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Introduction. Septic shock is a systemic inflammatory response syndrome associated with organ failures. Earlier clinical diagnosis
would be of benefit to a decrease in the mortality rate. However, there is currently a lack of predictive biomarkers. The secretome is
the set of proteins secreted by a cell, tissue, or organism at a given time and under certain conditions. The plasma secretome is easily
accessible from biological fluids and represents a good opportunity to discover new biomarkers that can be studied with
nontargeted “omic” strategies. Aims. To identify relevant deregulated proteins (DEP) in the secretome of a rat endotoxemic
shock model. Methods. Endotoxemic shock was induced in rats by intravenous injection of lipopolysaccharides (LPS, S. enterica
typhi, 0.5mg/kg) and compared to controls (Ringer Lactate, iv). Under isoflurane anesthesia, carotid cannulation allowed mean
arterial blood pressure (MAP) and heart rate (HR) monitoring and blood sampling at different time points (T0 and T50 or T0
and T90, with EDTA and protease inhibitor). Samples were prepared for large-scale tandem mass spectrometry (MS-MS) based
on a label-free quantification to allow identification of the proteins deregulated upon endotoxemic conditions. A Gene Ontology
(GO) analysis defined several clusters of biological processes (BP) in which the DEP are involved. Results. Ninety minutes after
shock induction, the LPS group presents a reduction in MAP (-45%, p < 0:05) and increased lactate levels (+27.5%, p < 0:05)
compared to the control group. Proteomic analyses revealed 10 and 33 DEP in the LPS group, respectively, at 50 and 90 minutes
after LPS injection. At these time points, GO-BP showed alterations in pathways involved in oxidative stress response and
coagulation. Conclusion. This study proposes an approach to identify relevant DEP in septic shock and brings new insights into
the understanding of the secretome adaptations upon sepsis.

1. Introduction

Septic shock is responsible for one death every 2.8 seconds
worldwide [1]. In 50% of cases, septic shock causes myocar-
dial dysfunction resulting in over 60% excess global mortality
[2, 3]. The dynamics of septic shock consist of a compensa-

tion phase followed by decompensation. The kinetics of the
different phases of the pathology varies according to the
patient, resulting in a variation in the kinetics of organ dys-
functions from one patient to another. Limiting the develop-
ment of cardiovascular dysfunctions and optimizing care
would increase the patient’s chances of survival. Septic shock
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is multifactorial and presents a large heterogeneity between
patients. This point explains the variable kinetics of pathol-
ogy development and makes it difficult to investigate causal
mechanisms [4]. The early use of sensitive and specific bio-
markers of septic shock clinical evolution would facilitate
rapid diagnosis and early management of patients. Such bio-
markers must be easily accessible and quickly analyzable for
clinical use. Unfortunately, due to the complexity of the
pathology, such biomarkers are not currently available for
clinicians [5]. The use of animal models allows investigators
to considerably limit the heterogeneity between individuals,
while, at the same time, improving access to samples before
shock initiation and throughout the progression of the
pathology. The in vivo administration of lipopolysaccharides
(LPS), which triggers endotoxemic shock, is one of the most
common and simple ways to model shock in animals [6].

In this context, the study of the secretome, defined as the
set of proteins secreted by a cell, tissue, or organism at a given
time and under certain conditions, is a relevant approach [7].
Changes in plasmatic secretome composition may reflect a
pathological state [8]. Indeed, injection of plasma from
patients diagnosed with septic shock in a healthy mouse con-
stituted the first proof of concept in 2011 that the secretome
could provide information on this pathology. This approach
demonstrated the presence of circulating blood factors causing
the physiopathology of septic shock [9]. The proteins that are
deregulated in the secretome of septic shock patients could
potentially be used as biomarkers of the septic shock progno-
sis. The objective of this study is to identify early biomarkers of
septic shock by studying sepsis prior to and at the acute stage
of the decompensation phase. For this purpose, the plasma
secretome in a rat model of endotoxemic shock was studied
at two time points using a large-scale nontargeted mass spec-
trometry (MS) approach. The design of this studymade it pos-
sible to follow each subject before shock induction and then at
two important time points of the development of the pathol-
ogy. Through this approach, we identified deregulated pro-
teins (DEP) of the acute stage of shock that is associated
with the deregulation of numerous biological processes such
as coagulation or the response to oxidative stress.

2. Methods

2.1. Animals. Twelve-week-old male Wistar rats were housed
under standard conditions of temperature (21-24°C), humidity
(40-60%), and a 12-hour light/dark cycle. Food and water were
available ad libitum. Experiments were approved by the ethics
committee in charge of animal experimentation, the committee
of the Pays de la Loire (12760-2017121810244298), and were
performed in accordance with the French law on animal
welfare, EU Directive 2010/63/EU for animal experiments,
and the National Institutes of Health (NIH).

2.2. Endotoxemic Rat Model. Endotoxemia was induced by
intravenous injection of 0.05mg·kg−1 of purified LPS
obtained from Salmonella enterica serotype typhimurium
(batch 078M4021V, Sigma, St. Louis, USA) suspended in
Ringer Lactate (RL, B. Braun, France) as previously described
[10]. Rats were randomly distributed into four groups: the

control group, having received an injection of RL, and LPS
groups followed during 50 minutes (CT50 and LPS50,
respectively) or during 90 minutes (CT90 and LPS90, respec-
tively), with 6 animals per group. In each group, animals are
their own control meaning that each group comprised a T0
time point and either a T50 or a T90 time point (Figure 1).

2.3. Monitoring. Animals were anesthetized with 2% volume
of isoflurane and 0.6 L·min−1 O2 to limit hemodynamic
effects of anesthesia. Arterial blood pressure measurements
were performed through the left carotid artery to calculate
the mean arterial blood pressure (MAP) and heart rate
(HR). Briefly, the right carotid artery was isolated and ligated
at the distal end, and a PE-50 catheter containing Ringer Lac-
tate was inserted. Pressure signal and HR were continuously
recorded, displayed, and stored by the IOX® software
(EMKA Technologies, Paris, France).

2.4. Blood Analyses and Plasma Preparation. A volume of
500μL or 5mL of arterial blood was, respectively, collected
at T0 and at the terminal endpoint (50 or 90 minutes)
through the carotid catheter. At T0, vascular filling with RL
was performed to compensate for the volume collected.
Blood samples were placed in 2mL EDTA tubes (Sarstedt
AG & Co. KG, Numbrecht, Germany) containing protease
inhibitors (Complete ULTRA Tablet, Mini, Protease Inhibi-
tor Cocktail, MERCK laboratory). Lactate concentration
was measured from 10μL of venous blood using Nova
StatStrip (Nova Biomedical, Rungis, France). For terminal
sampling, blood gases, electrolytes, and metabolites (BGEM)
were measured from 90μL of arterial blood using a BGEM
card (Siemens Healthcare™, Ottawa, Canada) and analyzed
by the ePOC analyzer (Siemens Healthcare™, Ottawa,
Canada). Plasma was obtained by blood centrifugation
(10 minutes, 1,300 g) at room temperature (RT) and frozen
in liquid nitrogen. Thereafter, samples were stored at -80°C.

2.5. Sample Preparation for Label-Free Mass Spectrometry
Analyses. Plasmatic protein concentration was determined by
colorimetry using the BCAmethod (BiCinchoninic acid Assay,
Thermo Fisher Scientific, Walt-man, Massachusetts, United
States). The absorbance was measured at 560nm using a Var-
ioskan reader (Thermo Fisher Scientific, Walt-man, Massachu-
setts, USA). Plasmatic samples were enriched for low
abundance proteins using ProteoMiner™ kits (Bio-Rad, Hercu-
les, USA), in accordance with the manufacturer’s instructions.
The plasma volume loaded on the ProteoMiner™ column con-
tained 10mg of total proteins per column. In order to remove
salts, the eluate was loaded in 2kDa dialysis cassette (Slide-A-
Lyzer, Thermo Fisher Scientific, United States) in a 50mM
ammonium bicarbonate dialysis buffer (pH = 7:7 ± 0:1, batch
BCBZ3540, Sigma-Aldrich, St. Louis, USA). The concentration
of proteins present in the dialysate was determined as previ-
ously described. Aliquots were finally prepared in order to
obtain 25μg of proteins and stored at -80°C prior to the mass
spectrometry analysis. Prior to mass spectrometry, 25μg of
proteins of each sample was reduced with Dithiothreitol
(DTT, Sigma-Aldrich) at 56°C for 1h, alkylated with iodoaceta-
mide (Sigma-Aldrich) at 37°C for 30min in the dark, and
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digested at 37°C overnight simultaneously with both trypsin
and Lys-C enzymes (Trypsin/Lys-C Mix, Mass Spec Grade,
Promega, France) using an enzyme/protein ratio of 3 : 100.
Each sample was spiked with 700 fmol of enolase digest from
Saccharomyces cerevisiae (Waters, Milford, United Kingdom).
Resulting peptides were desalted with C18 spin columns with
a peptide binding capacity of 30μg (Pierce C18 Spin Columns,
Thermo Fisher Scientific, Walt-man, Massachusetts, United
States). Two micrograms of each sample was mixed to prepare
a Quality Control (QC) sample. Samples were dried by using a
speed vacuum (Eppendorf) and stored at -20°C until label-free
high-mass resolution/accuracy mass spectrometry analyses.

2.6. Liquid Chromatography and High-Resolution Accurate-
Mass (HRAM) Mass Spectrometry Analyses. Protein quanti-
tation was performed according to a label-free quantitative
proteomic approach based on a high-resolution accurate-
mass (HRAM) mass spectrometry analysis. For this purpose,
samples (including QC to verify the stability of the signal)
were analyzed by an UHPLC-MS (HRAM) system, a Van-
quish Flex Binary UHPLC system (Thermo Fisher Scientific,
France) coupled with a Q Exactive Plus mass spectrometer
(Thermo Fisher Scientific, France) equipped with an electro-
spray ionization source operating in a positive mode and an
Orbitrap mass analyzer. Peptides resuspended in buffer A
(2% ACN, 0.1% FA) were loaded on the Vanquish UPLC
equipped with a Viper Fingertight Fittings Column Protec-
tion (Viper Inline Filter, Titanium, av. Frit presize 0.5μm)
and a C18 column (ACCL RSLC120 C18, 2.2μm, 120Å, 2:1
mm × 250mm). A binary gradient of 120min of buffer A
(99.9% H2O, 0.1% FA) and buffer B (99.9% ACN, 0.1% FA)
at a flow rate of 0.4mL/min and at 60°C set up as follows:
0–2min, 1-3% B; 2–55min, 3–15% B; 55–95min, 15–38%
B; 95–105min, 38–95% B; 105–109min, 95% B; 109–110
min, 95–1% B; and 110–120min, 1% B was applied to sepa-
rate peptides. MS analyses were performed upon a full MS
mode with a resolution of 70,000, a maximum IT of 17ms
within a scan range of 200-2,000 m/z, and a lock-mass ion
at m/z 445.120024 of polycyclodimethylsiloxane from the
ambient air. The external calibration was done with a CalMix

calibrant (Pierce, Thermo Fisher Scientific, Walt-man, Mas-
sachusetts, United States) in positive mode by considering
±5 ppm of mass tolerance. MS/MS analyses were performed
by using a data-dependent acquisition based on HCD
(higher-energy collisional dissociation) activation mode with
an isolation window of 4 u, a resolution of 17,500, an auto-
matic gain control target of 2.105, and a maximum IT of
200ms on the 10 most intense ions. A dynamic exclusion
of 10 s was applied. Each sample was analyzed in duplicate.
The data were acquired with Thermo Scientific™ XCalibur
2017 v.4.1.31.9. software.

2.7. Data Analyses. The identification of proteins was achieved
thanks to PEAKS®X Studio 10.0 software [11] and the Uni-
ProtKB database of Rattus norvegicus (UP000002494, Release
2020_01) uploaded with the enolase protein from Saccharo-
myces cerevisiae (P00924). The following criteria were applied
for the protein identification: a fixed modification of carba-
midomethylation, variable modifications of oxidation (HW),
oxidation (M), acetylation (protein N-term), 2 missed cleav-
ages, at least 2 unique peptides, a tolerance MS of 5ppm, a
tolerance MS/MS of 0.01Da, a peptide FDR of 1%, and a pro-
tein-10Logp of 20. The identification was done by using
PEAKS DE Novo, PEAKS database, and SPIDER tools. The
label-free protein quantitation was done by considering a
retention time shift tolerance of 3min and the enolase 1 pro-
tein from Saccharomyces cerevisiae (P00924) as an internal
standard for the signal normalization. The quantity of proteins
after LPS injection was compared in each group of six biolog-
ical replicates with paired controls as detailed in the previous
section. LPS and RL administration in Wistar rats allowed
the study of (i) changes in the secretome 50min postinjec-
tion (group CT50-T0 vs. CT50-T50 and group LPS50-T0
vs. LPS50-T50) and (ii) secretome adaptations 90min LPS
postinjection (group CT90-T0 vs. group CT90-T90 and
group LPS90-T0 vs. LPS90-T90). A total of 48 samples, with
technical duplicates for each of them, were therefore
analyzed. The protein quantitation was performed only on
proteins in which at least two peptides were quantified
within a chromatography retention time range between 0

T90

CT50-T0 (6)
LPS50-T0 (6)

CT50-T50 (6) 
LPS50-T50 (6)

CT90-T90 (6) 
LPS90-T90 (6)

T0 T50T-5

CT50-T-5 (6)
LPS50-T-5 (6)

Stabilization period

T50 groups

CT90-T0 (6)
LPS90-T0 (6)

CT90-T-5 (6)
LPS90-T-5 (6)

T90 groups

Figure 1: Group repartition for the 12-week-old Wistar rats. The period between T-5 and T0 corresponds to stabilization. T0 is the control
before solvent or LPS injection and therefore concerns the same rats 50 or 90 minutes after injection. Each group consists of 6 rats (6).
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and 120min with a score quality ≥ 6. This approach led to
the identification of 401 proteins in the T50 group and 514
proteins in the T90 group.

Proteins with missing values (indicated by the NA sym-
bol) in at least 3 samples per group and less than 15% of cov-
erage were withdrawn (Figure 2). The quantified proteins
were considered deregulated only if they have a fold change
higher than 2 (Log2FC ≥ 1) or lower than -2 (Log2FC ≤ −1)
in at least 4 samples over the 6 in each group. 14 deregulated
proteins in the control groups were excluded from the study
(Figure 2).

The clustering of the DEP was analyzed using the
STRING protein database for Gene Ontology (GO) analyses.
The results of the analyses include biological process (BP)
and cellular component (CC).

2.8. Western Blot Analyses. Western blotting experiments
were performed on plasma samples using an antibody
directed against Gpx3 (13647-1-AP, Manchester, United
Kingdom, Proteintech). Briefly, proteins were quantified using
a BCA protein assay kit. 50mg of each sample was separated on
an SDS-PAGE gel and transferred to a nitrocellulose mem-
brane. The membranes were blocked with 5% milk in TBS

1x-Tween 0.5x (TBS-T) and then incubated with primary
antibody (Gpx3, 1 : 400) overnight at 4°C. After 4 washes with
TBS-T, the membranes were incubated with an HRP-
conjugated secondary antibody (anti-rabbit, 1 : 10 000, sc-
2054, Santa Cruz Biotechnology). Analyses were performed
using Image Lab software (Bio-Rad, California, United States).
A ratio to the stain-free intensity was calculated.

2.9. Statistical Analyses. Hemodynamic results were
expressed as the mean ± SEM of N different rats. For hemo-
dynamic parameters, lactatemia, and creatininemia, data
were analyzed by a two-way ANOVA test with Bonferroni
post hoc test.

Analyses of Western blots were expressed in relation to
the average of the protein quantification (stain-free) and then
reduced to the average of the control samples (CT50-T0,
CT90-T0, LPS-T0, and LPS-T90). Data were analyzed with
a two-way-ANOVA test with repeated measures and a
Bonferroni post hoc test.

A value of p < 0:05 was considered significant. All statis-
tical calculations and graphs (except those performed with R
software) were performed using GraphPad PRISM 8 software
(8.4.2 version).

N = 34 rats 

N = 9 excluded rats 
2 no state of shock 
5 arythmia at T0 
1 death 

N = 2 excluded rats

N = 12 rats included
MAP > 90 mmHg
Lactate < 2 mM

T50
(T0 and T50)

LPSControl

N = 48 samples analyzed in LC-MS/MS

T90
(CT and LPS)

514 proteins

T50
(CT and LPS)

401 proteins N = 382 excluded proteins
379 proteins: NA ≥ 3
3 proteins: Cov < 15 %

N = 140 proteins
NA < 3
Cov ≥ 15 %

N = 132 proteins
NA < 3
Cov ≥ 15 %

Proteins shared by groups
T50 (CT and LPS) and T90 (CT and LPS) 

Proteins specific to groups
T50 (CT and LPS) 

Proteins specific to groups
T90 (CT and LPS) 

79 proteins 57 proteins 53 proteins

28 DEP in LPS group
15 proteins upregulated
13 proteins downregulated

4 DEP in LPS group 
3 proteins upregulated
1 proteins downregulated

11 DEP in LPS group
1 proteins upregulated
10 proteins downregulated

N = 11 excluded proteins
10 DEP in CT group
1 DEP in CT and LPS groups

N = 261 excluded proteins
252 proteins: NA ≥ 3
9 proteins: Cov < 15 %

N = 2 excluded proteins
2 DEP in CT group
0 DEP in CT and LPS groups

N = 1 excluded protein
1 DEP in CT group
0 DEP in CT and LPS groups

T90
(T0 and T90)

T50
(T0 and T50)

T90
(T0 and T90)

N = 12 rats included
MAP < 90 mmHg
Lactate > 2 mM

Arythmia at T0

Figure 2: Flow chart of inclusion and exclusion procedure used to obtain a list of deregulated protein. The animals were divided into 4 groups
(CT50, LPS50, CT90, and LPS90). Physiological parameters made it possible to include 24 rats in the study. For each rat, 2 time points were
studied (T0 and T50 or T0 and T90) and were analyzed by mass spectrometry (N = 48 samples), and proteomic results were analyzed by
RStudio software. Proteins with a maximum of 2 missing data (NA) per sample and a coverage (Cov) greater than 15% were selected. A
total of 140 proteins in group T50 and 132 proteins in group T90 were included. The deregulated proteins (DEP) present in the controls
were excluded from the study.
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2.10. Data Availability. The proteomic data were depos-
ited to the ProteomeXchange Consortium with the Mas-
sIVE identifier MSV000087803 (http://massive.ucsd.edu)
and ProteomeXchange identifier PXD027255 (http://www
.proteomexchange.org).

3. Results

3.1. Animal Model

3.1.1. Effect of Endotoxemic Shock on Hemodynamic
Parameters. Continuous hemodynamic monitoring showed
no significant changes neither in HR nor in MAP during
the 5min of stabilization (from T-5 to T0). MAP and HR
remained stable in the control group at 90:0 ± 10:0mmHg
and 390:0 ± 10:0bpm during the whole procedure. Injec-
tion of LPS (T0) induce any modification in HR
(400:0 ± 10:0bpm) (Figure 3(a)), whereas it was followed
by an early decrease in MAP (Ctrl: 95:6 ± 2:9mmHg vs. LPS:
80:6 ± 3:7mmHg, p < 0:05, Figure 3(b)) with a return to basal
values after 10min. From 50min after LPS injection to the end
of the procedure, MAP decreased significantly (from 91:4 ±
3:4mmHg at 50min to 60:5mmHg ± 6:9mmHg at 90min,
p < 0:001, Figure 3(b)).

3.1.2. Effect of Endotoxemic Shock on Plasmatic Biomarkers.
Arterial creatinine and venous lactate concentrations were
measured in the Ctrl and LPS groups at T50 and T90 and
T0, T50, and T90, respectively (Figure 4). No change in crea-
tininemia was observed at T50 between the Ctrl and LPS
groups. However, creatininemia in the LPS T90 groups
increases significantly when compared to time-matched Ctrl
(Ctrl T90: 0:26 ± 0:04mg/dL; LPS T90: 1:07 ± 0:16mg/dL,
p < 0:01, Figure 4(a)) indicating an alteration in renal func-
tion. Lactatemia remained in the normal range in Ctrl
throughout the protocol while significantly increasing in
the LPS T90 group (LPS T0: 1:02 ± 0:09mmol/L vs. LPS
T90: 3:04 ± 0:90mmol/L, p < 0:001; LPS T50: 1:63 ± 0:10
mmol/L vs. LPS T90: 3:04 ± 0:90mmol/L, p < 0:05; and Ctrl
T90: 0:82 ± 0:17mmol/L vs. LPS T90: 3:04 ± 0:90mmol/L,
p < 0:001, Figure 4(b)). These results suggest a compensated
state 50min after LPS administration, followed by the onset
of hypotension, which is probably a cause of the hypoperfu-
sion and tissue distress detected during the decompensation
phase at 90min after LPS administration.

3.2. Identification of Deregulated Proteins in the Secretome
during Sepsis. Over the 48 samples included in the study,
401 and 514 proteins were quantified by LC-MS/MS analyses
in the T50 (CT and LPS) and T90 (CT and LPS) groups,
respectively (Figure 2). Cleaning raw data by protein
coverage > 15% and number of missing data (NA) per group
led to the identification of 140 proteins at T50 and 132 pro-
teins at T90 (Figure 2). DEP in the control groups (14) were
excluded from this study. Three levels of analyses were then
performed (1) the study of proteins identified in LPS sam-
ples, both in the T50 and T90 groups; (2) the study of pro-
teins identified only in the T50 group; and (3) the study of
proteins identified only in the T90 group (Figure 2).

3.2.1. Study of the Evolution of the Level of Proteins Identified
in the T50 and T90 Groups. Seventy-nine proteins were
found to be common in the T50 and T90 groups (CT and
LPS) (Figure 2 and Supplementary Table 2). The study of
levels of these proteins over time showed a variation in
their expression profile between the CT and LPS groups
(Supplementary Figure S1-2).

Among these 79 proteins, to analyze common or deregu-
lated proteins, T50 or T90 was compared to their T0. Among
the LPS groups, 15 proteins were upregulated (5 proteins at
T50 groups and 10 proteins at T90). Finally, 13 proteins were
found downregulated: 1 at T50 and 12 at T90 (Table 1).

The analyses of Gene Ontology highlighted functional
annotations of the selected proteins. The analyses of the
GO cellular component (CC) showed that the proteins iden-
tified are plasma proteins (Supplementary Table 1). Fifty
minutes after LPS administration, upregulated proteins
belong to tissue remodeling, immune system, and starvation
(Figure 5(a)), whereas downregulated ones belong to
response to oxidative stress (Figure 5(b)). Ninety minutes
after LPS administration, upregulated proteins belong to
carboxypeptidase activity, cytolysis, tissue remodeling, and
coagulation (Figure 5(c)), whereas downregulated ones
belong to lipid metabolism, membrane organization, and
response to corticoid (Figure 5(d)).

