4

0.55

43 331.2645 14.32 1.58 Docosatetraenoic acid [M �
H]�

Accurate
mass,
MS/MS

C22H36O2 [Y 2.19 �
10�6

2.44 1.22 �
10�1

0.83
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increased in heart failure group. In addition, metabolic
proling of each group was performed by UPLC-Q-TOF-MS. 43
metabolites, distributed into 13 metabolic pathways, were
identied in heart tissues as potential biomarkers for heart
failure. The metabolic pathways included the metabolism of
amino acids, phospholipids and fatty acids.
4.1. Amino acid metabolism

Among these molecules, the most obvious change was the
imbalance of amino acid metabolism. In the model group, the
levels of leucine, phenylalanine, tryptophan, and glutamine
were all elevated. Previous studies have shown associations
between plasma amino acid proling and the likelihood of
future risk of cardiometabolic diseases, such as diabetes19,20 and
coronary artery disease.21,22 Furthermore, previous studies have
shown that plasma amino acid proling can successfully
predict cardiometabolic risk. Wang et al.19,20 showed that
glutamine and phenylalanine were highly associated with
future development of diabetes in a healthy population. Amino
acids may be involved in pathophysiology of heart failure. For
example, phenylalanine can be converted into catecholamines,
the hormones released by the adrenal glands under stress.23
29178 | RSC Adv., 2017, 7, 29170–29183
4.2. Energy metabolism and fatty acids

The heart has a very high energy demand mainly derived
primarily from mitochondrial oxidative phosphorylation.24 The
heart can use a wide range of substrates for energy production,
including fatty acids and carbohydrates (glucose and lactate). In
the sham group, the oxidation of fatty acids is the main source
of ATP production, while in certain conditions, glucose and
lactate oxidation may be the major source of energy.24,25 The
metabolism of fatty acids and glucose in heart is highly regu-
lated and closely coupled, therefore an increase in fatty acid b-
oxidation results in a decrease in carbohydrate oxidation.26 In
our study, L-Carnitine, ribose 1-phosphate, D-glucose biphos-
phate, and ADP were all down regulated compared to sham-
operated group, while the glucose was elevated. These results
suggested that glucose oxidation was inhibited in model group
due to limited coronary blood ow aer heart failure. There is
a growing body of evidence that myocardial cells rely more on
glucose as its preferential substrate rather than on fatty acids in
advanced stages of heart failure. This contributes to cardiac
pathology, nevertheless the exact mechanism still remains
unclear.27 In this study, we found signicantly increased levels
of arachidonic acid, docosatetraenoic acid, stear-
oylethanolamide and pantothenic acid in the model group. The
docosatetraenoic acid is long-chain fatty acid that provides
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Heatmap of potential markers in the sham-operated group and model group, LCZ696-treated group.
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a substantial proportion of energy in the healthy heart.
However, aer a MI insult, the circulating fatty acids increase
and brake down the balance of cardiac fatty acid uptake and
oxidation.28 Consistent with this hypothesis, our results
revealed elevated excretion of arachidonic acid, docosate-
traenoic acid, stearoylethanolamide and pantothenic acid,
revealing the disturbance of energy metabolism aer heart
failure. In summary, our results revealed specic fatty acids as
potential biomarkers, with complicated regulatory mechanism
in cardiovascular diseases that should be further explored. The
tricarboxylic acid (TCA) cycle is central to the network of energy
metabolism, as it promotes products of glycolysis, fatty acid
oxidation and amino acid metabolism involvement in ATP
synthesis. According to previous studies, an extensive reduction
This journal is © The Royal Society of Chemistry 2017
of tricarboxylic acid cycle intermediates in urine samples,
including citrate, isocitrate, and oxalosuccinate was observed in
acute MI rats.13 However, in our heart failure mice models, we
did not nd any obvious differences. A possible explanation is
that the new metabolism energy balance was established 4
weeks post-surgery due to the compensatory mechanism that
provided abundant substrates from glycolysis and amino acids
metabolism. The release of arachidonic acid from the cellular
membrane phospholipids initiates the biosynthesis of multiple
inammatory mediators, including prostaglandins and leuko-
trienes. Hence, changes in the levels of free arachidonic acid in
circulation can potentially alter the production of inammatory
mediators. Our results further conrmed the pivotal role of
inammation in the development of heart failure, as the
RSC Adv., 2017, 7, 29170–29183 | 29179
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Table 2 The associated metabolic pathways of each biomarker

Pathway name Match status p �log(p) Holm p FDR Impact

Purine metabolism 3/68 0.026305 3.638 1 1 0.07958
Aminoacyl-tRNA biosynthesis 3/69 0.027339 3.5994 1 1 0
Phenylalanine, tyrosine and tryptophan
biosynthesis

1/4 0.038979 3.2447 1 1 0.5

Valine, leucine and isoleucine
biosynthesis

1/11 0.10382 2.2651 1 1 0.33333

Phenylalanine metabolism 1/11 0.10382 2.2651 1 1 0.40741
Pantothenate and CoA biosynthesis 1/15 0.13902 1.9732 1 1 0.02041
Pentose phosphate pathway 1/19 0.17293 1.7549 1 1 0
Starch and sucrose metabolism 1/26 0.17293 1.7549 1 1 0.03958
Galactose metabolism 1/30 0.22931 1.4727 1 1 0.03644
Glycerophospholipid metabolism 1/30 0.25991 1.3474 1 1 0.04444
Arachidonic acid metabolism 1/36 0.30369 1.1917 1 1 0.32601
Valine, leucine and isoleucine
degradation