3.2.2. Identification of Proteins Specific to the T50 Groups.
Analyses of the proteins specific to T50 (CT and LPS) identi-
fied 57 proteins that are present at T50 but not at T90
(Figure 2 and Supplementary Table 3). The study of protein
expression over time revealed a variation in the protein
profile between the control and LPS groups (Supplementary
Figure 3). Among the 57 proteins identified, 3 are upregulated
and 1 protein is downregulated 50 minutes after LPS
administration (Table 2). Either upregulated or downregulated
proteins specific to the T50 group are implicated in immune
response (Figure 6).

3.2.3. Identification of Proteins Specific to the T90 Groups.
Analyses of the proteins specific to T90 (CT and LPS) identi-
fied 53 proteins that are present at T90 but not at T50
(Figure 2 and Supplementary S4). The study of protein expres-
sion over time revealed a variation in the protein expression
profile between the control and LPS groups (Figure S4).
Among the 53 proteins identified, 11 proteins were found to
be specifically deregulated in the LPS group between T0 and
T90. Among the deregulated proteins in the LPS group, 1
protein is upregulated and 10 are downregulated (Table 3).

Upregulated proteins specific to the T90 group are impli-
cated in glucose metabolism, whereas downregulated ones
are implicated in lipid metabolism, negative regulation of
endopeptidase activity, and coagulation (Figure 7).

3.3. Validation of Gpx3 Downregulation by Western Blotting.
The antioxidant enzyme Gpx3 plays a critical role in the pro-
tection of tissues and organs from oxidative damage. Plas-
matic expression levels of Gpx3 were assessed by Western
blotting. No modification in plasmatic levels of Gpx3 were
observed between groups at T0 and T50. Ninety minutes
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after shock induction, Gpx3 expression levels in the plasma
were decreased by 2-fold in the LPS group compared to
T0 (LPST90-T0: 1:00 ± 0:16; LPST90-T90: 0:53 ± 0:19)
(Figure 8).

4. Discussion

Our study is aimed at identifying the secretome adaptations
of a rat model of septic shock. For this purpose, a proteomic
analysis was performed in the secretome of control rats and

rats in endotoxemic shock 50 (T50) or 90 (T90) minutes after
LPS administration. Thus, this study integrates the notion of
pathology progression at 2 time points. The T50 point repre-
sents a compensated system, whereas the T90 point repre-
sents an acute phase of decompensation. Three levels of
analyses have been carried out: first the study of proteins
identified in both T50 and T90 groups (CT and LPS), next
the study of proteins only identified in the T50 group (CT
and LPS), and finally the study of proteins only identified
in the T90 group (CT and LPS). All these studies demonstrate
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Figure 3: Effect of lipopolysaccharide (LPS) administration on heart rate (HR) and mean arterial blood pressure (MAP). Black and red
squares represent the control and LPS rats, respectively. The dotted line represents the threshold considered physiological. The T50 and
T90 groups are pooled for both control and LPS conditions (n = 12 in the control group and n = 12 in the LPS group). Only the T90
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the deregulation of plasma levels of 11 proteins at 50min and
33 proteins at 90min after LPS administration.

4.1. Model of Endotoxemic Shock. In this study, we compared,
at 2 different times, the evolution of protein expression dur-
ing the progression of septic shock. For this, a rat model of
endotoxemic shock, previously described, was chosen [32].
The endotoxemic shock model was preferred because the
use of LPS allows a better control of the kinetics of the devel-
opment of pathology. In this way, the sampling should lead
to more homogeneous interindividual results. In this study,

90min after the injection of LPS, the animals developed a
clinical picture similar to sepsis with systemic arterial hypo-
tension leading to an increase in plasma creatinine and lac-
tate, which characterize organ dysfunction and altered
metabolism [33]. These results show that this model of early
endotoxemic shock reproduces several characteristics of sep-
tic shock. However, interestingly, the heart rate did not
change after the injection of LPS. This could be explained
by the strain of LPS used. Nevertheless, according to the def-
inition of Singer and collaborators, animals can be consid-
ered in septic shock [3, 34]. The secretome of rats

Table 1: Proteins with a Log2foldchange (Log2FC) greater than 1 are highlighted in bold, and proteins with a Log2FC less than -1 are
not in bold.

UniProt accession
number

Protein
Gene
name

Protein reference
described

Log2FC
Median

(min; max)

n/6

LPS T50

P06765 Platelet factor 4∗ Pf4 [12] 3.31 (1.02; 5.20) 5/6

D3ZFH5 Inter-alpha-trypsin inhibitor heavy chain 2 Itih2 — 1.25 (1.08; 2.34)

4/6
P26644 Beta-2-glycoprotein 1∗ Apoh

B2GPI
[13] 1.45 (1.03; 1.55)

O55004 Ribonuclease 4 RNase 4 — 1.78 (1.70; 2.90)

P00697 Lysozyme C-1∗ Lyz1 [14] 1.77 (1.70; 2.63)

P23764 Glutathione peroxidase 3∗ Gpx3 [15] -2.58 (-1.45; -4.75) 4/6

LPS T90

P17475 Alpha-1-antiproteinase∗ Serpina1 [16] 3.73 (2.97; 5.65)
5/6

Q99PS8 Histidine-rich glycoprotein∗ Hrg [17] 2.39 (1.37; 3.89)

D3ZFH5 Inter-alpha-trypsin inhibitor heavy chain 2 Itih2 — 1.92 (1.58; 3.82)

4/6

Q9QUH3 Apolipoprotein A-V∗ Apoa5 [18] 1.44 (1.00; 2.24)

P24594 Insulin-like growth factor-binding protein 5 Igfbp5 — 2.14 (1.02; 3.79)

P08650 Complement C5∗ C5 — 5.27 (3.28; 6.21)

O55004 Ribonuclease 4 Rnase4 — 1.68 (1.28; 2.32)

D3ZTE0 Coagulation factor XII∗ F12 [19] 1.42 (1.32; 1.73)

P00697 Lysozyme C-1∗ Lyz1 [14] 2.86 (1.25; 3.81)

Q6IRK9 Carboxypeptidase Q Cpq — 1.94 (1.05; 3.34)

P04638 Apolipoprotein A-II∗ Apoa2 [20] -1.96 (-1.19; -5.20)

5/6

P55797 Apolipoprotein C-IV Apoc4 — -1.88 (-1.37; -2.91)

P20767 Ig lambda-2 chain C region N/A — 2.39 (-1.50; -3.30)

Q8R2H5 Phosphatidylinositol-glycan-specific phospholipase D∗ Gpld1 [21] -1.48 (-1.02; -2.72)

P14630 Apolipoprotein M∗ Apom [22] -2.94 (-1.46; -4.82)

P23764 Glutathione peroxidase 3∗ Gpx3 [15] -2.05 (-1.48; -3.44)

Q68FP1 Gelsolin∗ Gsn [23] -2.05 (-1.67; -4.47)

4/6

P06759 Apolipoprotein C-III Apoc3 — -2.60 (-1.08; -3.66)

P55159 Serum paraoxonase/arylesterase 1∗ Pon1 [24] -2.15 (-1.17; -2.49)

P02651 Apolipoprotein A-IV Apoa4 — -1.54 (-1.04; -2.61)

P35859
Insulin-like growth factor-binding protein complex acid

labile subunit
Igfals — -2.49 (-2.20; -2.90)

P10960 Prosaposin∗ Psap [25] -2.57 (-1.53; -3.90)

N represent the number of rats in which the protein has been found to be deregulated over the 6 rats. Proteins with an asterisk have already been described by
other reports in the context of sepsis and septic shock.
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developing such a shock was studied by proteomic analysis
based on nontargeted mass spectrometry. Analyses of the
GOs of the plasma secretome showed that the state of shock
leads to an alteration of several biological processes.

4.2. Proteomic Analyses of the Secretome

4.2.1. Altered Protein Expression at T50. Fifty minutes after
shock induction, DEP were identified while the physiological

parameters show any signs of tissue suffering or hypoper-
fusion. At this time, affected biological processes are asso-
ciated with the immune system, starvation, and response
to oxidative stress. Our study, using a model of shock trig-
gered by LPS injection, demonstrated an increase in beta-
2-glycoprotein I (B2GPI), also known as apolipoprotein H,
which is a potential regulator of complement. A recent
study proposed that B2GPI may be able to mediate the
anti-inflammatory effects of LPS by shunting it away from
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Figure 5: Protein-protein interaction network of (a) up and (b) downregulated proteins in the LPS T50 group and (c) up and (d)
downregulated proteins in the LPS T90 groups. The study of proteins identified both in T50 (CT and LPS) and T90 (CT and LPS). The
analyses using Gene Ontology (GO) databases revealed the most modified biological processes following the injection of LPS. STRING
protein database was used to clustered deregulated proteins. The continuous lines represent protein interactions within the cluster, and the
discontinuous lines represent protein interactions between different clusters.

Table 2: Proteins with a Log2foldchange (Log2FC) greater than 1 are highlighted in bold, and proteins with a Log2FC less than -1 are not in
bold.

UniProt accession number Protein Gene name Protein reference described Log2FC (range) n/6
Q5FVN3 Ccl9-like protein∗ Ccl9 [26] 3.69 (1.38; 4.98)

4/6Q05820 Putative lysozyme C-2 Lyz2 — 1.67 (1.30; 2.64)

Q63556 Serine protease inhibitor A3M Serpina3m — 1.10 (1.30; 2.63)

Q5BK77 Chemerin∗ Rarres2 [27] -2.24 (-1.36; -2.98) 5/6

N represent the number of rats in which the protein has been found to be deregulated over the 6 rats. Proteins with an asterisk have already been described in the
context of sepsis and septic shock.
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TLR4 activation [35]. This neutralization of LPS could be
an effective means to limit the toxic consequences of
severe Gram-negative infections. A study performed on
patients admitted to the hospital following sepsis showed
a decrease in B2GPI within 48 hours of patient admission
[13]. A study performed in a mouse model 6 and 24 hours
after induction of endotoxemic shock highlighted that the
decrease in total B2GPI levels is thought to be due to
the functional utilization of B2GPI as part of the protec-
tive response of the immune system [36]. Overall, these
data suggest that LPS may trigger an increase in plasma
B2GPI levels during the early phase of endotoxemic shock
that would later on be consumed which would explain the
decrease of B2GPI described in the literature. These results
suggest that decreased B2GPI could be a biomarker of the
early phase of sepsis.

4.2.2. Altered Protein Expression at T90.Ninety minutes after
shock induction, this study identified deregulated proteins
involved in biological processes associated with coagulation
and lipid metabolism. This study demonstrated the deregula-
tion of apolipoprotein (Apo) expression which is related to
the metabolism of high-density lipoproteins (HDL). In this
study, analyses of the secretome in the LPS group at 90
minutes show a decrease in Apo N, Apo M, Apo C-III, Apo
C-IV, Apo A-IV, and Apo A-II and an increase in Apo AV.
Among these proteins, some are not yet described, such as
Apo C-III and Apo C-IV, while others have already been
identified in sepsis. These data reinforce the interest of our
study. Khovidhunkit and colleagues described a decrease in
hepatic mRNA levels of Apo A-II and an increase in Apo
A-V mRNA 8 hours after endotoxin injection. These changes
in hepatic mRNA levels lead to a decrease of Apo A-II and an
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Figure 6: The network of (a) upregulated proteins and (b) downregulated protein in the LPS T50-specific group. The study of proteins
identified in T50 (CT and LPS) and not in T90 (CT and LPS). The analyses using Gene Ontology (GO) databases reveal the most
modified biological processes (BP) following the injection of LPS. STRING protein database was used to clustered deregulated proteins.

Table 3: Proteins with a Log2foldchange (Log2FC) greater than 1 are highlighted in bold, and proteins with a Log2FC less than -1 are
not in bold.

UniProt
accession
number

Protein
Gene
name

Protein reference
described

Log2FC (range) n/6

Q5GAM5 Angiogenin ribonuclease 2 Ang2 — 1.79 (1.32; 3.47) 4/6

Q6MG90 C4a anaphylatoxin C4a -3.22 (-1.42; -6.85)

6/6

D3ZQ25 Fibulin-1 Fbln1 -2.37 (1.24; 5.70)

Q5M890 Apolipoprotein N Apon — -4.55 (-1.46; -5.61)

Q5M8C3
Serine (or cysteine) proteinase inhibitor, clade A (alpha-1

antiproteinase, antitrypsin), member 4
Serpina4 — -1.59 (-1.11; -2.75)

Q64240 Protein AMBP∗ Ambp [28] -3.25 (-1.09; -5.11)

B1H260 Coagulation factor XIII B chain F13b — -3.86 (-1.07; -5.12)
5/6

F1LZ11 Ig-like domain-containing protein N/A — -1.72 (-1.00; -3.56)

A0A0G2JXI1 Coagulation factor V∗ F5 [29] -2.23 (-1.76; -4.25)

4/6P08649 Complement C4∗ C4 [30] -3.14 (-1.16; -4.59)

P07151 Beta-2-microglobulin∗ B2m [31] -1.51 (-1.32; -2.36)

N represent the number of rats in which the protein has been found to be deregulated over the 6 rats. Proteins with an asterisk have already been described in the
context of sepsis and septic shock.
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increase of Apo A-V in HDL particles [20]. Interestingly, a
recent study suggests, in septic pediatric patients, the prog-
nostic value of Apo A-V based on an observation of an
increase in Apo A-V levels in the serum at the admission
and a decrease in patients who did not survive. Moreover,
they highlighted a significant association between low levels
of Apo A-V and sepsis-induced acute kidney injuries [18].
These results and those provided in this study suggest that
Apo A-V could be a biomarker of septic shock. On the other
hand, although studies have shown that Apo A-II is an
important predictor of cardiovascular disease risk, its role
in lipid metabolism is less clear and requires further research
[37]. Interestingly, Apo A-II and Apo M have been described
as being decreased in patients developing severe forms of
COVID-19 which may be at the origin of septic shock [38].

4.2.3. Altered Protein Expression at T50 and T90. Interest-
ingly, among the deregulated proteins identified in both

T50 and T90 groups, the majority of DEP identified at T50
were found to be downregulated at T90. Our study shows a
decrease in the plasma expression of glutathione peroxidase
3 (Gpx3). Some studies support the major role of reactive
oxygen species (ROS) in the pathogenesis of sepsis and its
contribution to the progression to multiple organ dysfunc-
tion [39]. Indeed, oxidative stress caused by inflammatory
response can lead to lipid peroxidation, DNA damage, and
altered mitochondrial function promoting organ dysfunc-
tion. The metabolism of glutathione is an essential mecha-
nism of antioxidant defense. The main function of Gpx3 is
to catalyze the reduction of hydrogen peroxide, organic
peroxides, and lipid peroxides by converting reduced gluta-
thione into oxidized glutathione. Considering the acute
oxidative stress observed in sepsis patients, it is interesting
to observe that Gpx3 bioactivity is inversely associated with
the severity of sepsis and associated mortality [40, 15]. Thus,
although understanding of the mechanisms of regulation of
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Figure 7: The network of (a) upregulated and (b) downregulated proteins in the LPS T90-specific group. The analyses using Gene Ontology
(GO) databases revealed the most modified biological processes (BP) following the injection of LPS. STRING protein database was used to
clustered deregulated proteins. The continuous line represents protein interactions within the cluster.
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Gpx3 expression and its pathophysiological role in sepsis is
limited, Gpx3 could be a promising biomarker for assessing
oxidative stress.

4.3. Limitations of the Study. The use of an endotoxemic rat
model to mimic septic shock raises concern regarding the
extrapolation to human. A rat model based on LPS injection
does not reflect exactly the complexity of human pathophys-
iological responses particularly because it is based on the use
of a single bacterial strain. Septic shock can be induced by
several bacterial strains or even by nonbacterial pathogens.
The changes in the secretome observed in this study may in
part differ with the infectious agent causing the pathology,
which needs to be further investigated [41]. However, it is
currently the only model to follow sepsis kinetic over time
in a reproducible manner. A second limitation of this study
is based on the study of the plasma secretome, which requires
the use of selective depletion techniques. The plasma secre-
tome is made up of a vast dynamic range of compound con-
centrations. This makes analysis of proteins of low
abundance particularly difficult and hinders the identifica-
tion of biomarkers using mass spectrometry. A selective
depletion technique, called ProteoMiner®, was used in this
study to detect the low abundance protein signal in a com-
plex protein sample by reducing the dynamic concentration
range of the proteins. Although necessary, this approach
may remove low abundance or low molecular weight pro-
teins because of a weak or rare interaction between the
sample proteins and the hexapeptides in this ProteoMiner®.
A third limitation of this study is the validation of the DEP
obtained from the proteomic analysis. Indeed, the Western
blot analysis was complicated by the lack of sensitivity of this
approach and by the fact that most of the antibodies tested
lack specificity with the proteins identified in this study.

5. Conclusion

This preliminary study found several deregulated proteins at
50 and 90 minutes after LPS injection. Gene Ontology study
showed that the expression of proteins associated with the
response to oxidative stress, the immune system, the coagula-
tion, or the lipid metabolism is particularly deregulated during
the development of sepsis. Other studies have also reported
the deregulation of these different biological processes, which
reinforces the results of our work. However, this study identi-
fied proteins, such as Apo A-II or Apo C-IV, which were not
described previously in sepsis phenotype. Subsequently, the
proteins identified as being deregulated in this study will have
to be (i) validated by the use of more complex models for a
better recapitulation of what happens at the clinical level and
(ii) tested on cellular models in order to understand the role
they could play in the pathophysiology of shock.
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proteins common to the T50 and T90 groups. Supplementary
Table 3 includes all quantified proteins, unique peptides, and
the measured coverage and calculated Log2foldchange for
T50-specific proteins. Supplementary Table 4 includes all
quantified proteins, unique peptides, and the measured cov-
erage and calculated Log2foldchange for T90-specific pro-
teins. (Supplementary Materials)
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Sepsis-induced myocardial dysfunction considerably increases mortality risk in patients with sepsis. Previous studies from our
group have shown that sepsis alters the expression of structural proteins in cardiac cells, resulting in cardiomyocyte
degeneration and impaired communication between cardiac cells. Caveolin-3 (CAV3) is a structural protein present in caveolae,
located in the membrane of cardiac muscle cells, which regulates physiological processes such as calcium homeostasis. In sepsis,
there is a disruption of calcium homeostasis, which increases the concentration of intracellular calcium, which can lead to the
activation of potent cellular enzymes/proteases which cause severe cellular injury and death. The purpose of the present study
was to test the hypotheses that sepsis induces CAV3 overexpression in the heart, and the regulation of L-type calcium channels
directly relates to the regulation of CAV3 expression. Severe sepsis increases the expression of CAV3 in the heart, as
immunostaining in our study showed CAV3 presence in the cardiomyocyte membrane and cytoplasm, in comparison with our
control groups (without sepsis) that showed CAV3 presence predominantly in the plasma membrane. The administration of
verapamil, an L-type calcium channel inhibitor, resulted in a decrease in mortality rates of septic mice. This effect was
accompanied by a reduction in the expression of CAV3 and attenuation of cardiac lesions in septic mice treated with verapamil.
Our results indicate that CAV3 has a vital role in cardiac dysfunction development in sepsis and that the regulation of L-type
calcium channels may be related to its expression.

1. Introduction

Sepsis is a potentially fatal organ dysfunction, characterized
by an unregulated response of a host to an infection [1].
Despite significant advances in diagnosis and therapeutic
approaches in recent years, sepsis remains the major cause
of death in intensive care units (ICUs). A robust study from
Rudd et al. showed that there are about 48.9 million cases
of sepsis each year, causing 11 million deaths worldwide
[2]. A study estimated that about 200,000 deaths are caused

by sepsis in Brazilian ICUs each year [3]. Sepsis patients are
often affected by sepsis-induced myocardial dysfunction
(SIMD), which is associated with worse prognoses and
higher mortality rates when compared to patients with sepsis
without SIMD [4–9]. These patients may present global
biventricular dysfunction (systolic or diastolic) with reduced
contractility, left ventricular dilation, and decreased response
to resuscitation with fluids and catecholamines [9].

Previous results from our research group demonstrated
that structural changes in cardiac cells elucidate the
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physiopathology of SIMD [10]. During experimental sepsis,
loss and reduction of structural protein expressions were
implicated with compromised functioning of cardiac cells
[10]. The reduction of connexin-43 and N-cadherin resulted
in the loss of structural integrity of intercalated discs, hinder-
ing communication between myocardial cells [11]. Subse-
quently, cardiomyocyte degeneration and lysis of actin and
myosin filaments, all caused by sepsis, were associated with
reduced expression of dystrophin [12].

Dystrophin proteins act as critical components of the
dystrophin-glycoprotein complex (DGC), establishing con-
nections between the intracellular cardiac contractile
machinery and the extracellular matrix. Furthermore, DGC
performs three essential basic functions: stabilization of the
membrane during contraction cycles, transduction of con-
tractile force, and the organization of membrane specializa-
tions [13]. In addition to dystrophin, evidence indicates
that CAV3 is localized to the sarcolemma, where it associates
with the DGC [14, 15]. CAV3 is part of the caveolin group
(caveolins-1, 2, and 3); caveolins-1 (CAV1) and 2 are
expressed in most cell types, including adipocytes, smooth
muscle cells, endothelial cells, epithelial cells, and fibroblasts
whereas caveolin-3 is expressed in striated and cardiac mus-
cle tissue [16]. These groups are concentrated in regions rich
in cholesterol and sphingolipids called lipids rafts, forming
the caveolae [16, 17]. The caveolae are vesicular invagina-
tions of the plasma membrane, responsible for regulating
endocytosis, exocytosis, signal transduction, mechanoprotec-
tion, cholesterol, and calcium homeostasis [16, 18, 19].

Caveolae are associated with several ion channels in car-
diomyocytes, such as long-lived and voltage-dependent L-
type Ca2+ channels (LTCCs) [19, 20]. CAV3 is colocated with
the α1 isoform of LTCCs in cardiomyocytes in the Cavβ
region [19, 21, 22]. Caveolae can modulate the process of
excitation-contraction of cardiac cells, regulating the calcium
transient and response to β-adrenergic stimulation. In addi-
tion, the loss of caveolae decreases the amplitude of the tran-
sient [Ca2+]i, reducing the contraction [19, 23, 24].

The loss of calcium homeostasis is harmful to the cell.
The intracellular increase of this ion activates proteases,
nucleases, and ATPases that lead to cell death. In vitro studies
have shown a significant increase in the concentration of free
intracellular calcium [Ca2+]i in cardiomyocytes exposed to
the serum of septic mice [25]. The role of CAV3 in septic car-
diomyocytes and its relationship to calcium are still unclear.
Thus, the present study is aimed at evaluating the expression
of caveolin-3 in the heart of septic mice associated with
verapamil treatment, an L-type calcium channel antagonist.

2. Materials and Methods

2.1. Experimental Animals. Male C57BL/6 mice, weighing
22–24 g, were maintained at ambient room temperature
(22 ± 2°C) under a 12/12-hour light-dark cycle. They were
housed at the Animal Facility of the Department of Pathol-
ogy of the Faculty of Medicine of Ribeirão Preto and given
standard mouse feed and water ad libitum. The animal pro-
tocol was approved by the Committee on Animal Research
of the Faculty of Medicine of Ribeirão Preto, University of

São Paulo, Brazil (Protocol no. 083/2012). All efforts were
made to minimize animal suffering.

2.2. Polymicrobial Sepsis (Cecal Ligation and Puncture (CLP)
Model). A modified CLP model was used to induce polymi-
crobial sepsis [25]. The mice were quickly anesthetized with
2.0% isoflurane, vaporized in medical oxygen (O2), via a face
mask. The abdomen was shaved, and a midline incision was
performed. The cecum was isolated and ligated with 6–0 silk
thread below the ileocecal valve without causing bowel
obstruction. The cecum was then punctured with an 18-
gauge needle to induce severe septic injury (SSI). Bowel con-
tent was gently extruded through the puncture, and the
cecum was then replaced to its original position. The abdo-
men was then sutured. Sham-operated animals (controls)
underwent the same procedures, except for cecal ligation
and puncturing. To prevent dehydration, all mice received
subcutaneous doses of saline (50mL/kg of body weight)
immediately and 12 hours after the surgical procedure. For
pain relief, sodium dipyrone solution (10mg/100 g body
weight, i.p.) was administered at the start of the surgery and
6-12 hours after surgery. Mice were monitored daily for signs
of disease, such as piloerection, hunched gait, lethargy, and
eye discharge. Mice displaying severe signs of distress
(labored breathing, nonresponsiveness to cage tapping, fail-
ure of grooming, and severe eye discharge) were humanely
euthanized by injecting a mixture of ketamine (90–
120mg/kg) and xylazine (10mg/kg), followed by cervical
dislocation.

2.3. Experimental Groups and Drug. For the experiments,
male C57BL/6 mice were arbitrarily allocated into four
groups: (1) sham, (2) SSI, (3) sham+verapamil (SH+VP),
and (4) SSI+verapamil (SSI+VP). The verapamil hydrochlo-
ride (5mg/kg body weight, Sigma-Aldrich Co., St. Louis,
USA) was diluted in sterile 0.9% NaCl saline (100μL total
volume/animal) and injected intraperitoneally (i.p.) two
hours after CLP surgery (SSI+VP) or the sham operation
(SH+VP). Untreated control (sham) and untreated septic
mice (SSI) received an equivalent volume of saline. The sur-
vival rates were monitored every 12 hours for five days after
surgery using 10 animals per group (sham, SSI, SH+VP,
and SSI+VP, n = 10 per group).

2.4. Histopathology. For the histopathology analyses, mice
were euthanized with 100μL of a 10 : 1 mixture of ketamine
(90–120mg/kg) and xylazine (10mg/kg), respectively. The
thoracic cavity was opened, and the heart was removed 24
hours after surgery (n = 6 animals/group SSI/SSI+VP and n
= 4 animals/group sham/SH+VP). Hearts were longitudi-
nally sectioned into two halves; one-half of the heart was
fixed in phosphate-buffered 10% formalin and embedded in
Historesin (Leica Instruments, Heidelberg, Germany) for
high-resolution light microscopy. The 2μm thick sections
were stained with toluidine blue, and left ventricles were ana-
lyzed. Another half of the hearts were frozen at -80°C for the
immunoblotting procedure.

2.5. Immunohistochemistry. For the immunostaining of
CAV3, immunohistochemistry was performed. The slides
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were deparaffinized in an oven (55°C for 30 minutes) and a
xylene bath. The cuts were then hydrated in decreasing alco-
hol concentrations of 100%, 90%, and 70%. Subsequently, the
slides were placed in warm distilled water and underwent
antigenic recovery in citrate buffer (pH6.0) at 95°C. Consec-
utively, the slides went to the inactivation stage of endoge-
nous peroxidase with 3% hydrogen peroxide solution
(H2O2) for three minutes. The slides were then incubated
with 2% BSA for 25 minutes. After, sections were incubated
with primary antibody (anti-caveolin-3; BD Transduction
Laboratories) diluted at the concentration of 1 : 1000 in
blocking buffer overnight (18 hours) at 4°C, in a humidified
chamber. Subsequently, the sections were incubated with
biotinylated secondary anti-mouse antibody (LSAB®+ Kit,
K0675, Dako Corporation, Carpinteria, United States) for
20 minutes and then with streptavidin peroxidase solution
for 20 minutes (LSAB®+ Kit, K0675, Dako Corporation).
The reaction was developed from the chromogenic solution
of diaminobenzidine (DAB) (3,3′-diaminobenzidine, Sigma)
and prepared with 1mL of substrate (hydrogen peroxide
(H2O2) 3%) for one minute. The cuts were washed briefly
in distilled water. In this process, the slides were counter-
stained for 30 seconds in hematoxylin and placed in a con-
tainer for washing with running water for eight minutes.
The cuts underwent dehydration in alcohol of 70%, 95%,
and 100% and in xylene. Finally, the slides were mounted
with the coverslip using the Entellan mounting medium. A
0.01M phosphate-buffered saline solution (PBS) with
pH7.2-7.4 was used to wash the cuts.

2.6. Western Blotting. To determine the amount of CAV3 in
the hearts of sham (n = 4), SSI (n = 6), SH+VP (n = 4), and
SSI+VP (n = 6) mice, homogenates of left ventricles were

submitted to immunoblotting 6, 12, and 24 hours after the
CLP or sham procedure. Hearts of mice were homogenized
in the modified RIPA buffer lysis (Tris HCl 0.05°M
(pH°7.4); NaCl 0.15°M; EDTA 0.001°M (pH°8.0); SDS
0.1%) supplemented with a protease inhibitor cocktail
(Sigma-Aldrich) and the phosphatase inhibitors (Na3VO4
0.001°M; NaF 0.025°M; Na4P2O7 0.0005

°M). This buffer does
not separate cytosolic protein from plasma membrane pro-
tein. Equal concentrations (50°μg/well) of total proteins
(homogenate) were resolved on 10% SDS-Page gels and
transferred to a PVDF membrane (Amersham Pharmacia
Biotech, Amersham, UK). The membranes were blocked
with 5% albumin for two hours and incubated overnight at
4°C with the primary antibodies: anti-caveolin-3 (mouse
monoclonal antibody, 1 : 10000; BD Transduction Laborato-
ries) and anti-GAPDH (rabbit monoclonal antibody,
1 : 1000; Cell Signaling Technology). Then, the blots were
washed and incubated with HRP-conjugated secondary anti-
bodies for one hour at room temperature. Membranes were
washed, developed using ECL (Amersham Pharmacia Bio-
tech), and viewed with ChemiDoc XRS (BioRad). Image
analysis was performed using the public domain ImageJ pro-
gram (developed at the National Institutes of Health and
available at http://rbs.info.nih.gov/nih-image/) with the
“Gel Analysis” function. Analysis results are represented by
the values of each band; each value is proportional to the
integrated density value (IDV) of the specific band, which
corresponds to the arbitrary unit (AU). GAPDH was used
to determine equivalent loading conditions.

2.7. Statistical Analysis. Data were analyzed using the Graph-
Pad Prism 5 statistics program (GraphPad Software Inc., San
Diego, United States). Data were expressed as means ±
standard deviation ðS:D:Þ. Statistically significant differences
between groups for western blot analysis were measured by
one-way analysis of variance (ANOVA) followed by post
hoc Tukey’s multiple comparison test (parametric data). Sta-
tistical analysis of survival curves was performed using the
Kaplan-Meier with a Mantel-Cox (log-rank) test. P < 0:05
was considered statistically significant. All P values are dem-
onstrated in the graphics.

3. Results

3.1. Sepsis Survival Rates. Figure 1 shows the survival rate of
mice submitted to the sham operation (sham) and SSI until
120 hours after surgery. The sham (sham) and sham-
treated (SH+VP) animals showed full recovery from anesthe-
sia and maintained 100% survival until the end of the obser-
vation. The SSI mice showed a 50% survival rate 24 hours
after injury, decreasing to a 10% survival rate 72 hours after
cecal puncture. Rates then remained steady until 120 hours
after surgery. In contrast, the treated septic mice (SSI+VP)
showed a survival rate of around 80% in 24 hours, decreasing
to 50% at 96 hours. Rates then remained stable until the end
of observation at 120 hours.

3.2. Effect of Verapamil Administration on Cardiac Lesions.
Histopathological analyses of the heart showed that severe
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Figure 1: Survival curve of the mice subjected to cecal ligation and
puncture (CLP) sepsis. Groups of 10 mice were submitted to sham
operation (sham) or severe septic injury (SSI) and were treated
with verapamil (SH+VP, SSI+VP). The survival rate was
determined daily up to 120 hours after surgery. Statistical analysis
was performed using the Kaplan-Meier with a Mantel-Cox (log-
rank) test. Survival curves obtained with verapamil treatment (SSI
+VP) were significantly different (P < 0:001) as compared to the
sepsis group (SSI).
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Figure 2: Histopathology of myocardial tissue from mice subjected to cecal ligation and puncture (CLP) sepsis. The sham-operated mice
(sham and SH+VP) showed no changes (a, b). The SSI group (c) had evident disorientation of the myofibrils with the formation of
contracture bands (red arrows) and myocytolysis (black arrows) as compared to the SSI+VP group (d), 24 hours after surgery. Scale bars
indicate 50 μm.
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Figure 3: Immunolocalization of caveolin-3 in cardiac tissue 24 hours after sepsis induction. (a, b) Show the immunostaining of CAV3 on
cardiomyocytes (sham and SH+VP) bounded by the plasma membrane. (c) Represents the scattered staining of CAV3 in the cytoplasm
and cell membrane of septic cardiomyocytes (SSI group). (d) The septic mice treated with verapamil (SSI+VP) showed immunostaining of
CAV3 more related to that observed in the control groups (sham and SH+VP). Scale bars indicate 50 μm.
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sepsis resulted in extensive lesions in the myocardium
(Figure 2). After 24 hours of sepsis induction, the cardiac tis-
sue septic group (SSI) presented regions of myofibril disori-
entation with the formation of contraction bands, necrosis,
and an apparent rupture of the sarcolemma. However, septic
mice treated with verapamil (SSI+VP) had more preserved
cardiomyocytes and less cellular changes than the untreated
septic group (SSI). The sham-operated mice (sham and SH
+VP) showed no changes.

3.3. Effect of Verapamil Administration on Caveolin-3
Distribution in the Heart. Figure 3 shows the distribution of
CAV3 in the cardiac cells 24 hours after sepsis induction.
In the cardiomyocytes of the control groups (sham and SH
+VP), CAV3 was delimited in the plasma membrane of the
cells. The untreated septic group (SSI) presented immuno-
staining of CAV3 scattered throughout the cytoplasm (not
membrane-bound fraction) and plasma membrane of the
heart cells. In contrast, when treated with verapamil, the sep-
tic mice (SSI+VP group) showed immunostaining of CAV3
closer to that observed in the control groups (sham and SH
+VP).

3.4. Effects of Verapamil Administration on Caveolin-3
Expression in the Heart. Figure 4 shows the quantitative anal-
ysis of CAV3 protein levels in the myocardium of controls
(sham, SH+VP) and animals subjected to severe sepsis (SSI)
and treated with verapamil (SSI+VP) 6, 12, and 24 hours
after surgery. The results showed a significant increase in
the levels of CAV3 expression only 24 hours after the severe
sepsis induction (SSI) when compared to the values observed
in the hearts of the control group (sham). For the slight
increase in the levels of CAV3, 6 and 12 hours after CLP sur-
gery, there was no statistical difference among the groups.

Additionally, septic mice treated with verapamil (SSI+VP)
showed significantly reduced levels of CAV3 24 hours after
CLP surgery when compared to untreated septic animals
(SSI).

4. Discussion

In this study, we demonstrated for the first time that CAV3 is
overexpressed in the hearts of septic mice, and the treatment
with verapamil influenced the reduction of CAV3 in septic
mouse hearts. Additionally, reduced expression of CAV3
led to a reduction of sepsis-induced cardiac injuries and a
decreased mortality rate.

Septic patients frequently develop hypocalcemia [26].
However, calcium is essential in several physiological pro-
cesses, such as excitation-contraction of cardiac cells. Thus,
parenteral calcium administration could potentially generate
positive results in these hypocalcemic patients [27]. Calcium
supplementation in septic patients and animals has been
shown to increase mortality rates and lead to organ failure
[28, 29]. Interestingly, intracellular calcium concentrations
are increased in sepsis; this has been associated with patho-
physiological changes [30]. The displacement of calcium into
the cells may be largely responsible for hypocalcemia.
Although parenteral calcium administration appears to be
the solution, it can contribute to organ dysfunction [26, 29].

A previous study from our research group showed an
increase in [Ca2+]i in cultured neonatal cardiomyocytes
treated with septic animal serum [31]. Calcium overload by
CLP has also been demonstrated in the heart, brain, liver,
and spleen cells of septic rats [32]. The hypotheses for this
increase in [Ca2+]i involve failures in the channels that regu-
late the entry of Ca2+, microruptures in the plasma
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Figure 4: Western blot analysis of CAV3. (a) The amounts of CAV3 in the sham (n = 4) and SH+VP (n = 4) groups were measured 24 hours
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surgery and expressed in arbitrary units (AUs). GAPDH was used to determine equivalent loading conditions. Note that the expression of
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< 0:001 (SSI vs. sham). (b) The autoradiograph resulting from western blot analysis of representative protein levels for CAV3 and
GAPDH of mouse hearts, subjected to sham operation (sham, SH+VP) or sepsis induction (SSI, SSI+VP) 24 hours after surgery.
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membrane, and the excessive release of Ca2+ by the sarco-
plasmic reticulum [31, 33, 34].

However, one hypocalcemia hypothesis suggests that
sepsis-induced failures in calcium channels cause an
increased influx of Ca2+ into cells [32]. This hypothesis is
supported by the fact that the administration of a calcium
channel blocker results in a better prognosis and a reduction
in mortality rates of septic patients [35]. These data corrobo-
rate with experimental findings; the administration of verap-
amil in septic animals resulted in a reduction of mortality,
attenuation of cardiac lesions, reduction of intracellular cal-
cium concentration, and attenuation of hypocalcemia [31,
32, 36]. The data from the present study also supports this
hypothesis, as septic animals treated with verapamil survived
longer than septic animals without treatment.

The increase in [Ca2+]i activates proteases inside the cell,
such as calpain. In sepsis, calpain expression in cardiomyo-
cytes increases, with a concomitant reduction in
dystrophin-glycoprotein complex (DGC) proteins [37]. The
disturbance of this complex, the consequent reduction in
dystrophin, and the contraction process make the cell more
susceptible to mechanical stress in the plasma membrane,
resulting in its rupture [38, 39]. The consequences of dystro-
phin reduction can be seen in Duchenne Muscular Dystro-
phy (DMD). DMD patients can develop cardiomyopathy
with cardiac cell loss. This leads to greater vulnerability to
pressure overload and can result in dilated cardiomyopathy
[40]. Experimental models of DMD have shown that the loss
of dystrophin causes a progressive increase in the expression
of CAV3 in the plasma membrane, cytoplasm, and caveolae
in muscle cells [41]. Consistent with these results, we
observed that CAV3 was overexpressed in mouse hearts with
sepsis, demonstrating its presence in the plasma membrane
and cytoplasm through immunostaining. As previously dem-
onstrated, this occurred even with the activation of proteases
such as calpain. This indicates that CAV3 does not undergo
the process of degradation mediated by calpain, as observed
with dystrophin [37].

A study using the lung of septic mice (induced by the
CLP model) demonstrated a reduction of CAV1, which was
reported as a host cytoprotective factor to regulate the num-
ber of available caveolae that can be used by pathogens as an
escape mechanism from lysosomal degradation [42]. Surpris-
ingly, human lung endothelial cells challenged with LPS
exhibited a concentration- and time-dependent increased
expression of CAV1 mRNA and protein. This effect has been
found to be dependent on NF-κB activation and thereby con-
tributes to the mechanism of microvascular permeability in
sepsis [43].

The cause of CAV3 overexpression in sepsis is still
unknown. Studies that induced overexpression of CAV3 in
transgenic mice showed severe cardiomyocyte degeneration
with reduced cardiac function, in addition to skeletal muscle
damage and negative regulation of DGC; such findings are
similar to those found in DMD [44, 45]. However, CAV3
knockout mice developed progressive cardiomyopathy and
an incorrect DGC complex location [46]. It is surprising to
see reduced CAV3 expressions in pathological cardiac condi-
tions, such as myocardial infarction, heart failure, and hyper-

trophy [20, 47]. Our study demonstrates that cardiac changes
induced by sepsis provide a different response regarding the
expression of CAV3, as septic animals showed a significant
increase in CAV3 levels.

There are strong indications that CAV3 regulates calcium
homeostasis in cardiac cells, an important relationship in
maintaining cellular physiology. One study showed the
absence of slow Ca2+ waves in cells absent from CAV3, and
this also occurred when the interaction of CAV3 with G pro-
tein was interrupted [48]. On the other hand, the induced
overexpression of CAV3 interrupted the hypertrophic signal-
ing caused by pressure overload through the inhibition of the
type T calcium channel current and the suppression of the
Ca2+-dependent calcineurin-NFAT pathway [20].

5. Conclusions

Our results indicate that sepsis leads to increased expression
of CAV3 in the heart, and the treatment with verapamil can
directly or indirectly modulate its expression resulting in a
reduction of mortality rates and cardiac injuries.
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Black berry (Syzygium cumini) fruit is useful in curing diabetic complications; however, its role in diabetes-induced
cardiomyopathy is not yet known. In this study, we investigated the regulation of gelatinase-B (MMP-9) by S. cumini methanol
seed extract (MSE) in diabetic cardiomyopathy using real-time PCR, RT-PCR, immunocytochemistry, gel diffusion assay, and
substrate zymography. The regulatory effects of MSE on NF-κB, TNF-α, and IL-6 were also examined. Identification and
estimation of polyphenol constituents present in S. cumini extract were carried out using reverse-phase HPLC. Further, in silico
docking studies of identified polyphenols with gelatinase-B were performed to elucidate molecular level interaction in the active
site of gelatinase-B. Docking studies showed strong interaction of S. cumini polyphenols with gelatinase-B. Our findings indicate
that MSE significantly suppresses gelatinase-B expression and activity in high-glucose- (HG-) stimulated cardiomyopathy.
Further, HG-induced activation of NF-κB, TNF-α, and IL-6 was also remarkably reduced by MSE. Our results suggest that S.
cumini MSE may be useful as an effective functional food and dietary supplement to regulate HG-induced cardiac stress
through gelatinase.

1. Introduction

Syzygium cumini, a seasonal perishable berry, commonly
known as malabar plum, belongs to the family Myrtaceae.
The plant is native to Asia and Oceanic regions, mainly India,
China, and New Zealand. It is also grown in East Africa,
South America, and tropical parts of the USA [1, 2]. The
purple fruits of jamun are used for the processing of chips,
vinegar, jams, smoothies, and squashes and hold a significant
position in the functional food industry. Besides the fruits,
other parts of the plant also have been found useful in treat-

ing chronic diseases including diabetes-related complications
[3, 4]. The plant of S. cumini, especially its fruit, is considered
a functional food, as it consists of plenty of polyphenols such
as gallic acid, quercetin, β-sitosterol, eicosane, diphenic acid,
ellagic acid, isoquercetin, and myricetin, which may facilitate
healthy benefits against diabetes-induced detrimental
changes and also reduce the risk of neurological and cardio-
vascular diseases (CVDs) [5]. These molecules are known for
their anti-inflammatory, antihyperlipidemic, antioxidative,
free radical scavenging, and antidiabetic potential [6]. Fur-
ther studies have shown that S. cumini seed extracts function
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as a chemopreventive agent against DNA damages and also
have antimutagenic as well as antigenotoxic effects [7].

Cardiac stress has become a leading cause of morbidity
and mortality among people with type 2 diabetes. Diabetic
individuals have two to four times greater risks of cardiac
arrest than nondiabetic people [8, 9]. The alarming rate of
diabetes incidences and its impact on the heart make diabetic
cardiomyopathy a challenging health condition worldwide.
However, the effect of S. cumini seed polyphenolic constitu-
ents on diabetes-induced cardiac stress is not known. Thus,
it is important to study the effect of MSE against diabetes-
induced cardiac stress along with its mechanism of action
which may open a new way for the management of
cardiomyopathy.

Hyperglycemia is known to cause cardiac stress, which
eventually leads to cardiomyopathy through increased
activity of matrix metalloproteinases (MMPs) and extracel-
lular matrix (ECM) remodeling [10]. MMPs are a family
of secreted and membrane-bound zinc and calcium-
dependent endopeptidases, which include collagenases,
gelatinases, stromelysins, matrilysins, and a few peptidases
[11–13]. The variation in the expression of MMPs and
endogenous tissue inhibitors of matrix metalloproteinases
(TIMPs), especially TIMP-1 and TIMP-2, may lead to
the pathophysiology of various diseases including cardio-
vascular diseases, cancer, diabetes, and neurodegenerative
disorders [14]. TIMPs act as inhibitors for active MMPs
by binding to the Zn2+ in its catalytic domain [14, 15].
Their production is regulated by a variety of mediators
including cytokines, chemokines, hormones, and growth
factors [16]. The inflammatory cytokines and growth fac-
tors released at tissue damage sites lead to the enhance-
ment of the expression of MMP-9 and among which
TNF-α is found to be a potent stimulator of MMP-9 tran-
scription and atherosclerosis [17].

The central role of MMPs in ECM remodeling, therefore,
makes them a potential drug target in diabetic cardiomyopa-
thy [18, 19]. One of the critical MMPs known to be activated
in diabetes is MMP-9, the largest and the most complex
member which otherwise remains latent in healthy hearts.
During diabetic cardiomyopathies, gelatinase-B also called
MMP-9 activated via Ras/Raf/MEK/ERK signaling cascade
causes extensive degradation of ECM and decreases matrix
turnover, which is associated with several cardiac abnormal-
ities and heart failure [20]. Although there has been a big
thrust towards the development of synthetic MMP inhibi-
tors, their safe implementation and testing in successful clin-
ical trials is still a challenge [21].