1/38 0.31774 1.1465 1 1 0

Tryptophan metabolism 1/40 0.33153 1.104 1 1 0.17715
Biosynthesis of unsaturated fatty acids 1/42 0.34506 1.064 1 1 0

Fig. 6 Summary of important metabolic pathways using IPA analysis:
(A) phenylalanine, tyrosine and tryptophan biosynthesis, (B) phenylal-
anine metabolism, (C) valine, leucine and isoleucine biosynthesis, (D)
purine metabolism.
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arachidonic acid level was signicantly increased in the heart
failure mice.
4.3. Lipid metabolism

In the present study, PCs were identied as the majority among
the different metabolites. The altered phospholipids have
repeatedly been found in a number of different pathological
conditions including cancer, infection and diabetes. LPCs are
released by the action of phospholipases A2 (PLA2s) on plasma
membrane phosphatidylcholines resulting in an LPC and a free
fatty acid. The free fatty acid, i.e. arachidonic acid, can be
29180 | RSC Adv., 2017, 7, 29170–29183
further metabolized into various prostaglandin-, thromboxane-
and leukotriene-metabolites, which all participate in inam-
matory responses. LPCs and the downstream metabolite lyso-
phosphatidic acid (LPA) have been identied as equally
important inammatory mediators.29 For example, LPCs were
shown to be potent attractors of monocytes30 and activators of
macrophages.31 As LPCs get released from apoptotic tissue or
immune cells such as neutrophils that are attracted to the site
of insult or inammation, they in turn attract and activate
phagocytic cells.32 Thus, LPCs play a central role in initiating
and maintaining the inammatory response, which creates
a rationale for postulating that LPC levels in serum will change
with a plethora of pathological conditions that trigger inam-
matory responses.

In addition to discovering novel biomarkers that could
increase our understanding of CHF, the present study also
provided a powerful tool for investing therapeutic effects and
mechanisms of LCZ696. In addition to the improvement of
cardiac function in model mice, LCZ696 signicantly reversed
the changes in all of the metabolic biomarkers found in model
group. These results demonstrated that the therapeutic effects
of LCZ696 in heart failure were partially due to the restoration of
the disturbed pathways of amino acids, energy metabolism,
lipid metabolism and inammation. These ndings provided
a foundation for further investigation of the mechanisms and
predominant pathways it inuenced. In this study, we devel-
oped a metabonomics approach to explore the mechanisms in
heart failure and to investigate the therapeutic effects and
mechanisms of LCZ696 in models of heart failure. Multivariate
statistical analysis revealed different metabolite proles in
heart tissues between the sham-operated, model group and
LCZ696-treated group, indicating that LCZ696 had synergisti-
cally therapeutic benets in heart failure. Based on multivariate
and univariate statistical analyses, 43 metabolites were identi-
ed from heart tissue samples, and further conrmed by
comparison with authentic standards. These markers showed
signicant shis in amino acids, energy metabolism and
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Biological network, canonical pathways and functions related to the identified metabolites. In the network, molecules are represented as
nodes, and the biological relationship between two nodes is represented as a line. Red symbols represent up-regulated metabolites; blue
symbols represent down-regulated metabolites; while the green symbols represent canonical pathways that are related to the identified specific
metabolites. Solid lines between molecules show a direct physical relationship between molecules, while dotted lines show indirect functional
relationships.
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inammation in the heart failure mice, demonstrating poten-
tial therapeutic targets associated with CHF. To conclude, we
believe this metabonomics approach could be useful for
understanding the mechanisms and efficacy of LCZ696 in
model mice, as well as for exploring the potential synergistic
effects of medicines.
4.4. Limitations

In our experiment, we identied the potential heart failure
biomarkers from heart tissue. These biological change markers
are the cause or they are the consequence of a heart failure. In
addition, we found a signicant pathological features in heart
tissue of mice with heart failure. We also found that these
This journal is © The Royal Society of Chemistry 2017
markers were reversed aer the treatment with LCZ696, which
conrmed that the biomarkers we identied were specic
markers in heart failure. The analysis of mice heart tissues with
the scope to establish the involvement of metabolic pathways
affected by heart failure, revealed that LCZ696 may successfully
treat the heart failure by regulating these metabolic pathways,
which is a new understanding of the mechanism of action of
this drug. Nevertheless, further studies are required to establish
whether the metabolic changes induced by LCZ696 actually
precede the therapeutic benets of the drug in heart failure.
Furthermore, some of the identied biomarkers may be tenta-
tive and require more detailed analysis. Lastly, in the present
study we used HSS T3 column, which is not suitable for the
separation of most polar small molecules, since they are eluted
RSC Adv., 2017, 7, 29170–29183 | 29181
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from the column almost simultaneously. It is advisable to use
HILIC-based column and C18 column for the separation of both
non-polar compounds and polar compounds.
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