Overwhelming evidence from epidemiological, in vivo,
in vitro, and clinical studies indicates that plant-based
functional foods not only provide basic nutrition but also
have the potential to suppress diseases and ensure good
health and longevity. Therefore, efforts to identify new
plant-based MMP inhibitors, with less toxicity and more
specificity, are required [22]. To date, specific studies
revealed the inhibition of MMPs by several natural prod-
ucts such as dietary gallic acid, epigallocatechins, anthocy-
anins, curcumin, and caffeic acid in various pathological
conditions [23, 24].

Syzygium cumini has been extensively studied for its
nutrient composition and found to be enriched with poly-
phenols and could serve as a source of a potential MMP
inhibitor that can be effective in HG-induced cardiac stress
[6, 25]. Our previous studies found that S. cumini MSE sig-
nificantly suppressed the HG-induced stress in H9C2 cardio-
myocytes by reducing mitochondrial membrane potential,
reactive oxygen species (ROS) overproduction, and collagen
levels, suggesting its potential as a functional food and
supplementary diet to diabetic patients for suppression of
cardiac stress [26]. In the present study, we have examined
the role of MSE as well as the purified component of seed
extract on MMP-9 expression and activity in HG-stressed
cardiomyocytes. Our current study also proposes S. cumini
to be a potent MMP inhibitor and a therapeutic agent in
diabetes-induced cardiac complications.

2. Materials and Methods

A schematic representation of the methodology used in the
present study is illustrated in Fig. S1.

2.1. Chemicals. All chemicals were purchased from Sigma
Aldrich (St. Louis, MO, USA). All the antibodies were
purchased from Santa Cruz Biotechnology Inc. (Dallas,
TX, USA).

2.2. Seed Collection. S. cumini seeds were procured from a
local vendor in the month of July-August and were authenti-
cated by Dr. Anshu Rani, an eminent botanist, Department
of Botany, Govt. P.G. College, Abu Road, Rajasthan, India.
Further, the seeds were washed, ground, and dried.

2.3. Preparation of Methanol Extract of S. cumini Seeds. The
methanol extract of S. cumini seeds (MSE) was prepared by
using the Soxhlet solvent extraction method. Seed powder
(20 g) was mixed with 200ml methanol. The temperature
was set at its boiling point (64.7°C), and 12-14 cycles were
run for complete extraction. After solvent evaporation in a
rotary evaporator, the dried powder was reconstituted at
the concentration of 1mg/ml in molecular-grade water.

2.4. Cell Culture. The rat heart-derived H9C2 cardiomyoblast
cells were obtained from the National Centre for Cell Science
(NCCS), Pune, India (originally from ATCC, USA). H9C2
cells were cultured with Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with penicillin (100 unit/ml),
streptomycin (100μg/ml), glucose (5.5mM), L-glutamine
(2mmol/l), sodium bicarbonate (3.7 g/l), 10% fetal bovine
serum (FBS), insulin (50mg/ml), transferrin (27.5mg/ml),
selenium (0.025mg/ml), and amphotericin B (5μg/ml) in a
humidified CO2 incubator (New Brunswick Scientific, NJ,
USA) with 5% CO2 at 37

°C [27].

2.5. Treatment of Cells with Glucose, S. cumini MSE, and
Gallic Acid (GAL). H9C2 cells were induced with optimized
doses of glucose and S. cumini MSE as standardized in our
previous studies [28]. The gallic acid was used as a purified
equivalent in all the experiments. Our study included six
groups: (a) control (untreated) cells, (b) cells induced with
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4.5mg/ml glucose (HG), (c) high-glucose-induced cells
treated with S. cumini MSE (9μg/ml) (HG+MSE), (d)
MSE-treated cells (MSE), (e) high-glucose-induced cells
treated with gallic acid (3.4μg/ml) (HG+GAL), and (f) gallic
acid-treated cells (GAL).

2.6. Cell Viability Assay. Cell viability was determined by a 3-
(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay (Ferrari, Fornasiero & Isetta, 1990).
Approximately 8 × 103 H9C2 cells were seeded in 96-well
plates. The H9C2 cells were treated as described above and
incubated for 48 h at 37°C in a humidified incubator contain-
ing 5% CO2. After completion of incubation, 10μl MTT
(5mg/ml) was added, and cells were further incubated for
3 h. The culture supernatant was then discarded, and forma-
zan crystals were dissolved in 100μl DMSO. Absorbance was
measured through an ELISA plate reader (ThermoFisher Sci-
entific Inc., Waltham, MA, USA) at 570nm. Cell viability was
defined in relation to control cells as the ratio of absorbance
of the treated sample to absorbance of the control sample.

2.7. Haematoxylin-Eosin (H&E) Staining. The H&E staining
was performed for the determination of morphology of cells.
H9C2 cells were seeded in six-well plates as per the experi-
mental sets described earlier and incubated for 48h. Subse-
quently, cells were washed with cold phosphate-buffered
saline (PBS) and fixed with 100% chilled (-20°C) methanol.
Haematoxylin (0.5% alcoholic solution) was added and incu-
bated for 30min at 25°C. After washing twice with PBS at
room temperature, cells were counterstained with 5% eosin,
washed, and mounted. The cells were observed under a light
microscope, and images were captured at 40x magnification.
The stained cells were eluted with 0.1N NaOH, and the
absorbance of samples was measured at 560nm.

2.8. Extraction of Total Cell Protein. After completion of 48 h
of incubation, cells were harvested and washed with cold
PBS. The cell pellet was lysed in precooled 1x RIPA buffer
(50mM Tris-HCl (pH7.5), 150mM NaCl, 500mM
Na2EDTA, 1mM EGTA, 1% NP-40, 1% sodium deoxycho-
late, 2.5mM sodium pyrophosphate, and protease inhibitor
cocktail (104mM AEBSF, 80μM aprotinin, 4mM bestatin,
1.4mM E-64, 2mM leupeptin, and 1.5mM pepstatin A) on
ice for 1 h. The cell lysate was centrifuged at 13000 × g for
15min at 4°C in a refrigerated centrifuge. The concentration
of total cell proteins in supernatant was estimated by a Brad-
ford assay.

2.9. Gel Diffusion Assay. A solution containing 1.5% agarose,
digestion buffer (50mM Tris-Cl (pH7.4), 150mM NaCl,
5mM CaCl2, and 0.02% Brij-45), and 1mg/ml gelatin was
poured on a gel plate and allowed to solidify. An equal
amount of protein (30μg/ml) from various experimental sets
were loaded into wells punched in the solidified agarose gel
and incubated overnight at 37°C. Zones of gelatin digestion
were detected by staining the agarose gel in a solution con-
taining 0.25% Coomassie Brilliant Blue R-250. The enzy-
matic activity was estimated as a function of the diameter
of the digested zone compared to standard trypsin.

2.10. Zymographic Analysis of MMP-9 Production. The equal
amount of protein (30μg/ml) from different experimental
sets was mixed with 2x sample buffer (0.005% Bromophenol
Blue, 20% glycerol, 4% SDS, 100mM Tris-Cl (pH6.8)) in
equal proportion and subjected to electrophoresis in 10%
polyacrylamide gel containing gelatin (1mg/ml). After
washing with 2.5% Triton X-100, the gels were incubated
in digestion buffer, stained with 0.25% Coomassie Brilliant
Blue R-250, and further destained to visualize gelatinolytic
activities in zymogram which was observed as transparent
bands against the background of Coomassie Blue-stained
gelatin containing gel. The quantitation was done using
NIH ImageJ software.

2.11. Cell In Situ Zymography. H9C2 cells were cultured on
coverslips and were fixed with chilled (-20°C) methanol and
implanted in the uniformly spread mixture of 0.5% agarose
containing 0.1% fluorescein-conjugated gelatin on the glass
slides. The cells were incubated at 37°C for 1 h in developing
buffer (50mM Tris-Cl (pH7.4), 150mM NaCl, 5mM CaCl2,
0.02% Brij-45) and visualized under a fluorescent microscope
(Olympus Corporation, TYO, Japan). Images were captured
at 40x magnification.

2.12. Immunocytochemistry. H9C2 cells were grown on cov-
erslips under different experimental conditions and fixed
with methanol. After washing the cells with PBS, blocking
was done for 1 h at room temperature (25°C) using 3% BSA
prepared in PBS followed by incubation with primary anti-
bodies (against MMP-9, NF-κB, GAPDH, and Lamin A/C)
for 1 h at 37°C. Subsequently, cells were stained with FITC-
conjugated secondary anti-goat antibody under similar con-
ditions. Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) as described previously [29] and
observed under a fluorescent microscope (Olympus Corpo-
ration, TYO, Japan). Images were captured using a Progress
capture camera fitted to the microscope. Overlay images were
obtained by NIH ImageJ software.

2.13. RT-PCR. After completion of incubation, total RNA
was extracted using a TRIzol reagent (Invitrogen Carlsbad,
CA, USA) as per the manufacturer’s manual. Reverse tran-
scription of all sets with 0.1μg total RNA was performed
using a RevertAid H Minus First Strand cDNA Synthesis
Kit (ThermoFisher Scientific Inc., Waltham, MA, USA) as
per instructions provided. The cDNA samples were diluted
to 20ng/μl. The thermal cycling conditions were composed
of an initial denaturation step at 95°C for 5min followed by
30 cycles at 95°C for 30 s each, the respective annealing tem-
perature for 30 s and 72°C for 30 s, and a final extension of
10min at 72°C. Amplified products were resolved on 2% aga-
rose gels and visualized by ethidium bromide staining using
GelDoc (BioRad Laboratories, CA, USA). The primer
sequences for specific genes and their respective annealing
temperatures were as follows: MMP-9: 5′-CACCGCTCACC
TTCACCCG-3′ (F), 5′-TGCCGAGTTGCCCCCAGTTA-3′
(R), 66°C; TNF-α: 5′-AGAAAGTCAGCCTCCTCTCC-3′
(F), 5′-ACTCCAAAGTAGACCTGCCC-3′ (R), 56°C; IL-6:
5′CCTACCCCAACTTCCAATGCTC-3′ (F), 5′-TTGGAT
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GGTCTTGGTCCTTAGCC-3′ (R), 58.5°C; and β-Actin: 5′
-CATCGTACTCCTGCTTGCTG-3′ (F), 5′-CCTCTATGC
CAACACAGTGC-3′ (R), 57.5°C. To further validate the
semiquantitative results, qRT-PCR was carried out using
SYBR Green PCR master mix of the PikoReal™ Real-
Time PCR System (ThermoFisher Scientific Inc. Waltham,
MA, USA). Upon completion, fold changes in gene expres-
sion were calculated by a delta delta Ct (ΔΔCt) method.
The fold change in gene expression was normalized to an
internal β-actin control gene.

2.14. HPLC Analysis.Methanol extract of S. cumini seeds and
10 standards, namely, ellagic acid, gallic acid, p-coumaric
acid, quercetin, protocatechuic acid, sinapic acid, caffeic acid,
kaempferol, ferulic acid, and p-hydroxybenzoic acid (Sigma-
Aldrich, St. Louis, MO, USA), was subjected to HPLC analy-
sis by using Shimadzu LC instrument equipped with Hypersil
C-18 column and PDA detector (Shimadzu Corporation,
Kyoto, Japan). Mobile phase containing methanol/acetoni-
trile (98/2 v/v) was used to perform HPLC analysis [30–32].
The flow rate was set at 0.5ml/min, and the absorbance used
for this study was 254nm. 100μl MSE, taken from 150ml
stock solution obtained from 10 g S. cumini seed powder,
was diluted with 900μl HPLC-grade methanol and filtered
through 0.2μ filter (Millipore, MA, USA). From the diluted
stock, 20μl was used for HPLC analysis. For HPLC analysis
of the standards, 1mg/ml stocks were prepared in methanol,
and 20μl of each standard was subjected to HPLC analysis.
The concentration of each component of the extract was cal-
culated by using the area of different standards individually.
The results are represented as the mean ± SD, and each
experiment is performed in triplicate.

2.15. Molecular Docking. AutoDock Vina was used for dock-
ing studies [33]. The X-ray crystallographic structure of
MMP-9 (Pdb Id 4H82) was selected from the protein struc-
ture database (protein data bank RCSB PDB). The ligand
molecular structure of ellagic acid, gallic acid, p-coumaric
acid, quercetin, protocatechuic acid, sinapic acid, caffeic acid,
kaempferol, ferulic acid, and p-hydroxybenzoic acid was
designed and 3D optimized using ACD ChemSketch 12.0.
A grid box of 20 × 20 × 20 points was generated around the
active site coordinates of MMP-9 protein. The binding free
energies of the ligand-protein interactions were also calcu-
lated using the best-predicted conformations in the bounded
state and compared with binding free energies of MMP-9-
doxycycline interactions [34–39].

2.16. Statistical Analysis. The data are expressed as means ±
SD. Statistical analysis was performed using SPSS 16 soft-
ware. Statistical comparisons were made with one-way
ANOVA with Tukey’s test. All the results were considered
significant with a p value ≤ 0.05. Each experiment was con-
ducted in triplicates and repeated thrice.

3. Results

3.1. S. cumini Prevents Glucose-Induced Cardiac Stress. To
evaluate the protective effect of S. cumini on glucose-

induced cardiac stress, H9C2 cardiomyocytes were treated
with high glucose (4.5mg/ml, 25mM) alone or high glu-
cose concomitantly with S. cumini MSE. Gallic acid which
is a known cardioprotective agent under diabetes condi-
tions was used as a positive control. Morphological assess-
ment by H&E staining showed that although high-glucose
treatment results in about 1.5-fold increase in cell size,
treatment with MSE prevented the increase in cell size as
effective as gallic acid treatment (Figure 1). Furthermore,
neither MSE nor gallic acid resulted in any cytotoxic or
morphological alterations indicating that either treatment
does not exert any harmful effects on cardiac cells
themselves but are protective under glucose-induced stress
conditions.

3.2. S. cumini Prevents Glucose-Induced Gelatinase Activity in
H9C2 Cardiomyocytes. Cardiac remodeling involving molec-
ular changes that manifest as increased cell size under disease
conditions is known to be regulated by ECM remodeling
matrix metalloproteinases (MMPs 2& 9), popularly known
as gelatinases. We, therefore, studied whether the protective
effect of S. cumini MSE is regulated by these gelatinases.
We first studied the ability of lysates from H9C2 cardiomyo-
cytes to digest gelatin as a substrate in a gel-diffusion assay
evaluated by the area of the digestion zone (Figure 2(a)).
We found that treatment with high glucose resulted in an
enhanced gelatinase activity (equivalent to 102U trypsin)
compared to untreated controls (equivalent to 45U trypsin)
which was prevented upon concomitant treatment with S.
cuminiMSE (equivalent to 55U trypsin). Likewise, gallic acid
was also protective against glucose-induced gelatinase activ-
ity (equivalent to 58U trypsin), and gallic acid or MSE treat-
ment alone did not result in any significant change in
gelatinase activity (equivalent to 49U and 50U trypsin,
respectively) compared to controls. We then performed
gelatin zymography using protein lysates under similar
experimental conditions to evaluate the MMP activity
(Figure 2(b)). We found similar results as obtained above
where high-glucose treatment resulted in enhanced MMP
activity which was prevented by concomitant treatment with
S. cumini MSE or gallic acid. In order to further confirm the
protective effects of S. cuminiMSE on glucose-induced MMP
activity, we then performed cell in situ zymography to map
the in-position cell matrix metalloproteinase activity using
FITC-conjugated gelatin (Figure 2(c)). We found that cells
treated with high glucose alone were much more efficient in
digesting FITC-gelatin resulting in enhanced fluorescence
intensity compared to controls indicating an increased
MMP activity. Intriguingly, treatment with either S. cumini
MSE or gallic acid under high-glucose conditions resulted
in only a weak fluorescence signal indicating a reduced
MMP activity, and either treatment was protective. Akin to
the results obtained above, MSE or gallic acid treatment
alone did not have any significant effect on MMP activity
compared to the control. Overall, these results suggested that
S. cuminiMSE exerts an inhibitory effect on glucose-induced
MMP activity in cardiomyocytes which was as competent as
gallic acid, a previously known cardioprotective agent as well
as a phytocomponent of S. cumini.
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3.3. S. cumini Prevents Glucose-Induced Gelatinase-B
Expression in H9C2 Cardiomyocytes. Although a generalized
MMP activation in cardiomyopathies has been witnessed, a
specific induction of gelatinase-B has been reported in dia-
betic cardiomyopathy. We therefore selected gelatinase-B as
a potential therapeutic target for further assessment. Semi-
quantitative RT-PCR as well as qRT-PCR analysis showed
that high-glucose treatment results in an elevated mRNA
expression of gelatinase-B compared to the control
(Figure 3(a)). Furthermore, treatment with S. cumini MSE
under high-glucose conditions significantly prevented the
increase in gelatinase-B mRNA expression. Intriguingly, this
inhibitory effect of S. cumini MSE on gelatinase-B mRNA
expression was stronger as compared to that of gallic acid.
Immunohistochemistry analysis of H9C2 cardiomyocytes
treated under similar conditions showed that S. cumini MSE
treatment under high-glucose conditions prevented the
increase in gelatinase-B protein expression (Figure 3(b)).
Taken together, these results suggested that S. cumini MSE
suppresses the gelatinase-B protein as well as mRNA expres-
sion in high-glucose-treated H9C2 cardiomyocytes.

3.4. S. cumini Prevents Glucose-Induced NF-κB Nuclear
Translocation and Cardiac Inflammation. MMP expression
has been shown to be regulated by redox-sensitive transcrip-
tion factor NF-κB. Importantly, we observed that S. cumini
treatment altered not only gelatinase-B protein expression
but also its mRNA expression. This indicated that the protec-

tive effect of S. cumini on gelatinase-B could be regulated at
the transcriptional level. NF-κB transcriptional activity is
dependent upon its translocation to the nucleus. Therefore,
we studied the nuclear localization of NF-κB protein using
antibodies of p65 (RelA) subunit of NF-κB protein by immu-
noblotting (Figure 4). We observed that upon high-glucose
treatment, NF-κB translocated more from the cytoplasm to
the nucleus compared to controls indicating its activation.
However, treatment of S. cumini along with high glucose
shows a reduced localization of NF-κB in the nucleus
compared to the cytoplasm and was similar to that
observed in controls. Similarly, gallic acid treatment under
high glucose conditions also showed its predominant local-
ization in the cytoplasm indicating its reduced activation.
These results suggested that S. cumini MSE treatment
inhibits NF-κB nuclear translocation further controlling
their gelatinase-B expression.

An increase in NF-κB nuclear translocation would
enhance not only gelatinase-B expression but other proin-
flammatory cytokines such as TNF-α and IL-6. We, there-
fore, evaluated the mRNA expression of these cytokines
(Figures 5(a) and 5(b)). We found that high-glucose treat-
ment exacerbated the expression of TNF-α and IL-6, respec-
tively, and S. cumini MSE treatment was able to prevent it.
Gallic acid treatment also decreased the expression of TNF-
α and IL-6 similar to S. cumini MSE. On the one hand, these
results suggested that S. cumini MSE is able to prevent
glucose-induced cardiac inflammation; on the other hand,
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Figure 1: Morphological analysis in H9C2 cells by haematoxylin-eosin (H&E) staining. Light-field micrographs (40x magnifications)
showing an increase in cell size in high-glucose- (HG-) induced H9C2 cells, and S. cumini methanol seed extract (MSE) treatment
prevented such increase as indicated by arrows. Gallic acid treatment also showed decreased cell size near the control. Quantitation of cell
size was represented by histogram (∗p ≤ 0:05). Scale bar: 20 μ.
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it corroborated a reduced activity of NF-κB. However, addi-
tional evidence would be required to assert a direct correla-
tion between NF-κB activity and cytokine expression.

3.5. S. cumini Phenolic Compounds Block Gelatinase-B
Substrate Binding.We have previously shown potent antiox-
idative potential of S. cumini extracts indicating that S.
cumini is rich in phenolic compounds. To evaluate this, we
performed reverse-phase HPLC of S. cumini MSE which
showed that indeed S. cuminiMSE is enriched with a concoc-
tion of polyphenols, viz., corilagin, doxycycline, ellagic acid,
ferulic acid, epigallocatechin gallate, gallic acid, kaempferol,
quercetin, and sinapic acid (Figure 6). The structures, reten-

tion time, and quantity of these polyphenols are shown in
Table S1. The presence of these polyphenols was validated
using standard polyphenols in HPLC (Fig. S2). The
protective effects of these polyphenols have been shown to
be implicated in several diseases.

Our results showed that S. cumini MSE has a protective
function under high-glucose conditions by inhibiting NF-
κB translocation and gelatinase-B expression as well as activ-
ity, but whether it had a direct influence on gelatinase-B
activity remains unresolved. We therefore evaluated if S.
cumini polyphenols have a tendency to bind to MMP-9. In
silico molecular docking studies showed that these polyphe-
nols have a binding tendency to MMP-9 with variable
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Figure 2: Effect of S. cuminimethanol seed extract (MSE) on gelatinolytic activity. (a) Gel-diffusion assay: gelatinolytic activity was measured
by digested zones of gelatin around the wells. Standard curve of trypsin was plotted (enzyme units), and enzyme activity for the samples was
calculated from the standard graph of trypsin and represented as histogram. The width of the digested zone is proportional to the extent of
substrate cleavage and can be used to quantitate protease activity. After giving treatment, we compared our results with trypsin digested zones
and found the gelatinase activity in trypsin units. (b) Gelatin zymography: to depict the MSE effect on matrix metalloproteinase (MMP)
enzyme activity. Lane 1: control; Lane 2: glucose induced (GI); Lane 3: glucose induced+S. cumini methanol seed extract (GI+MSE)
treated; Lane 4: MSE-treated alone (MSE); Lane 5: glucose induced+gallic acid treated (GI+GAL); Lane 6: gallic acid alone (GAL)
(∗p ≤ 0:05). (c) Cell in situ zymography: fluorescence micrographs showing the increase in gelatinolytic activity in HG-induced cells
whereas S. cumini methanol seed extract (MSE) and gallic acid (GAL) treatment of HG-glucose stressed cells reverses the activity near the
control. Images captured at 40x magnification (∗p ≤ 0:05). Scale bar 20μm.
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binding energies (Figures 7(a)–7(c)). Of these, quercetin had
the maximum binding energy followed by kaempferol, ferulic
acid, and caffeic acid. Interestingly, gallic acid showed the
least binding energy explaining a better efficacy of S. cumini
MSE than gallic acid in some of the results obtained above.
Intriguingly, all the polyphenols were docked on the Zn2+

metal-binding site (consensus sequence HEBGHxLGLxHS),
on three histidine residues (His226, His230, and His236)
which belong to the substrate-binding site of MMP-9. These
results show that despite the fact that S. cumini MSE
regulates gelatinase-B expression via NF-κB activity, the
polyphenols within the MSE are capable of binding directly
to gelatinase-B and could therefore have a direct effect on
gelatinase-B activity.

4. Discussion

Diabetes and its long-term complications are a serious threat
worldwide despite the availability of significant therapeutic
options. Epidemiological and pathophysiological studies
indicate that diabetes mellitus (DM) patients have increased
risks of cardiovascular diseases. Even a slight increase in the
hemoglobin A1c (HbA1c) level may lead to 20-30% upsurge
in CVDs [40]. ECM dysfunction and alteration in MMP
activity lead to the degradation of various structural proteins
and several CVDs. MMP inhibitors have been shown to be
effective in mediating efficient cardioprotection. However,
due to the poor bioavailability, high toxicity, and failure of
synthetic MMP inhibitors in clinical trials, attention has
shifted to plant-derived MMP inhibitors [41].

The polyphenolic content-enriched functional food
could have shown a promising approach towards the treat-
ment of such diseases. Such natural product-derived drugs
would have limited toxicity and side effects with better ther-
apeutic indices [42]. The role of S. cumini seeds on HG-
induced cardiac stress is not known so far; therefore, in the
present study, methanol extract of S. cumini seeds was used
to examine its effect on HG-induced cardiomyocytes. The
effect was also examined with a purified form of a known
constituent of S. cumini seed extract, gallic acid, a well-

known cardioprotectant in diabetes-induced myocardial dys-
function and also an antioxidant [43]. We found S. cumini
MSE to be enriched with polyphenols and had the potential
to suppress HG-induced gelatinase-B activity in H9C2 cells
which was comparatively better than that of gallic acid. The
following major findings have emerged from this study: (i)
S. cumini MSE phytoconstituents are cardioprotective
against HG-induced changes in H9C2 cell morphology, (ii)
S. cumini MSE polyphenols significantly suppress MMP-9
expression and activity in HG-induced H9C2 cells, and (iii)
S. cumini MSE inhibits HG-induced nuclear localization of
NF-κB and overexpression of TNF-α and IL-6, (iv) HPLC
identified that S. cumini polyphenols show competitive inhi-
bition with Zn2+ ions for the metal-binding domain of
gelatinase-B in molecular docking study. S. cumini polyphe-
nols bind more efficiently than the currently available FDA-
approved synthetic MMP inhibitor, doxycycline, indicating
the potential use of S. cumini polyphenols as safe MMP
inhibitors since S. cuminiMSE alone did not cause any signif-
icant change in cellular viability and morphology.

The H9C2 cell line is an efficient in vitro model for study-
ing cardiac stress as it emulates the responses similar to those
observed in primary cardiomyocytes [44]. The concentration
of high glucose used in this study reflects in vitro hyperglyce-
mic diabetic stress [45].

Adult cardiac myocytes are terminally differentiated cell
types which do not proliferate but execute various physiolog-
ical functions. Under various stress conditions, cardiomyo-
cytes enlarge and undergo hypertrophy, a compensatory
cellular response of the heart to the imposed hemodynamic
burden for an increased cardiac output [46]. The increase
in cell size is a major hallmark of cardiac cell hypertrophy,
and the agonists such as norepinephrine, isoproterenol, and
glucose induce hypertrophy of cardiomyocytes, which cause
reexpression of some fetal genes, for instance, atrial natri-
uretic factor (ANF), brain natriuretic peptide (BNP), and β-
myosin heavy chain (β-MHC) [47].

We observed similar significant enlargement of cardio-
myocytes upon exposure to HG, which was reversed by S.
cumini MSE treatment suggesting potential cardioprotective
effect of S. cumini against HG-induced stress. Enhanced
activity of MMPs by high glucose may contribute to matrix
reorganization, whereas marked reduction in MMP activity
by MSE treatment showed its ability to reverse HG-induced
changes in cardiomyocytes. In situ zymography, a relatively
superior method that helps to map the activity within the cell,
showed increased activity of MMPs that was prevented by S.
cuminiMSE. These data strongly support that MSE possesses
strong MMP-inhibiting activity.

Gelatinase-A (MMP-2) is constitutively expressed in the
heart while gelatinase-B is an inducible protease, and we con-
ducted our further study with gelatinase-B due to its induc-
ible response to various stimuli [48]. Indeed, elevated levels
of gelatinase-B have been proposed as a serological cardiac
stress marker as its expression increases markedly in diabetic
cardiomyopathy [49]. Interestingly, we observed a mild
induction of gelatinase-B expression on treatment with
MSE extract alone. Since the MSE extract is a crude prepara-
tion, it may contain several other phytochemicals which may
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Figure 3: Expression analysis of gelatinase-B. (a) RT-PCR studies:
Lane 1: control; Lane 2: glucose induced (GI); Lane 3: glucose
induced+S. cumini methanol seed extract (GI+MSE) treated; Lane
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be responsible for this induction at baseline. Furthermore,
the extract is protective under glucose-induced stress and
behaves differently compared to baseline indicating its effi-
cacy in disease conditions. Additionally, an increase in
gelatinase-B expression may not be sufficient to create a func-
tional effect, and we do not observe any effect of MSE extract
on gelatinase-B activity at baseline.

To investigate the effect of S. cumini MSE on HG-
induced gelatinase-B expression, we examined the activation
and translocation of transcription factor NF-κB. In fact,
gelatinase-B promoter is highly conserved and contains an
NF-κB-binding site, and NF-κB is known to upregulate the
production of MMP-9 when induced by various proinflam-
matory cytokines [50]. The present study shows that HG
induced the localization of NF-κB from the cytoplasm to
the nucleus indicating activation of gelatinase-B transcrip-
tion. S. cumini MSE treatment regulated this alteration in
nuclear localization of NF-κB leading to decreased expres-
sion of gelatinase-B in HG-stimulated cardiomyocytes.
Additionally, MSE also downregulated the expression of
inflammatory markers such as TNF-α and IL-6 which were
known to be critical in cardiomyopathy [51].

Thus, our study demonstrates that S. cumini MSE can be
used as a potential functional food to suppress the expression
of proinflammatory cytokines and gelatinase-B in HG-
induced stress in cardiomyocytes. Although a clear mecha-
nism is not yet known, the presence of hydroxyl/carbonyl
groups on the phenolic rings of a number of MMP inhibitors
has been suggested to chelate active Zn2+ ions and inhibit
MMP activity [52].

S. cumini extracts prepared from different plant parts
such as pulp, seed, leaves, and kernel have differential distri-
bution of chemical constituents, especially the polyphenols,
which are reported to possess a range of pharmacological
potential. To know the status of polyphenols in MSE, a
quantitative analysis was performed by HPLC, which indi-
cated the presence of many polyphenols in MSE. The
major polyphenols found in MSE (in 100 g of seed
powder) were p-coumaric acid (71:9 ± 0:05mg), gallic acid
(53:0 ± 0:06mg), protocatechuic acid (40:6 ± 0:10mg),
quercetin (29:6 ± 0:05mg), sinapic acid (30:8 ± 0:14mg),
caffeic acid (15:8 ± 0:03mg), kaempferol (10:2 ± 0:09mg),
ellagic acid (5:8 ± 0:09mg), ferulic acid (2:71 ± 0:02mg),
and p-hydroxybenzoic acid (0:52 ± 0:04mg) (Table S1).

The polyphenolic compounds that were identified and
quantified in our study have been shown to exhibit cardio-
protective potential as identified by various research groups
using in vitro and models. p-Coumaric acid attenuated apo-
ptosis in isoproterenol-induced myocardial infarction by
inhibiting oxidative stress [53]. Gallic acid, a known cardio-
protectant, has been found to suppress the expression of
cardiac troponin-T, a cardiac arrest marker enzyme, lipid
peroxidation products, and antioxidative enzymes [54].

Quercetin was reported to prevent endothelial dysfunction
and decrease blood pressure, oxidative stress, and end-organ
damage in hypertensive animals [55]. Derivatives of benzoic
acid have been reported to activate Nrf2 signaling in the heart
leading to overexpression of antioxidant enzymes, thereby
decreasing oxidative stress and associated problems such as
endothelial dysfunction and atherosclerosis [56].
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Sinapic acid prevented ischemia/reperfusion, cardiac
hypertension, and remodeling [57]. Caffeic acid derivatives
exerted a protective effect during streptozotocin- and
isoproterenol-induced cardiac stress [58]. Kaempferol has
been reported to be cardioprotective by regulating the
membrane-bound ATPases in streptozotocin-induced dia-
betic rats [59]. Ferulic acid is also found to suppress antican-
cer drug-induced cardiotoxicity [60]. Ellagic acid improved
arrhythmic condition by upregulating endothelial nitric
oxide synthase (eNOS) and alleviating oxidative stress [61].
These evidences strengthen and support our hypothesis that
MSE, which is a mix of these polyphenolics, could be a poten-
tial cardioprotective agent in HG-induced stress.

The mechanism of MMP-mediated cardioprotection by
these compounds is not yet known. To understand this fur-
ther, the polyphenols identified in HPLC were used to study
interaction with the MMP-9 active site. Our docking studies
revealed good binding energies of HPLC-identified
molecules with MMP-9. Such ligand-protein interaction
was based upon the inhibitor/substrate binding site, suggest-
ing that MMP-9 inhibition by S. cumini MSE was due to
polyphenols present in MSE that act as competitive inhibi-

tors with the substrate. The results of the docking study also
explained that there was a direct interaction between
gelatinase-B and the polyphenolic components of S. cumini
MSE, which hindered its activity by targeting critical histi-
dine residues of the metal-binding domain, thereby prevent-
ing the binding of Zn2+ to the active site which in turn could
inhibit MMP activity. The docking results suggested that S.
cumini polyphenols especially quercetin, kaempferol, caffeic
acid, and ferulic acid could be efficient MMP-9 inhibitors
and thereby may be potential suppressors of HG-induced
cardiac stress.

Structure-activity relationship (SAR) was established on
the basis of results obtained in docking studies which
revealed that the two structural elements, namely, chromone
ring and hydroxyl groups in the aromatic ring in the poly-
phenols of MSE, were the governing factors for the activity.
Chromone core-bearing polyphenols such as quercetin and
kaempferol showed excellent binding affinity with MMP-9
as compared to doxycycline. It also appeared that along with
chromone moiety, the number and position of hydroxyl
groups also played a critical role in deciding the MMP inhib-
itory activity of polyphenols. Other MSE polyphenols also
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Figure 5: RT-PCR profiles of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) in different experimental groups. Lane 1: control;
Lane 2: glucose induced (GI); Lane 3: glucose induced+S. cumini methanol seed extract (GI+MSE) treated; Lane 4: MSE-treated alone
(MSE); Lane 5: glucose induced+gallic acid treated (GI+GAL); Lane 6: gallic acid alone (GAL). (a) Semiquantitative PCR showed
significant increase in expression for both the markers in the cells treated with high glucose (HG). S. cumini methanol seed extract (MSE)
and gallic acid (GAL) treatment reduced it remarkably up to the control. (b) Results obtained by qRT-PCR (real-time PCR) were
normalized against β-actin and represented by histogram (∗p ≤ 0:05).
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displayed satisfactory binding affinity with MMP-9 possibly
due to the presence of hydroxyl groups.

It was also observed that polyphenols having the hydroxyl
group attached directly to the benzene ring had more binding
affinity (p-hydroxybenzoic and protocatechuic acid) as com-
pared to those having hydroxyl groups in the side chains (sina-
pic acid). The following order of affinity has been observed in
docking analysis: quercetin > kaempferol > ferulic acid > caffeic
acid/p‐coumaric acid > p‐hydroxybenzoic acid/protocatechuic
acid > sinapic acid > gallic acid. Our docking studies, therefore,
correlated very well with SAR wherein maximum binding
affinity of quercetin with MMP-9 was observed due to the
presence of chromonering and five hydroxyl groups responsi-
ble for its excellent affinity with MMP-9. Henceforth, the
docking and SAR data suggested that S. cumini MSE
polyphenols may act as potent MMP-9 inhibitors.

The greatest hurdle in using herbal supplements as
potential drugs has been that researchers try to identify a
single bioactive molecule to modify certain pathological
parameters, whereas practically the crude extracts contain-
ing many bioactive components show better pharmacody-
namic synergistic potency [62]. The crude extracts could
be more helpful as they are derived from natural plant
parts which are usually biocompatible with the human
system and thus would have low toxicity and higher bio-
availability [63]. Our results also supported the concept
of collaborative interaction of phytochemical-enriched S.
cumini extract that could act in synergy for effective cardi-
oprotection under high-glucose stress.

The polyphenol components of S. cumini MSE such as
gallic acid alone are not used as dietary supplements as they
inhibit the food intake as well as do not fulfill the criteria of
effective oral dosing. Pharmacokinetic studies have shown
that blood levels having 10-6M concentration of gallic acid

restrict the appropriate functioning of the transport system
[64]. Therefore, proposing the potential use of such a plant
extract as S. cumini as a MMP inhibitor would be advanta-
geous in terms of its cost, availability, and safety.

In this regard, use of S. cumini as a nutritional supple-
ment or functional food for diabetics prove to be a potent
natural suppresser for gelatinase-B-mediated stress in HG-
induced condition. Based on the data of the present study, a
model can be proposed to understand the effect of S. cumini
as a MMP inhibitor and a cardiac stress reliever via targeting
the molecules at multiple levels. The study has significant
relevance for the society as most of the identified MMP
inhibitors possess severe side effects like musculoskeletal
syndrome (MSS). Doxycycline is the only FDA-approved
MMP inhibitor in the market currently that is only for
periodontal diseases.

Our results show the strong interaction of phytochemi-
cals with gelatinase-B that may act in synergy for effective
cardioprotection under hyperglycemic stress. In this regard,
the usage of S. cumini as functional food proved to be a
potent natural suppresser for gelatinase-B-mediated HG-
induced stress. A significant relationship between ECM
integrity in HG-induced stress and the content of phenolic
components of MSE supported this perception. Taken
together, the present results suggest the potential of S. cumini
MSE as an herbal-based therapy for the treatment of HG-
induced cardiac stress. Due to the overwhelming potentials
of S. cumini polyphenols, further in-depth analysis of the
extract and validation on appropriate animal models are
required to understand the precise mechanism for designing
specific therapies against ECM remodeling in diabetic
cardiomyopathy.

Myocardial remodeling could be categorized as either
adaptive or pathological. Initial changes in the myocardium
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Figure 6: High-performance liquid chromatography (HPLC) analysis of S. cumini methanol seed extract (MSE). HPLC chromatogram to
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may appear phenotypically similar in both cases, but the
physiological effects of each are drastically different. Adaptive
myocardial remodeling occurs due to high stress on the vascu-
lar walls or increased workload. It helps to counter the stress
and restore normal ventricular function. Observations in the
myocardium of high functioning athletes show changes in Left
Ventricular (LV) geometry allowing improved compliance,
enhanced filling through LV dilation, and better stroke vol-
ume [65]. On the other hand, in pathological remodeling,
the LV chamber dilation leads to diminished compliance
and significantly lower forward stroke volume [66]. MMP-2
has a crucial role in the progression of cardiac remodeling in
response to pressure overload. An increase in MMP-2 activity
can lead to fibrosis in LV hypertrophy, which may be due to
direct proteolysis of cardiac ECM components, as well as by
generating a profibrotic response, which further results in
adaptive remodeling [67]. MMP-9 is a critical marker of LV
remodeling; a higher MMP-9 level indicates more extensive
adaptive LV remodeling [68]. It is also observed that in the
patients having LV hypertrophy and with a history of hyper-
tension, plasma levels of MMP-2 were significantly enhanced
as compared to control subjects [67]. However, MMP-9 acti-

vates various chemokines, such as CXCL5, CXCL6, and
CXCL8, releases cell surface receptors (e.g., tumor necrosis
factor-α receptor), and eventually contributes to pathological
remodeling. It has several other inflammatory mediators such
as activator protein-1, specificity protein-1, and NF-κB sites
that make it a possible target for myocardial remodeling in
atherosclerosis and heart failure [69].

5. Conclusion

In conclusion, the present study on the one hand highlights
the role of MMPs, especially gelatinase-B, in HG-induced
cardiomyopathy in rat heart-derived H9C2 cardiomyoblast
cells, and on the other hand, it elaborates the role of S. cumini
MSE in suppressing HG-stimulated gelatinase-B expression
and activity in cardiomyocytes. Further, strong binding
energy of interaction of S. cumini polyphenols and
gelatinase-B protein suggests close interaction of the poly-
phenols with gelatinase-B which could be responsible for its
inhibition. Taken together, being a potent source of polyphe-
nols with MMP inhibition potential, S. cumini may be useful
as a functional food and dietary supplement in HG-induced
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Figure 7: (a) Matrix metalloproteinase-9 (MMP-9) and polyphenol binding energy interaction graph. The x-axis represented various MSE
polyphenols/doxycycline, and the y-axis showed (-ve) binding energy. (b) Predicted binding mode of polyphenols and doxycycline to
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quercetin (red) with MMP-9. (c) Docking pose of doxycycline with MMP-9.

11Oxidative Medicine and Cellular Longevity



and gelatinase-B-mediated cardiac stress and cardiomyopa-
thy. This study will certainly enhance the scientific opportu-
nities in deriving the novel inhibitors from functional foods
in developing countries.
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Septic shock is a systemic inflammatory response syndrome associated with circulatory failure leading to organ failure with a 40%
mortality rate. Early diagnosis and prognosis of septic shock are necessary for specific and timely treatment. However, no predictive
biomarker is available. In recent years, improvements in proteomics-based mass spectrometry have improved the detection of such
biomarkers. This approach can be performed on different samples such as tissue or biological fluids. Working directly from human
samples is complicated owing to interindividual variability. Indeed, patients are admitted at different stages of disease development
and with signs of varying severity from one patient to another. All of these elements interfere with the identification of early,
sensitive, and specific septic shock biomarkers. For these reasons, animal models of sepsis, although imperfect, are used to
control the kinetics of the development of the pathology and to standardise experimentation, facilitating the identification of
potential biomarkers. These elements underline the importance of the choice of animal model used and the sample to be studied
during preclinical studies. The aim of this review is to discuss the relevance of different approaches to enable the identification
of biomarkers that could indirectly be relevant to the clinical setting.

1. Introduction

Sepsis and septic shock are common causes for admission to
intensive care units. Sepsis is defined as organ dysfunction
resulting from a deregulated host response to infection [1].
In 2017, this pathology affected 48.9 million people world-
wide, resulting in the deaths of 11 million patients [2]. Over
the last 50 years, studies have demonstrated that myocardial
dysfunction is a common finding in septic patients and
approximately 50% of septic patients present signs of myo-
cardial decompensation with variable development kinetics
depending on the patient resulting in excess mortality of
more than 60% [3]. Oxygen delivery is impaired in the tissues
of sepsis patients with organ dysfunction. Septic shock is the
most severe manifestation of sepsis. It is characterized by per-
sistent hypotension, associated with metabolic dysfunction
and significant tissue suffering. A 10% increase in mortality

is associated with septic shock for each additional hour of
delay between the diagnosis and the implementation of an
adequate treatment in hospital settings [4]. Since 2017, the
World Health Organization (WHO) has made sepsis one of
the world’s top priorities and has adopted resolutions to
improve the prevention, diagnosis, and management of this
disease [5]. Septic shock is a complex and multifactorial
pathology presenting a great heterogeneity of clinical mani-
festations. This therefore explains the differences in the
kinetics of organ dysfunction and complicates its early diag-
nosis and appropriate management. Timely management
could save 80% of patients with sepsis [6]. The use of early
biomarkers and therapeutic targets that are sensitive and spe-
cific to the evolution of the pathology would facilitate rapid
diagnosis and therefore early management of patients, limit-
ing organ dysfunctions, particularly cardiac dysfunction, and
optimizing patient chances of survival. Over the last few
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years, numerous studies have proposed new biomarkers
(Table 1). It should be noted that it is easier to standardise
experimentation and control the kinetics of the evolution of
the pathology in animal studies. It is then possible to, respec-
tively, limit both the phenotypic heterogeneity between indi-
viduals and identify early versus late biomarkers. Over the
past 20 years, a large number of biomarkers and therapeutic
targets related to sepsis have been proposed [7]. However, the
inherent heterogeneity of the pathology and the absence of
similar reference bases in the different studies have made it
difficult to confirm the quality and accuracy of these bio-
markers for the diagnosis of sepsis [8]. For research teams
working on sepsis, it is therefore important to implement
improved investigation methods to generate better results
and more reliable biomarkers. In recent years, omics technol-
ogies have gained momentum and increasing significance
with improved splitting techniques and instrument perfor-
mance. Analytical approaches have made it possible to iden-
tify proteins of low abundance in complex samples thereby
improving the identification of new biomarkers. Proteomics
based on mass spectrometry (MS) enable the use of different
samples such as biological tissues or fluids based on patient
cohorts or animal models in order to identify biomarkers
and/or therapeutic targets. In the context of septic shock,
the ideal biomarker should possess the following qualities:
(i) be measurable during the early phase of the pathology,
(ii) be easy to detect, (iii) be inexpensive, and (iv) be suffi-
ciently sensitive and specific. The choice of the model and
the relevance of the biological samples analysed by proteo-
mics are essential for the identification of clinically usable
biomarkers. This review seeks to discuss the quality and
properties of different models that will enable the potential
identification of clinically relevant biomarkers.

2. Mass Spectrometry for the Identification of
Sepsis Biomarkers

MS is a very powerful and sensitive analytical method that
identifies and quantifies molecules by measuring their mass.
MS can provide information on several identified molecules
at a time using a targeted approach or hundreds or even
thousands of compounds via a nontargeted approach. Non-
targeted MS approaches are typically used in the discovery
phases to compare samples from two or more different pop-
ulations. Once a compound that is present at a differential
amount between these populations has been identified, a tar-
geted approach can be used at a later stage to characterise the
suspected biomarker(s) in a focused manner (Figure 1).
Herein, only nontargeted mass spectrometry will be
described since it provides identification of a larger set of
biomarkers.

In recent years, improvements in selective depletion tech-
niques, splitting techniques, mass spectrometry instrumenta-
tion, and analytical approaches have improved proteome
analysis. This has led to a better understanding of molecular
processes involved in many disease states and to the identifi-
cation of new biomarkers. An example of the search for
diagnostic markers by proteomic analysis is the detection in

cerebrospinal fluid of the protein 14-3-3σ as a marker of
the Creutzfeldt-Jakob disease [19].

2.1. MS-Based Proteomics. The study of proteins gained
increased maturity in the 1990s with the advent of MS. Over
the last ten years, this technique has become an almost indis-
pensable approach for research of diagnostic and prognostic
biomarkers as well as for monitoring the development of
pathologies. Proteomic studies can be carried out on different
samples such as tissues or various biological fluids such as
urine or blood. Indeed, they have already been used to iden-
tify a panel of metabolites for the stratification of patients
suspected of developing sepsis [11]. However, the biological
samples selected for identification of biomarkers should be
considered carefully. The pathophysiology of sepsis and asso-
ciated clinical constraints such as accessibility to biological
tissue could limit the identification of biomarkers. It is there-
fore necessary to select the type of sample to be studied dur-
ing preclinical work to enable identification of biomarkers
that are relevant to the clinical setting.

2.1.1. The Search for Biomarkers in Organs. In sepsis, the
inflammatory response can lead to damage and failure of
organs such as the lungs, heart, or kidneys which are associ-
ated with excess mortality. The underlying mechanisms are
not well understood, and without adapted diagnostic or
prognostic biomarkers, the pathology will evolve toward sep-
tic shock and potentially death. In order to search for such
biomarkers, several studies have focused on the proteome
of organs that were damaged during sepsis itself by perform-
ing and studying biopsies. For example, a study on the tem-
poral profile of renal proteome changes induced by sepsis
highlighted that ceruloplasmin (CR) and haptoglobin (Hp)
are upregulated 90 minutes after the onset of sepsis [20]. Sim-
ilarly, a cardiac tissue proteome study reported that the olig-
omerization of pentraxin-3 (PTX-3) increased in patients
who did not survive sepsis [21]. The octameric PTX-3 level
in patients with sepsis could therefore be predictive of an
unfavourable clinical state. In all of these studies, MS, per-
formed on tissue, made it possible to identify proteins that

Table 1: Nonexhaustive table of potential biomarkers recently
studied.

Biomarkers References

Inflammation

S100A8 [9]

High-mobility group box 1 [10]

C-reactive protein [11]

Presepsin [12]

Acute phase response

Haptoglobin [13]

Serum amyloid A [14]

Pentraxin-3 [7]

Lipid metabolism
Serum paraoxonase [15]

Apolipoprotein A-V [16]

Oxidative stress
Glutathione peroxidase 3 [17]

Histidine-rich glycoprotein [18]
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are deregulated during sepsis. These proteins could serve as
biomarkers or therapeutic targets specific to a tissue/organ
during sepsis. However, potential biomarkers identified by
MS must be clinically usable to assist in medical decision-
making. Indeed, the study of a tissue requires a biopsy, an
invasive procedure, therefore limiting its use for routine bio-
marker research in clinics (Table 2). As a result, research has
shifted toward the study of biological fluids that are more
easily accessible in a clinical setting, and in particular,
routinely used in clinics for other pathologies [22].

2.1.2. The Search for Biomarkers in Exosomes. Exosomes are
membrane vesicles found in many biological fluids (such as
blood or urine) that transmit signals between cells [23]. In
the urine, the number of exosomes and extracellular vesicles
increases continuously between 6 and 48 hours after induc-
tion of sepsis, suggesting that they could be potentially
involved in this pathology [24]. It has been shown that exo-
somes play a role in sepsis through the interaction of various
compounds released by the septic condition on membrane
receptors. Proteomic analyses of exosomes in patient plasma
samples could be an effective approach for the identification
of protein biomarkers to be used for the diagnosis of sepsis. A
study of exosomes in plasma from patients with sepsis iden-
tified 238 proteins [25]. Among these proteins, a negative
correlation between serine palmitoyltransferase 3 (SPTLC
3) and the progression profile of the pathology was demon-
strated, suggesting that SPTLC 3 could play a role in the
development of sepsis [23]. SPTLC 3 enables the synthesis
of ceramide from palmitate and serine. Studies have shown
that sepsis leads to an increase in ceramide levels which play
a role in sepsis-induced cardiac dysfunction [25]. Thus, the
increase in SPTLC 3 could predict cardiac dysfunction in
patients with sepsis. However, it should be noted that the
preparation of exosomes is a cumbersome process. The
search for biomarkers from exosomes is therefore not the
best strategy in the case of sepsis since diagnosis cannot be
made rapidly enough. Rapid diagnosis is a key criterion in
this pathology to limit the mortality associated with the
disease (Table 2).

Most studies to detect biomarkers have focused on the
proteome which is defined as set of proteins in a cell
compartment, cell, or tissue. More recently, much work has

focused on proteins in plasma, serum, or urine. It would
therefore be more appropriate in this case to use the term
“secretome” which is defined as the set of proteins secreted
or liberated by a cell, tissue, or organism at a given time
and under given conditions, which would explain their
presence in biological fluids [26].

2.2. “Secretomics.” Secretome is a dynamic and complex
entity that varies according to cell type or organism, func-
tional state, and time. Indeed, depending on the stimuli they
receive, the proteins released by a given cell may vary. For
example, during an infection, the high-mobility group box
1 (HMGB1), which belongs to the alarmin family, is released
into the extracellular space and participates in the pathogen-
esis of sepsis [10]. Thus, any alteration in the release of a
given protein and the abundance of such a protein in a given
environment could reflect a pathological state [27]. Although
the term secretome was first mentioned in 2000 in a study by
Tjalsma et al. on the proteins secreted by the bacterium Bacil-
lus subtilis, the concept of circulating factors in plasma/-
serum is older [28]. Parillo et al. showed 35 years ago that
the transfer of serum from patients in septic shock to rat
healthy cardiomyocytes induces a decrease in both the extent
and velocity of shortening during contraction. This work
demonstrated the existence of circulating blood factors
favouring myocardial depression during septic shock in
humans [29]. More recently, Mastronardi et al. studied this
concept and reported that intravenous administration of
“microparticles” present in the plasma of patients in septic
shock at an early stage leads to increased expression of proin-
flammatory proteins such as nuclear factor-κB (NF-κB) in
the heart and lungs [30]. In the same year, a study by van
Hees et al. demonstrated that the transfer of plasma from
patients in septic shock to skeletal muscle tissue leads to a loss
of myosin from skeletal myocytes. The factors that contribute
to such muscle weakness are released during sepsis. Proin-
flammatory cytokines such as IL-6, TNF-α, interferon-γ, or
interleukin-1β (IL-1β) are known to be involved in muscle
degeneration pathologies [31]. In this study, they showed
that the plasma level of IL-6 correlates with the severity of
myosin loss. However, it was also found that the addition of
IL-6 alone to control plasma is not associated with muscle
atrophy [31]. Hence, these results suggest that additional

Characterisation of biomarkers by targeted MSBiomarker identification by nontargeted MS

Nontargeted mass
spectrometry

Targeted mass
spectrometry

Figure 1: Process implemented in the search for MS-based biomarkers of septic shock. Potential biomarkers are first analysed by nontargeted
MS and then characterised by targeted MS.
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circulating factors in addition to IL-6, not currently identi-
fied, are also involved in the transmission and/or amplifica-
tion of the pathological phenotype according to
mechanisms that remain to be defined. The study of proteins
that constitute the secretome could lead to a better under-
standing of the mechanisms underlying septic shock in addi-
tion to facilitating the identification of a number of
biomarkers or a combination of them (coming as a signature)
in the early phase of this pathology. However, analysis of the
secretome is rendered difficult by the dynamic range of pro-
tein expression which is a major technical difficulty in prote-
omic studies. For example, plasma contains a wide dynamic
range of more than ten orders of magnitude. As a result,
90% of the proteins contained in the plasma consist of only
10 well-identified proteins such as albumin, immunoglobu-
lin, or transferrin [11]. This wide dynamic range of concen-
trations makes it particularly difficult to analyse proteins of
low abundance by MS, thereby hindering the identification
of new biomarker candidates. To avoid this, strategies for
selective depletion of abundant proteins have been developed
to facilitate analyses of the secretome and identify new bio-
markers from biological fluids.

2.2.1. Selective Depletion Techniques. Various approaches for
processing proteomic samples have been developed in recent
years to reduce the complexity of biological samples, includ-
ing selective depletion. During proteomic analyses, these
techniques enable detection of the signal of low abundance
proteins in a complex protein sample by reducing the
dynamic concentration range of the proteins. Two
approaches are particularly used: immunodepletion and Pro-
teoMiner™. The immunodepletion technique is simply based
on a pulldown thanks to the interaction between an antibody
and a protein in the sample. The choice of antibody or anti-
bodies is based on knowledge of the proteins studied [32].
The immunodepletion process can easily be performed on
plasma or serum samples. However, immunodepletion can
cause protein-protein interactions, resulting in depletion of
nontargeted proteins [33]. In addition, the high cost of sam-
ple preparation prevents this method from being routinely
used in clinical settings. Contrary to immunodepletion, Pro-
teoMiner™ does not use antibodies. It is based on the interac-

tion of a high combination of 6-amino acid peptide
sequences, called hexapeptides, with the proteins from the
sample. These sequences are randomly generated so that all
of the proteins in the sample will be able to interact with
one or more hexapeptides. Since the binding capacity of hex-
apeptides is limited, a significant fraction of the highly abun-
dant proteins is eliminated during the wash phase. The
proteins bound to the hexapeptides will then be recovered
during the elution phase for MS analyses [34]. This technique
therefore appears to be particularly appropriate for nontar-
geted analysis. The biggest inconvenience of using ProteoMi-
ner™ is most probably that the probability of catching small
molecular weight proteins or peptides is much lower than
larger molecular weight proteins, implying that it has a cut-
off efficacy for lower molecular weight proteins (approxi-
mately 2 kDa). Hence, the technique is not as good for
analysing the relative abundance of cytokines despite their
being relevant targets in septic shock.

2.2.2. Detection of Biomarkers in Urine. Since biopsies are not
appropriate for the detection of early biomarkers in clinical
investigations for sepsis, several studies have turned to urine
analyses. The collection of urine samples is noninvasive,
unlike blood samples.

The search for early biomarkers in human urine samples
has identified 39 deregulated proteins in urine from septic
patients. Among these proteins, levels of β-2-microglobulin
(B2M) and α-1-antitrypsin (SERPINA1) are increased dur-
ing sepsis-induced acute kidney injuries (AKI) while levels
of α fibrinogen (FGA) chains are decreased. The combination
of these markers could therefore predict the onset of AKI
[35]. In a recent study, 123 deregulated proteins were
detected in urine samples from rats in sepsis or sepsis
patients. Among these targets, the acidic nucleic protein
deglycase DJ-1 (PARK7) and cadherin 16 (CDH16) were
found in samples from both models. This study also showed
that the diagnostic sensitivities and specificities of PARK7
and CDH16 were greater than that of neutrophil gelatinase-
associated lipocalin (NGAL), which is currently used to diag-
nose AKI [24]. Thus, these two proteins could potentially be
considered as early biomarkers of sepsis-induced AKI. Study
of the urinary proteome provides identification of potential

Table 2: Summary of the advantages and disadvantages, in the context of sepsis, for proteomic analyses of each sample source described.

Samples

Tissues/organs Biological fluids Exosomes

Kidney/heart Plasma Serum Urine

Advantages
(i) Study of the
desired organ.

(i) Poorly invasive
(ii) Inexpensive
analyses

(i) Poorly invasive
(ii) Inexpensive analyses

(i) Noninvasive
(i) Poorly invasive
(ii) Provides information on
the state of the cells

Disadvantages

(i) Not clinically
applicable
(ii) Biopsies
difficult to obtain
(iii) Highly
invasive

(i) Wide range of
concentrations

(i) Time of analysis
(ii) Wide range of
concentrations
(iii) Loss of proteins
associated with coagulation

(i) Poorly
reproducible in
clinics

(i) Time of analysis
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biomarkers or therapeutic targets of sepsis. However,
patients with sepsis have low diuresis, making it difficult to
study urinary biomarkers in the clinic (Table 2). Moreover,
a large portion of the deregulated proteins could result from
kidney damage, suggesting that they could represent late bio-
markers instead of early ones. Therefore, the use of blood
samples appears to be more appropriate to look for bio-
markers allowing for rapid diagnosis and patient follow-up.

2.2.3. Detection of Biomarkers in Blood Samples.Whole blood
consists of plasma, cells, erythrocytes, and platelets. Cells
contained in the blood are eliminated to obtain plasma and
serum which makes their analyses simpler. As a result, MS
studies are mainly performed on plasma or serum samples.
Therefore, this review will not address the search for
biomarkers in whole blood.

(1) Serum. Unlike plasma, serum is devoid of blood cells or
fibrinogen. This biological fluid is rich in proteins, easily acces-
sible, and capable of providing dynamic information on the
circulatory system and the evolution of the disease. Proteomic
analyses of patient sera revealed a combination of ten proteins
that are deregulated during sepsis, including antithrombin III
(AT-III), clusterin (CLUS), and serum amyloid A-1 (SAA-1)
[14]. The latter is increased in the sepsis patient group, indicat-
ing a response to inflammation and tissue damage [14]. Simi-
larly, Hayashi et al., who studied the patient proteome over
time, showed a significant decrease in haemoglobin beta 1
and 2 chains in the group of patients who did not survive sep-
sis [36]. These molecules could be markers of sepsis severity.
Both studies identified the biomarkers of sepsis in serum.
However, there are no common biomarkers between these
studies. This can in part be explained by the fact that Hayashi
et al. incorporated the concept of kinetics of pathology devel-
opment into their study which forces one to study the evolu-
tion of the secretome and not its state at a given time. Serum
samples contain little or no coagulation-associated proteins,
but sepsis is also accompanied by coagulation abnormalities
[37]. Thus, plasma would make it possible to study proteins
involved in the coagulation cascade which would appear to
be relevant for biomarker research and potential therapeutic
strategy. This makes plasma a more appropriate source for
the detection of nontargeted biomarkers or therapeutic targets
(Table 2).

(2) Plasma. Proteomic analyses of plasma have been widely
used to identify sepsis biomarkers. Conducted over the past
10 years, a number of them have examined plasma proteomic
changes in animal models or in patients with sepsis. In 2019,
a study on the plasma proteome of a mouse model of sepsis
caused by five different pathogens sought to understand the
molecular connections that lead to the progression of the
pathology. The analysis of the different plasma samples iden-
tified a network of 84 proteins. According to bibliographic
data, these proteins have already been described as being
involved in human sepsis. In addition, the authors showed
that these proteins could be separated into functional net-
works including those involved in immune suppression, vas-
cular homeostasis, coagulation, or the complement cascade

[38]. More recently, a study conducted on plasma from
patients with sepsis showed an increase in acetylated trun-
cated S100A8 and S100A9 as well as monooxidized S100A8
in nonsurviving patients with septic shock [9]. The increase
in monooxidized S100A8 protein can be explained by the
increased production of ROS by neutrophils and monocytes
in sepsis or septic shock. This ROS production contributes
to organ damage, and the protein S100A8 could also reflect
an organic dysfunction. These proteins, which are in the
family of alarmins, appear to be potential markers that could
improve the management of patients at risk of dying of septic
shock.

A major limitation to the use of plasma and serum for
biomarker research is that it is not known to what extent dif-
ferent affected tissues alter the composition of plasma during
a disease state [39]. Based on the elements developed in this
paragraph, it appears that despite the limitations mentioned
above, plasma is the most relevant biological sample for the
identification of early sepsis biomarkers.

To conclude, mass spectrometry can analyse different
types of biological samples to identify candidate sepsis bio-
markers. Given the complexity of this pathology and the
great heterogeneity between patients, it would seem more
appropriate to analyse plasma for a protein combination
whose level changes during sepsis. Such a combination would
improve the sensitivity and specificity of these potential
biomarkers.

The obvious disadvantage of working with human sam-
ples is that the kinetics of the pathology’s evolution are not
controlled and that blood sampling occurs at various stages
of disease progression. Indeed, some patients will present a
reduced early phase and will very quickly develop complica-
tions such as organ dysfunction associated with the pathol-
ogy. Others will develop such complications later or not at
all. This heterogeneity interferes with the identification of
“ideal” biomarkers—in other words early, sensitive, and
specific to the pathology. Therefore, many studies have
focused on animal models as a first step.

3. Animal Models

Animal models of sepsis have been developed to reproduce
the haemodynamic and molecular changes that occur in
human sepsis. By studying the evolution of the pathology,
these models enable us to understand the underlying mecha-
nisms and thus identify potential biomarkers or therapeutic
targets. They have the advantage of being better controlled
from the viewpoint of kinetics and interindividual variability.
However, the results obtained with the animal model are not
always transposable to humans. These elements underline
the importance of the choice of the animal model as a ratio-
nale for the identification of new biomarkers and in the
search for molecules to improve the management of sepsis.
The different models of sepsis clearly remain a compromise
between standardisation and clinical relevance.

3.1. Nonsurgical Models
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(1) Injection of Exogenous Molecules. In these models, bacte-
rial products or endotoxins, injected intravenously (iv) or
intraperitoneally (ip), replace the bacteria. They are simple
to use, robust, and reproducible models. The most used mol-
ecules are lipopolysaccharides (LPS), deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), or synthetic oligodeoxynu-
cleotides containing unmethylated CpG units (ODN-CpG).
These patterns can be standardised by normalising the
injected doses. Endotoxin-treated animals therefore present
a clinical picture that is similar to sepsis with systemic arterial
hypotension; impaired myocardial contractility; and
increased circulating levels of lactate, tumour necrosis factor
(TNF), and interleukin-6 (IL-6) [40–42]. However, the kinet-
ics of sepsis development observed in endotoxemic shock do
not mimic those observed in the patient. Indeed, it has been
shown that after endotoxin injection, a strong and rapid
increase in several proinflammatory cytokines was observed
in mouse models in contrast to the smaller and progressive
increase in sepsis patients [43]. Finally, endotoxemic models
are characterized by the injection of LPS from a single bacte-
rial strain with no initial infectious focus. LPS are mainly rec-
ognized at the extracellular stage by Toll-like receptors
(TLRs) and by TLR4. The activation of these receptors will
stimulate the pathways associated with inflammation, nota-
bly through the activation of the nuclear factor-κB (NF-κB)
which regulates the transcription of numerous cytokines
[44]. However, septic shock is, in most cases, caused by a

polymicrobial infection that activates multiple signalling
pathways. Although exogenous injection models are the most
widely used according to the literature, they do not
completely reproduce the characteristics of sepsis in humans
(Table 3).

(2) Injection of Bacteria. To reduce the limitations of the
models described above, models for injecting live and dead
bacteria have been developed. Bacteria can be administered
by intravenous, intraperitoneal, intramuscular, or intratra-
cheal injection. The use of whole bacteria exposes the organ-
ism to numerous bacterial components that can activate
different receptors in the host and contributes to the com-
plexity of these models. These models, which are simple to
set up, make it possible to generate different infectious sites.
These models can be used to reproduce pneumosepsis, uro-
sepsis, or peritonitis [45, 46]. The caecal slurry peritonitis
model, used in the study of paediatric sepsis in particular,
consists in injecting the caecal contents of other animals,
including humans, to induce polymicrobial sepsis in the
animals studied [47]. The model’s advantage is that bacterial
injection can be standardised by normalising the titre admin-
istered and the site and time of administration. Animals that
received the bacteria presented alterations in myocardial
contractility and haemodynamic and physiological changes
that are associated with sepsis in humans [48]. However,
these models involve the administration of high doses of

Table 3: Summary of advantages and disadvantages of animal sepsis models.

Model Advantages Disadvantages

Nonsurgical

Exogenous
molecules

(i) Normalisation of the injected dose and route of
administration
(ii) Reproduces myocardial alterations

(i) Different cytokinetics
(ii) Does not reflect the complexity of human
pathophysiological responses

Bacteria
(i) Normalisation of bacteria dose
(ii) Production of different infectious sites

(i) Brutal injection of bacteria
(ii) Poorly reproduces the response caused
by sepsis

Caecal slurry

(i) Simple to achieve
(ii) Standardisation of the injected dose and route of
administration
(iii) Reproducible
(iv) Similar response to human sepsis

(i) Lack of hindsight on this model
(ii) Model exceedingly difficult to implement

Surgical

Implantation
(i) Controllable and reproducible model
(ii) Progressive systemic diffusion
(iii) Limited death incidence

(i) One bacterial strain used
(ii) Complicated model to set up

CLP
(i) Improved clinical relevance
(ii) Severity variable according to needle diameter, number
of punctures and length of ligated caecum

(i) Develops acute sepsis or intra-abdominal
abscess
(ii) Not controllable
(iii) Dependent on experimenter
(iv) Not very reproducible
(v) Long to set up

CASP
(i) Adjustable sepsis severity according to the diameter of the
stent

(i) Continuous bacterial release
(ii) Dependent on experimenter
(iii) Long to set up

CLI
(i) Polymicrobial model of sepsis
(ii) Progressive systemic diffusion

(i) High death incidence
(ii) Dependent on experimenter
(iii) Poorly reproducible
(iv) Long to set up

Adapted from the work of Murando et al. [50]. CLP: caecal ligation and puncture; CLI: caecal ligation and incision; CASP: colon ascendant stent peritonitis.
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bacteria to overcome host defences which effectively elimi-
nates low doses of bacteria. These high doses will not interact
with the host as in regular infection and for instance will not
colonise the peritoneal cavity. Hence, this approach is not
identical and will not accurately reproduce the host response
which is often due to the rapid lysis of bacteria by the com-
plement system [49]. In addition, the clinical relevance of
these exogenous models could be affected by the bacterial
load, the virulence of the strain of bacteria used, or the site
of infection (Table 2).

3.2. Surgical Models. Surgical models are much more com-
plex to set up, yet they create a more representative infectious
site that better simulates a pathophysiological systemic
immune response such as peritonitis.

(1) Implantation Model. Described in 1970, the implantation
of a fibrin clot containing a standardised number of bacteria
in the peritoneal cavity allows for the progressive release of
the bacteria into the bloodstream (Table 3). Studies have
shown that this model generates myocardial depression and
a cytokine response similar to those observed in humans
[51]. However, the use of a single organism in the fibrin clot
is subject to the same criticisms as the injection of bacterial
cultures with respect to clinical relevance (Table 3). In addi-
tion, this model requires major surgery to implant a fibrin
clot in the peritoneal cavity with variable host response.
The peritonitis model is therefore the currently preferred
model.

(2) Model of Peritonitis. The peritonitis model has been
widely used over the past 30 years to study the pathogen-
esis and therapeutic targets of sepsis [52]. This model
involves the induction of intestinal lesions that cause
microbial flora leakage into the normally sterile peritoneal
cavity. For this purpose, caecal ligation and puncture
(CLP), caecal ligation and incision (CLI), or colon ascen-
dant stent peritonitis (CASP) can be performed [52, 53].
In all three models, the caecum, which contains a wide
variety of bacteria, is perforated by one or more needle
punctures (CLP), incision (CLI), or the introduction of a
stent into the ascending colon distal to the ileocaecal valve
(CASP). In the CLP and CLI models, the haemodynamic,
metabolic, immunological, and apoptotic responses, char-
acteristic of organ dysfunction, are more similar to those
of human sepsis, which supports the validity of this model
[53, 54]. The study of plasma biomarkers also indicates
that CLP is clinically relevant [55]. In this model, the
severity of sepsis can be modulated by the proportion of
ligated caecum, their size, and the number of punctures.
However, this aspect also represents a weakness of these
models because the procedure is experimenter-dependent,
resulting in a lack of reproducibility within and between
different research groups. Furthermore, CLI is associated
with remarkably high mortality. To more accurately repro-
duce a case of peritonitis following intestinal perforation
in humans, the CASP model has been developed [50,
56]. This model is generated by the insertion of a stent,

which limits blood flow without stopping it. The CASP
model limits necrosis and the associated responses and
generates diffuse peritonitis with a continuous bacterial
translocation from the bowel to the peritoneal cavity. It
leads to organ dysfunction as in the CLP and CLI models
or septic patients. With this model, the severity of sepsis is
adjustable according to the diameter of the stent and mor-
tality is also associated with stent size [57]. The main lim-
itation of these surgical models is that they are very poorly
reproducible, so although they better represent the pathol-
ogy, their use remains complex and limited (Table 2). In
addition, the microbiota varies from one model to another
and may interfere with the identification of candidate
biomarkers. All of these data tend to place the CPL model
as the most adequate model to model sepsis.

3.3. Limits Associated with the Animal Model. The sepsis
models described above have been used with the animal
models. To date, the mouse model remains the most widely
used because it is less expensive and has a wider range of
reagents available for biochemical studies compared with
other species. Laboratory animals are chosen to have similar
gene heritage, age, weight, and nutritional status, which does
not reflect the heterogeneity among humans. Secondly, the
mouse model does not have the same immune system as
humans, resulting in a different form of resistance to infec-
tion than humans (Table 4). Pigs or sheep, which are more
susceptible to infection, could therefore be more relevant
[50]. No attempt has been made to introduce best practices,
management guidelines, and standardisation in sepsis
research, creating confusion with conflicting data resulting
from variations in the definition of sepsis or the duration of
study [58]. The animal models set up and the samples ana-
lysed as well as the time taken to collect these samples vary
from one study to another. The lack of standardisation of
preclinical data makes it difficult to use the results to identify
potential biomarkers or therapeutic targets [59].

In this context, one could suggest withdrawing preclinical
animal models. Nevertheless, it is recognized that, for
instance, many of the pathways of acute inflammation have
been elucidated by the rodent CLP model, considered as a
pertinent polymicrobial model [60]. In addition, by refining
the animal model of sepsis—i.e., by “humanising” animal diet
and microbiome, by studying animals of various ages and
both sexes in the presence or absence of underlying chronic
comorbidities, and incorporating the basic treatment (fluids,
antibiotics)—it could be possible to evaluate models of sepsis
and septic shock pathological conditions closer to those of
human cases with more relevance such as septic cardiomyop-
athy [61]. Finally, the “online” translational comparison with
biological samples harvested from patients in septic shock
will make it possible to confirm or overrule the relevance of
a therapeutic target.

4. Conclusion/Discussion

The use of “secretomics”/proteomics based on MS has led
to the identification of many promising biomarkers for the
early diagnosis of sepsis and the prevention of organ
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dysfunction, particularly cardiac dysfunction. However, the
validity and clinical utility of many of these biomarkers
have not been tested. In clinical practice, these biomarkers
must be validated to human cases of sepsis. They should
then be routinely usable, in other words, they must be
rapidly quantifiable and relatively cheap. Anyway, MS
analyses from biological fluids appear to be more transfer-
able to the clinical setting. Since January 2015, 1,495 stud-
ies have focused on the use of biomarkers for the
diagnosis of sepsis [7]. The lack of early and specific bio-
markers of sepsis and septic shock could be partly related
to the fact that there are several limitations in proteomic
studies that hinder the identification of clinically usable
biomarkers. Indeed, although studies use proteomics to
identify new biomarkers, they differ in the experimental
protocol used. All of these differences result in proteomic
signatures that vary from one study to another. The lack
of standardisation of preclinical data makes it difficult to
use the results to identify clinically relevant biomarkers.
It is therefore crucial that research teams standardise their
experience to provide better comparisons of results from
one laboratory to another, increasing the quantity of data
and limiting the heterogeneity that results from the
pathology.
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Cardiac dysfunction is a critical manifestation of sepsis-induced multiorgan failure and results in the high mortality of sepsis. Our
previous study demonstrated that a traditional Chinese medicine formula, Qiang-Xin 1 (QX1), ameliorates cardiac tissue damage in
septic mice; however, the underlying pharmacology mechanism remains to be elucidated. The present study was aimed at clarifying
the protective mechanism of the QX1 formula on sepsis-induced cardiac dysfunction. The moderate sepsis model of mice was
established by cecal ligation and puncture surgery. Treatment with the QX1 formula improved the 7-day survival outcome,
attenuated cardiac dysfunction, and ameliorated the disruption of myocardial structure in septic mice. Subsequent systems
pharmacology analysis found that 63 bioactive compounds and the related 79 candidate target proteins were screened from the
QX1 formula. The network analysis showed that the QX1 active components quercetin, formononetin, kaempferol, taxifolin,
cryptotanshinone, and tanshinone IIA had a good binding activity with screened targets. The integrating pathway analysis
indicated the calcium, PI3K/AKT, MAPK, and Toll-like receptor signaling pathways may be involved in the protective effect of
the QX1 formula on sepsis-induced cardiac dysfunction. Further, experimental validation showed that the QX1 formula
inhibited the activity of calcium/calmodulin-dependent protein kinase II (CaMKII), MAPK (P38, ERK1/2, and JNK), and
TLR4/NF-κB signaling pathways but promoted the activation of the PI3K/AKT pathway. A cytokine array found that the QX1
formula attenuated sepsis-induced upregulated levels of serum IFN-γ, IL-1β, IL-3, IL-6, IL-17, IL-4, IL-10, and TNF-α. Our data
suggested that QX1 may represent a novel therapeutic strategy for sepsis by suppressing the activity of calcium, MAPK, and
TLR4/NF-κB pathways, but promoting the activation of AKT, thus controlling cytokine storm and regulating immune balance.
The present study demonstrated the multicomponent, multitarget, and multipathway characteristics of the QX1 formula and
provided a novel understanding of the QX1 formula in the clinical application on cardiac dysfunction-related diseases.

1. Introduction

Sepsis, defined as life-threatening organ dysfunction caused
by a dysregulated host response to infection, affects more
than 19 million people per year and is the main cause of
death in intensive care units [1, 2]. Cardiac dysfunction is
critical to sepsis-induced multiorgan failure. Cardiac dys-
function occurs in over 40% of sepsis patients, which is asso-
ciated with high mortality and poor prognosis [3]. Despite

improvements in antibiotic therapies and critical care tech-
niques, the management of cardiac dysfunction in patients
with sepsis remains challenging since basic interventions
for cardiac dysfunction or sepsis alone are contradictory in
key areas, including fluid resuscitation [4]. The pathological
mechanisms of cardiac dysfunction in sepsis are multifac-
torial, including inflammatory mediator disorder, mito-
chondrial dysfunction, apoptosis, and calcium regulation
disorder [5, 6]. Therefore, developing a drug that can inhibit
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these pathological changes would be of great clinical signifi-
cance for the prevention of sepsis-induced cardiac dysfunction.

Traditional Chinese medicine (TCM) is an integral med-
icine system with clinical practice over thousands of years.
Our previous study showed that the TCM prescription
Qiang-Xin 1 (QX1) ameliorates cardiac tissue damage in
mice suffering from sepsis partly by inhibiting endoplasmic
reticulum- and mitochondria-related apoptosis [7]. How-
ever, a holistic understanding underlying mechanisms of
the QX1 formula in improving sepsis-induced cardiac dys-
function still is needed in further study.

Systems pharmacology, an emerging systematic method-
ology combining pharmacology and systems biology, pro-
vides a holistic analysis approach to explore the molecular
mechanism of TCM [8]. Systems pharmacology includes
pharmacokinetics evaluation (absorption, distribution, metab-
olism, excretion, and toxicity [ADME/T] characteristics of
herbs), target protein prediction, and network analysis. At
present, systems pharmacology has been widely used to reveal
the potential mechanism of TCM formulas in the treatment
of cancer, inflammatory bowel disease, and cardiovascular
disease [9–11].

The present study was aimed at investigating the molec-
ular mechanism of the QX1 formula in the treatment of
sepsis-induced cardiac dysfunction. First, the effect of the
QX1 formula on survival rate and cardiac dysfunction was
assessed in septic mice. Then, the material basis and potential
interaction mechanism of the QX1 formula were analyzed by
systems pharmacology. Finally, we further verified the mech-
anism of the QX1 formula on the main signaling pathways
integrated by systemic pharmacology in septic mice. The
workflow of the current study was shown in Figure 1.

2. Materials and Methods

2.1. Animals and Ethics Statement. BALB/c mice (male, 18–
22 g, 8 weeks old) provided by Beijing HFK Bioscience Co.,
Ltd. (Beijing, China) were housed under a pathogen-free
environment with free access to food and water. All proce-
dures performed on the animals were conducted in accor-
dance with the National Institutes of Health Guidelines on
Laboratory Research and approved by the Animal Care
and Use Committee of the Beijing Institute of Traditional
Chinese Medicine (permit number: 2018040206).

2.2. Preparation of the QX1 Formula. The QX1 formula is
composed of five herbs: Astragalus membranaceus (Fisch.)
(HQ), Polygonum orientale L. (SHHZ), Poria cocos (Schw.)
Wolf (FL), Salvia miltiorrhiza Bge. (DS), and Schisandra chi-
nensis (Turcz.) Baill. (WWZ). All herbs were obtained from
the Chinese Pharmacy of Beijing Hospital of Traditional
Chinese Medicine and were mixed in the proportion of
3 : 3 : 2 : 2 : 1, with a total weight of 110 g. After soaking for
1 h, the QX1 decoction was prepared by water extraction
twice. The extract was then filtered and condensed to
110ml, with a concentration equal to 1 g herb/ml.

2.3. Cecal Ligation and Puncture- (CLP-) Induced Sepsis. A
mouse model with moderate sepsis was established by cecal

ligation and puncture (CLP) surgery according to the proto-
col described previously [12]. Briefly, mice were anesthetized
with 1% pentobarbital sodium, and a 1–2 cm longitudinal
skin midline incision was made to expose the internal organs.
The cecum was exposed and ligated in the mid position,
which comprised 50% of the cecum, and punctured through
and through with a 21-gauge needle. Then, a small amount of
feces was extruded from the puncture holes to make sure
patency. The cecum was transferred to the abdominal cavity,
and the peritoneum and skin were closed by applying
sutures. After surgery, mice were injected with sterile saline
solution (0.9%, 24ml/kg of body weight) for fluid resuscita-
tion. In the sham group, the procedure was carried out in
the same way as the CLP described above, except without
ligation and puncture of the cecum.

2.4. Treatment Protocol of the QX1 Formula. After a 7-day
acclimation period, 90 mice were randomly assigned to five
groups: (1) sham group (sham, n = 10), wherein mice
received a sham operation without drug treatment; (2) CLP
group (CLP, n = 20), wherein mice received a CLP operation
without QX1 decoction treatment; (3) low-dose QX1 decoc-
tion group (QX1 Low, n = 20), wherein mice received a
CLP operation with 5 g/kg QX1 decoction treatment; (4)
high-dose QX1 decoction group (QX1 High, n = 20), wherein
mice received a CLP operation with 10g/kg QX1 decoction
treatment; and (5) trimetazidine group (TMZ, n = 20),
wherein mice received a CLP operation with 20mg/kg TMZ
treatment. The mice in QX1 Low, QX1 High, and TMZ
groups were orally administered intragastrically with different
concentrations of QX1 decoction at 6 and 18h after the CLP
operation, respectively, whereas mice in the sham and CLP
groups were administered with the same volume of water. In
a survival test, another 20 mice from each group were used
to assess survival rates during seven days.

2.5. Sample Collection. At 24h after the CLP operation, mice
were anesthetized with 1% pentobarbital sodium and blood
samples were collected. Serum was separated for quantitative
analysis of cytokines. The heart tissues were harvested and
divided into three parts: one was stored in 10% buffered for-
malin phosphate for histological analysis, one was fixed in 4%
glutaraldehyde for ultrastructure analysis, and the other was
stored at −80°C for Western blot analysis.

2.6. Hematoxylin and Eosin (H&E) Staining. The heart sam-
ples were immersed in 10% neutral buffered formaldehyde at
room temperature for 48 h, and the fixed samples were then
embedded in liquid paraffin and sectioned into 5μm thick-
ness. The sections were stained with hematoxylin and eosin,
and the cardiac morphological changes were observed under
a light microscope (Zeiss GmbH, Jena, Germany).

2.7. Transmission Electron Microscopy (TEM). The cardiac
tissue samples were fixed with 4% glutaraldehyde overnight,
postfixed in cold 1% osmium tetroxide, and then washed
with cacodylate buffer three times. Subsequently, cardiac tis-
sue was dehydrated in a series of graded acetone and embed-
ded in an epoxy resin. Ultrathin sections were stained with
saturated uranyl acetate in 50% ethanol and lead citrate and
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observed under an HT7700 transmission electron micro-
scope (Hitachi, Tokyo, Japan).

2.8. Echocardiography Analysis. At 24 h after CLP or sham
surgery, echocardiography was performed using the Vevo
770 ultrasound system (Visual Sonics Inc., Toronto, Canada)
to assess the cardiac function. Briefly, mice were anesthetized
with isoflurane at a concentration of 4% (induction) or 1.5%
(maintenance) in 100% oxygen. The left ventricular (LV) M-
mode tracing was gained from the transthoracic parasternal
short-axis view. Through these images, the left ventricular
internal dimensions at diastole/systole (LVIDd/LVIDs) and
the left ventricular volume at diastole/systole (LVVd/LVVs)
were measured and used to determine the left ventricular
ejection fraction (LVEF) and left ventricular fractional short-
ening (LVFS). Each parameter was recorded in least three
consecutive cardiac cycles.

2.9. Database Construction. The chemical ingredients of all
herbs in the QX1 formula were data-mined from the Tradi-
tional Chinese Medicine Systems Pharmacology Database
(TCMSP, http://lsp.nwu.edu.cn/tcmspsearch.php) and a
large number of related literature mining, including PubMed
and China National Knowledge Infrastructure (CNKI) data-
bases. Finally, we obtained 513 chemical ingredients and

their physicochemical properties from QX1: 87 compounds
of HQ, 130 compounds of WWZ, 202 compounds of DS,
34 compounds of FL, and 60 compounds of SHHZ.

2.10. Active Compound Screening

2.10.1. Oral Bioavailability (OB). OB is one of the most
important pharmacokinetic parameters in ADME (absorp-
tion, distribution, metabolism, and excretion) characteristics,
which indicates the efficiency of active drug delivery to the
systemic circulation. In the present study, the OBioavail1.1
model was used to estimate OB values [13]. And compounds
from QX1 satisfy OB ≥ 28% as a candidate active molecule
for subsequent step screening.

2.10.2. Druglikeness (DL). DL is used to assess the similarity
of physical properties of compounds with known drugs.
According to previous reports, the drug-like active molecules
were picked out from QX1 based on molecular descriptors
and the Tanimoto coefficient [14]. In this study, a compound
with DL ≥ 0:18 was selected as the active compound of herbs
for further study.

2.10.3. Drug Half-Life. Half-life refers to the time it takes for
the concentration of a drug to be degraded to half in the body
and is considered to be an essential pharmaceutical property,
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Figure 1: Workflow of the current study.

3Oxidative Medicine and Cellular Longevity

http://lsp.nwu.edu.cn/tcmspsearch.php


which is mainly used as a time measure for defining the effi-
cacy of a compound. TheHL ≥ 4 was adopted as the criterion
to screen the candidate active compound of QX1 in this
study.

2.10.4. Caco-2 Cell Permeability. The human intestinal cell
line Caco-2 is commonly used as an effective in vitro
model to study the passive diffusion of drugs through
the intestinal epithelium. We used the transport rate of
drug molecules in Caco-2 cell monolayers as an evaluation
of intestinal absorption. Those chemical ingredients with
Caco-2 cell permeability ≥ –0:4 were filtered out as candi-
date active compounds.

2.11. Target Prediction. To identify the target molecules of
the candidate active compounds is a key step to reveal the
mechanism of QX1. Currently, the weighted ensemble simi-
larity (WES) model was applied to predict the potential tar-
gets of QX1 compound [15]. Then, a similarity based on
chemical fingerprinting is used to obtain potential targets
(http://sea.bkslab.org/search/). Finally, the targets from dif-
ferent sources were named uniformly in the UniProt data-
base (http://www.uniprot.org) and then submitted to the
Pharmacogenomics Knowledgebase (PharmGKB, https://
www.pharmgkb.org/), Therapeutic Targets Database (TTD,
http://database.idrb.cqu.edu.cn/TTD/), and Comparative
Toxicogenomics Database (CTD, http://ctdbase.org/) to
remove redundant and erroneous targets, so as to ensure
the accuracy of the target database.

2.12. Network Construction. Traditional Chinese medicine
(TCM) is a whole system with multicompound and multitar-
get characteristics. There is a complicated relationship
between effective active compounds, active targets, and path-
ways. Therefore, the network visualization analysis software
Cytoscape was used to draw the compound-target (C-T) net-
work and target-pathway (T-P) network.

In order to investigate the molecular mechanism of the
QX1 formula against cardiac injury, an integrated “cardiac
disease-related pathway” was established. Firstly, the active
targets were mapped to the KEGG database (http://www
.kegg.jp/). Then, according to the latest pathological informa-
tion of a cardiac disease-related pathway, an integrated
compound-target pathway diagram was constructed by com-
bining C-T network and T-P network analyses.

2.13. Target-Tissue Location. To understand QX1 formula
therapy for cardiac disease at the organ level, first, GO anal-
ysis showed the most obvious targets among the screened
compound targets, and then, their distribution in tissues
and organs was analyzed. The tissue distribution of the tar-
gets was identified based on microarray analysis of different
tissue types in the BioGPS database (http://biogps.org).

2.14. Ultraperformance Liquid Chromatography Coupled
with Orbitrap Q Exactive Mass Spectrometry (UPLC-MS).
Plasma samples were collected at 0, 15, 30, 60, and 120min
after oral administration with 10 g/kg QX1 decoction. The
reference standards of quercetin, formononetin, kaempferol,
taxifolin, cryptotanshinone, and tanshinone IIA were pur-

chased from the National Institutes for Food and Drug
Control (Beijing, China). The plasma samples and standard
solutions were analyzed using ultraperformance liquid chro-
matography coupled with Orbitrap Q Exactive mass spec-
trometry (Thermo Scientific, San Jose, USA). Briefly,
acetonitrile (A) and 0.1% formic acid aqueous solution (B)
were selected as the mobile phases. The gradient mobile
phase was as follows: 0% A from 0 to 1min, 0% to 95% A
from 1 to 10min, 95% to 98% A from 10 to 14.5min, 98%
to 0% A from 14.5 to 14.6min, and 0% A from 14.6 to
16min. The column temperature was 45°C, and the flow rate
was 0.3ml/min. An HSS T3 chromatographic column
(100 × 2:1mm, 1.8μm, Waters, USA) was adopted. The
system was equipped with an ESI source, and the detection
conditions were under positive ion modes. The heater tem-
perature was 320°C and the capillary temperature was
300°C, and the capillary voltage was 3.5 kV. Quercetin, for-
mononetin, kaempferol, taxifolin, cryptotanshinone, and
tanshinone IIA were identified as the main bioactive com-
pounds using reference standards. The UPLC-MS analysis
was performed using Xcalibur 2.2 software (Thermo Scien-
tific, San Jose, USA).

2.15. Western Blot Analysis. Western blot procedures were
performed as previously described [16]. The primary
antibodies were rabbit anti-calcium/calmodulin-dependent
protein kinase II (CaMKII) (1 : 1000, ab52476, Abcam,
Cambridge, United Kingdom), rabbit anti-phospho- (P-)
CaMKII (1 : 1000, ab5683, Abcam), rabbit anti-AKT
(1 : 1000, #4685, Cell Signaling Technology, Danvers, MA,
USA), rabbit anti-P-AKT (1 : 1000, #4060, Cell Signaling
Technology), rabbit anti-P-ERK1/2 (1 : 1000, #4370, Cell Sig-
naling Technology), rabbit anti-ERK1/2 (1 : 1000, #4695, Cell
Signaling Technology), rabbit anti-P-p38 (1 : 1000, #9215,
Cell Signaling Technology), rabbit anti-p38 (1 : 1000, #9212,
Cell Signaling Technology), rabbit anti-P-SAPK/JNK
(1 : 1000, #4668, Cell Signaling Technology), rabbit anti-
SAPK/JNK (1 : 1000, #9258, Cell Signaling Technology), rab-
bit anti-TLR4 (1 : 1000, #14358, Cell Signaling Technology),
rabbit anti-NF-κB p65 (1 : 1000, #8242, Cell Signaling Tech-
nology), rabbit anti-P-NF-κB p65 (1 : 1000, #3033, Cell
Signaling Technology), and rabbit anti-β-actin (1 : 2000,
#4970, Cell Signaling Technology). Horseradish peroxidase-
(HRP-) conjugated goat anti-rabbit IgG (1 : 5000, A8275,
Sigma-Aldrich) was used as a secondary antibody.

2.16. Mouse Cytokine Array. Serum samples were harvested
from each group at 24h after CLP surgery. For each sample,
60μl serum was used to determine the concentration of
20 cytokines including granulocyte-macrophage colony-
stimulating factor (GM-CSF), interferon-gamma (IFN-γ),
interleukin- (IL-) 1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-
9, IL-10, IL-12, IL-13, IL-17, keratinocyte-derived chemokine
(KC), monocyte chemoattractant protein-1 (MCP-1), mac-
rophage colony-stimulating factor (MCSF), regulated upon
activation normal T expressed and secreted (RANTES),
tumor necrosis factor-α (TNF-α), and vascular endothelial
growth factor (VEGF) using Quantibody Mouse Cytokine
Array 1 (RayBiotech, Inc., Norcross, GA, USA) according
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to the manufacturer’s instruction. The data were analyzed
with RayBiotech cytokine antibody array software [17].

2.17. Statistical Analysis. Data were presented as means ±
standard deviation (SD). Statistical analysis was performed
using the GraphPad Prism 7 program (GraphPad, La Jolla,
USA). One-way analysis of variance (ANOVA) was per-
formed to compare the statistical differences of data among
three or more groups. A P value of <0.05 was considered sta-
tistically significant.

3. Results

3.1. QX1 Formula Improved the Survival Outcome and
Attenuated Cardiac Dysfunction in Septic Mice. We initially
investigated whether administration of the QX1 formula
conferred a survival advantage to septic mice (Figure 2(a)).
The survival rate of CLP mice was approximately 55% within
3 days and 40% within 7 days. The Kaplan-Meier survival
analysis showed that mice in the QX1 Low group exhibited
an increased 7-day survival rate to 50% compared to the
CLP mice. Both the high dose of the QX1 formula and
TMZ treatment significantly improved the 7-day survival
rate to 60% as compared with that of CLP mice (P < 0:05
and P < 0:05, respectively). Then, we performed echocardi-
ography analysis to assess the effect of the QX1 formula on
cardiac function in septic mice (Figure 2(b)). Echocardiogra-
phy analysis found that mice that underwent CLP surgery
had significantly reduced LVEF and LVFS compared with
shammice, while low or high dose of the QX1 formula signif-
icantly increased LVEF and LVFS (P < 0:05 and P < 0:01,
respectively, Figures 2(c) and 2(d)). The LVEF and LVFS of
mice in the TMZ group also significantly increased compared
to those of mice in the CLP group (P < 0:05 and P < 0:05,
respectively).

3.2. QX1 Formula Ameliorated the Disruption of Cardiac
Structure in Septic Mice. H&E staining was used to observe
the effect of QX1 formula treatment on the pathological
changes of cardiac tissue in septic mice (Figure 3(a)). The
sham group showed normal histological features. In the
CLP group, the cardiac structure was damaged, accompanied
by a loose arrangement of myogenic fibers and inflammatory
cell infiltration. Treatment with low or high dose of the QX1
formula or TMZ alleviated the loosening of cardiomyocytes
and inflammatory cell infiltration. Further, the changes of
cardiac structure were observed using TEM (Figure 3(b)).
In the sham group, the myofibrils were organized orderly,
the Z-line of the sarcomere was clear and straight, and the
mitochondrial structure was completely arranged between
the myofibrils. Compared with the sham group, in the CLP
group, myofibril arrangement was loose and tortuous, with
local dissolution and cavitation, the Z-line of the sarcomere
was broken or blurred, the color of mitochondria became
darker, and the arrangement was loose and swollen. In the
QX1 Low group, myofibril arrangement was loose, the Z-
line of the sarcomere was clear, and the mitochondria were
swollen and proliferated. Compared with the CLP group,

the myofibrils, Z-line, and mitochondrial structure were sig-
nificantly improved in the QX1 High and TMZ groups.

3.3. Active Compound Screening. In this study, we initially
obtained 513 chemical ingredients and their physicochemical
properties from the QX1 formula from the TCMSP database
and based on a large number of literatures. Then, the ADME
system was applied to screen the potential active compounds
of QX1. Finally, we screened 63 compounds which reached
the standard ofOB ≥ 28%,DL ≥ 0:18,HL ≥ 4, and Caco-2 cell
permeability ≥ –0:4 as candidate active molecules (Table 1).
There were 9, 10, 5, 11, and 31 active compounds in HQ,
WWZ, FL, SHHZ, and DS, respectively. Among the active
ingredients, quercetin (MOL02) and kaempferol (MOL15)
were both in HQ and SHHZ, and hederagenin (MOL07) was
found in both HQ and FL. On the basis of structure analysis,
the 63 active compounds mainly belonged to diterpenoids, fla-
vonoids, and lignans.

3.4. Drug Targeting and Analysis. In order to clarify the
mechanism of QX1 active substances in the treatment of
cardiac-related diseases, we need to clarify the possible tar-
gets of active compounds. A total of 79 potential targets for
the 63 bioactive compounds were achieved using the WES
algorithms and assigning them to the CTD, TTD, and
PharmGKB databases (Supplementary Table 1). The results
showed that most active compounds can act on multiple
targets, and one target can be also possibly associated with
multiple active compounds. The active compound quercetin
(MOL02) can act on 56 targets, while the estrogen receptor
(ESR1) was the target of 57 compounds, accounting for 90%
of the total active compound targets.

3.5. Compound-Target Network Analysis. The C-T network
diagram was constructed based on 142 nodes (63 potential
compounds and 79 potential targets) and 686 edges
(Figure 4). The degree parameter of topological analysis
showed that the average degrees of potential compounds
and targets were 10.9 and 8.7, respectively, indicating that
the active compounds and targets were closely related in
the QX1 formula. Quercetin (MOL02) is the key component
of the QX1 formula and displayed the highest number of
target interactions (degree = 56), followed by kaempferol
(MOL15, degree = 33), beta-sitosterol (MOL10, degree = 24),
tanshinone IIA (MOL50, degree = 19), formononetin
(MOL13, degree = 16), cryptotanshinone (MOL35, degree =
14), and taxifolin (MOL21, degree = 11). Among potential
protein targets, the top 10 high-degree targets acted on
multiple compounds, namely, ESR1 (degree = 57), PTGS2
(degree = 55), AR (degree = 52), NOS2 (degree = 46), ESR2
(degree = 43), GSK3β (degree = 43), F2 (degree = 40),
PPARG (degree = 35), PTGS1 (degree = 32), and MAPK14
(degree = 30) (Supplementary Table 2). These high-degree
targets in the network may be the major mediators of the
QX1 formula in the treatment of cardiac-related diseases.

3.6. Target-Protein Association Network Analysis. The T-P
network consists of 60 targets and 30 pathways significantly
enriched by these targets (Figure 5). Obviously, most of the
target proteins (40/60) appeared in multiple pathways,
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indicating that the target proteins of the QX1 formula
interacted with each other in different pathways and carried
out signal transmission for cardiac diseases. Meanwhile,
many pathways (11/30) were also regulated by multiple
target proteins (≥8), which might be the key mechanism
of the QX1 formula in the treatment of cardiac-related

diseases. As shown in Supplementary Table 3, the crucial
target-protein associated pathways included the PI3K/AKT
signaling pathway (degree = 16), HIF-1 signaling pathway
(degree = 11), calcium signaling pathway (degree = 10),
MAPK signaling pathway (degree = 9), cytokine-cytokine
receptor interaction (degree = 9), adrenergic signaling in
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Figure 2: The QX1 formula improved the survival outcome and cardiac dysfunction in septic mice. Mice were orally administered with low
(5 g/kg) or high (10 g/kg) dose of the QX1 formula or TMZ (20mg/kg) at 6 h and 18 h after CLP surgery, respectively. (a) Kaplan-Meier
survival curves. Twenty mice of each group were used to analyze the 7-day mortality. (b) Representative M-mode echocardiograms after
CLP surgery. (c) Left ventricle ejection fraction (EF) and (d) fractional shortening (FS) were calculated. Data were presented as means ±
SD, and differences between means were compared using one-way ANOVA with Tukey’s multiple comparison test. ∗∗P < 0:01 compared
to the sham group; #P < 0:05, ##P < 0:01 compared to the CLP group.
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Figure 3: The QX1 formula ameliorated the disruption of cardiac structure in septic mice. (a) Representative H&E staining images of the left
ventricular myocardium (scale bar = 50μm). (b) Representative images of transmission electron microscopy of the left ventricular
myocardium (scale bar = 2μm). (A) Sham group, (B) CLP group, (C) QX1 Low group, (D) QX1 High group, and (E) TMZ group. The
short yellow arrow indicated that the Z-line of the sarcomere was broken and blurred. The yellow circles indicated that myofibrils were
loosely arranged and partially dissolved. The long yellow arrows indicated that mitochondria were swollen.
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Table 1: Active compounds and their corresponding ADME parameters in the QX1 formula.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL01 Palmitic acid FL 19.30 1.09 0.10 0.00 10 H O

O

MOL02 Quercetin HQ/SHHZ 46.43 0.05 0.28 14.40 56

H

H

H
H

H

O

O O

OO

O

O

MOL03 Jaranol HQ 50.83 0.61 0.29 15.50 10

H

H

O

O

O

O O

O

MOL04

(2R)-2-[(3S,5R,10S,13R,14R,
16R,17R)-3,16-Dihydroxy-4,
4,10,13,14-pentamethyl-2,3,

5,6,12,15,16,17-octahydro-1H-
cyclopenta[a]phenanthren-

17-yl]-6-methylhept-5-enoic acid

FL 30.93 0.01 0.81 6.81 3

H

H

H

H

H O

O

O

O

MOL05 Trametenolic acid FL 38.71 0.52 0.80 7.78 4

O

HO

OH

MOL06 Cerevisterol FL 37.96 0.28 0.77 5.31 4

O
O

OH

H

H

H

H

H
H

H

MOL07 Hederagenin HQ/FL 36.91 1.32 0.75 5.35 15

HO

MOL08 n-Coumaroyltyramine SHHZ 85.63 0.69 0.20 4.82 8

O

O

O

H

HN

HH

H
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Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL09 Isorhamnetin HQ 49.60 0.31 0.31 14.34 15

O

O

O

O

O O

O

H

H

H

H

MOL10 Beta-sitosterol SHHZ 36.91 1.32 0.75 5.36 24

O

H

H

H
H

H

MOL11 3,9-Di-O-methylnissolin HQ 53.74 1.18 0.48 9.00 17
O

O

O

O
H

H O

MOL12 Bifendate HQ 31.10 0.15 0.67 17.96 9 O

O

O
O

O

O

O

O

O

O

MOL13 Formononetin HQ 69.67 0.78 0.21 17.04 16

OO

O
O

H

MOL14 Calycosin HQ 47.75 0.52 0.24 17.10 11

OO

O
O

O

H
H

MOL15 Kaempferol HQ/SHHZ 41.88 0.26 0.24 14.74 41
O

O

O

O

O
H

H

H

H

O

MOL16
(2R)-5,7-Dihydroxy-2-(4-hydroxyphenyl)

chroman-4-one
SHHZ 42.36 0.38 0.21 16.83 11

H

H
O

O

O O

O
H

MOL17 Poriferasterol DS 43.83 1.44 0.76 5.34 4

H
HH

H

H
H

H

O

MOL18 (-)-Taxifolin SHHZ 60.51 -0.24 0.27 14.37 10

OO

O

O O

H
H

H

O

O

H

H
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Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL19 Dehydrotanshinone II A DS 43.76 1.02 0.40 23.71 13

O

O

O

MOL20 Chryseriol SHHZ 35.85 0.39 0.27 16.31 10 OO

O

O

O O

H

H

H

MOL21 Taxifolin SHHZ 57.84 -0.23 0.27 14.41 11

OO

O O

O

O

O

H

H

H

H

H

MOL22 Eriodictyol SHHZ 71.79 0.17 0.24 15.81 12

O O

O O

O

O
H

H

H

H

MOL23
2-Isopropyl-8-methylphenanthrene-3,4-

dione
DS 40.86 1.23 0.23 14.89 19

O

O

MOL24 3α-HydroxytanshinoneIIa DS 44.93 0.53 0.44 23.78 10 O

O

O
O

H

MOL25
(E)-3-[2-(3,4-Dihydroxyphenyl)-7-hydroxy-

benzofuran-4-yl]acrylic acid
DS 48.24 0.18 0.31 8.87 6

O

O

O

O

OO

H H

H

HH

H

MOL26 Formyltanshinone DS 73.44 0.54 0.42 24.12 10

O

O

O

O

H

MOL27 Przewaquinone B DS 62.24 0.39 0.41 24.94 10 O

O

O

O
H
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Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL28 Przewaquinone C DS 55.74 0.42 0.40 23.70 15

HO

O

O

O

MOL29 Przewaquinone F DS 40.31 -0.09 0.46 22.45 8

OH

O

O

O

OH

MOL30 Sclareol DS 43.67 0.84 0.21 4.71 4

H

H

H

O

O

MOL31 Tanshinaldehyde DS 52.47 0.57 0.45 23.49 10

O

O

O

O

MOL32 Tanshinol A DS 21.31 0.36 0.41 0.00 10

O

O

O

O

H

MOL33 Danshenol B DS 57.95 0.53 0.56 4.28 7

O

O

O O
H

MOL34 Danshenol A DS 56.97 0.33 0.52 5.15 15

O O

O

O

H

MOL35 Cryptotanshinone DS 52.34 0.95 0.40 17.30 14

O

O

O
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Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL36 Danshenspiroketallactone DS 50.43 0.88 0.31 15.19 16

O
O

O

MOL37 Deoxyneocryptotanshinone DS 49.40 0.85 0.29 27.17 14

O
H

O

O

MOL38 Dihydrotanshinone I DS 45.04 0.95 0.36 18.32 16 O

O

O

MOL39 Isocryptotanshinone DS 54.98 0.93 0.39 31.92 14
O

O

O

MOL40 Isotanshinone II DS 49.92 1.03 0.40 24.73 11

O

O

O

OH

MOL41 Isotanshinone I DS 29.72 1.01 0.36 0.00 12 O

OO

MOL42 Manool DS 45.04 1.28 0.20 5.81 2

OH

MOL43 Methyltanshinonate DS 19.19 0.56 0.55 0.00 11

O

O

O

O

O

MOL44 Miltionone I DS 49.68 0.35 0.32 41.49 16

O
H

O

O
O
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Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL45 Miltirone DS 38.76 1.23 0.25 14.82 15
O

O

MOL46 Neocryptotanshinone DS 52.49 0.35 0.32 14.46 12

O

O

O

O
H

H

MOL47 Prolithospermic acid DS 64.37 0.10 0.31 8.82 10
OH

OH

OH

HO O

O

MOL48 Tanshindiol B DS 42.67 0.05 0.45 22.25 7 O

O

O

O

O

H

H

MOL49 Przewaquinone E DS 42.85 -0.04 0.45 22.44 7

H

H
O

O

O

O

O

MOL50 Tanshinone IIa DS 49.89 1.05 0.40 23.56 19 O

O

O

MOL51 Tanshinone VI DS 45.64 0.48 0.30 15.21 12

O

OH
OH

O

MOL52
2-(4-Hydroxyphenyl)ethyl (E)-3-
(4-hydroxyphenyl)prop-2-enoate

SHHZ 93.36 0.68 0.21 5.24 5

O

OO

O

H

H H

H
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Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL53 Schisanhenol WWZ 22.98 1.88 0.06 0.00 8

OH
O O

O

O

O

MOL54
4,7-Dimethyl-7-(4-methylpent-3-enyl)

bicyclo[2.2.1]heptan-3-ol
WWZ 30.71 0.66 0.83 9.40 1

HO

MOL55 Angeloylgomisin H WWZ 29.70 1.83 0.09 0.00 3

HO

O O

O
O

O
O

O

MOL56 Schizandrer B WWZ 25.37 0.10 0.04 0.00 2

O O

O

O

O
O

O

O
OH

MOL57 Clupanodonic acid WWZ 30.69 0.63 0.78 5.09 3
H H

H

H H
HO

OHH H

MOL58 Gomisin D WWZ 32.68 0.73 0.83 8.50 2
OH

O O

O

OO

O

O

O

HO

MOL59 Gomisin H WWZ 34.84 0.60 0.86 9.54 2

OO
OH

HO

O

O

O

MOL60 Schisanhenol acetate WWZ 27.20 1.86 0.02 0.00 4 O

O O

O

O O

O

MOL61 Schizonepetoside A WWZ 48.80 1.39 0.03 11.35 4

OH

OH

OH

OH

O

O

O
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cardiomyocytes (degree = 9), Toll-like receptor signaling
pathway (degree = 8), and T cell receptor signaling pathway
(degree = 8).

3.7. Cardiac Disease-Related Pathway Analysis. Considering
the complex mechanism of QX1 in the treatment of
cardiac-related diseases, an integrated map of “cardiac
disease-related pathways” was constructed by integrating
the key pathways that were obtained from the KEGG data-
base and combined with T-P network analysis (Figure 6).
The cardiac disease-related pathways were comprised of four
important pathways: calcium signaling pathway, MAPK
signaling pathway, PI3K/AKT signaling pathway, and TLR
signaling pathway. As shown in Figure 6, the cardiac
disease-related pathways were involved in several biological
functions, such as contraction, inflammation, proliferation,
differentiation, cell survival, cell cycle, and chemotactic
effects. The QX1 formula may play a therapeutic role in car-
diac disease by regulating these biological functions.

3.8. Target-Tissue Location Analysis. Understanding the
localization of protein targets on multiple organs at the sys-
tem level is useful to clarify the therapeutic target of QX1
against cardiac functional diseases. A total of 79 targets were
mapped on 84 normal tissues based on the BioGPS database.
The tissue distribution network of the 79 targets was divided
into heart, spleen, kidney, and brain tissue modules
(Figure 7). Most targets acted on two or more tissues, which
suggested that these tissues were closely correlated. Specifi-
cally, there were 62 targets that contained high mRNA
expression in the heart, accounting for 78% of all the targets.
Besides, 52 targets in the kidney, 47 targets in the brain, and
24 targets in the spleen were found, respectively. The results
suggested that the target of the QX1 formula is closely linked
to cardiac disease.

3.9. Identification of the Main Bioactive Compounds in
Plasma. The six main bioactive compounds, including quer-
cetin, formononetin, kaempferol, taxifolin, cryptotanshi-
none, and tanshinone IIA, were identified in plasma after
oral administration of QX1 decoction by UPLC-MS. The

chromatograms of the six main bioactive compounds at
30min after oral administration of QX1 decoction are shown
in Figure 8. The retention times were approximately 6.29min
for taxifolin, 6.78min for quercetin, 11.08min for tanshinone
IIA, 10.34min for cryptotanshinone, 7.83min for formono-
netin, and 7.32min for kaempferol. The chromatograms of
analytes in blank plasma and blank plasma spiked with the
six main bioactive compounds are shown in Supplementary
Figure 1A and B.

3.10. Effect of the QX1 Formula on the Activity of Cardiac
Disease-Related Pathways. In order to evaluate the conse-
quences of systematic pharmacological analysis, we exam-
ined the effect of the QX1 formula on key proteins in the
integrated “cardiac disease-related pathways,” including cal-
cium, MAPK, PI3K/AKT, and TLR4 signaling pathways
using Western blot. CLP surgery significantly increased the
expression of P-CaMKII protein in the cardiac tissue of mice
compared with the sham group, while low or high dose of
QX1 formula treatment inhibited this increase (Figures 9(a)
and 9(b)). Compared with the sham group, expression of P-
AKT protein was decreased in the CLP group (Figures 9(c)
and 9(d)). Compared with the CLP group, expression of P-
AKT protein was increased in the QX1 High group, but not
in the QX1 Low group. Furthermore, we investigated the
effect of the QX1 formula on the activity of three well-
characterized subfamilies of MAPK pathways, ERK1/2,
JNK, and p38 (Figures 9(e) and 9(f)). CLP surgery induced
the activation of ERK1/2, JNK, and P38 compared with the
sham group, whereas the CLP-induced activation of JNK
was inhibited by low or high dose of QX1 formula treatment.
Compared with the CLP group, decreased expression of P-
ERK1/2 and P-P38 was observed in the QX1 Low group
and QX1 High group, respectively. In addition, the activity
of the TLR4 pathway was also examined. CLP treatment sig-
nificantly increased the expression of TLR4, and this increase
was inhibited by low or high dose of QX1 formula treatment
(Figures 9(g) and 9(h)). Compared with the sham group,
increased expression of P-NF-κB p65 downstream of TLR4
was observed in the CLP group, whereas this increase was
inhibited by high but not low dose of QX1 formula treatment.

Table 1: Continued.

Molecular ID Compounds Herb OB Caco-2 DL HL Degree Structure

MOL62 Thuja alcohol WWZ 46.27 1.08 0.84 8.72 5 O

H

H

MOL63 Kaempferol-3-O-α-L-rhamnoside SHHZ 41.88 -1.29 0.69 16.15 1

OH

O

O
O

O

OH

OH

HO

OH

OH
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3.11. Effect of the QX1 Formula on Serum Cytokine
Production. Cytokines have been thought to play an impor-
tant role in the induction of cardiac dysfunction during sep-
sis. The production of 20 cytokines in serum of mice was
determined by a multiplex assay after CLP or QX1 formula
treatment (Figure 10). Compared with the sham group, the
levels of eight cytokines (IFN-γ, IL-1β, IL-3, IL-4, IL-6, IL-
10, IL-17, and TNF-α) were significantly upregulated in the
CLP group. Among them, IL-1β, IL-3, IL-4, IL-6, and IL-10
increased in the CLP group were markedly reduced in both
the QX1 Low and QX1 High groups. Compared with the
CLP group, the levels of IL-17 and TNF-α were reduced in

the QX1 Low group and the level of IFN-γ was reduced in
the QX1 High group.

4. Discussion

In this study, we demonstrated that the QX1 formula
improved the survival outcome and ameliorated cardiac dys-
function in septic mice induced by CLP surgery. Based on the
complex multicomponent property of the QX1 formula, a
systems pharmacology approach was applied to explore the
potential active components, targets, and networks. After in
silico TCMSP-based prediction, we performed Western blot
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and mouse cytokine array experiments to verify our pre-
dicted pathway and elucidated the preliminary mechanism.
We found that QX1 formula treatment enhanced the activa-
tion the PI3K/AKT pathway and attenuated the activity of
the calcium, MAPK, and TLR4/NF-κB pathway in the septic
mice. To our knowledge, this is the first report to comprehen-
sively elucidate the protective mechanism of the QX1 for-
mula on sepsis-induced cardiac dysfunction.

Cardiac dysfunction is a common complication in
patients with sepsis and dramatically increases mortality
from 20% to as high as 70%–90% in patients with sepsis
[18, 19]. CLP surgery in mice is the most frequently used
experimental model and is considered the gold standard in
sepsis research [20]. The position of cecal ligation in mice is
the primary determinant of sepsis severity and mortality.
Reduction of sepsis mortality is one of the most important
indicators to evaluate the efficacy of drug therapy. The QX1
formula is an applicable TCM prescription for sepsis-
related cardiac dysfunction and has been used in the clinical
practice for more than 30 years. Our previous study showed
that the high-dose QX1 formula significantly increased the

3-day survival rate in mice with severe sepsis from 22% to
40% [7]. In the present study, a CLP-induced moderate sepsis
model was established and 60% of mice died during 7 days.
Administration of low (5 g/kg) or high dose of QX1
(10 g/kg) improved the survival outcome in septic mice and
led to an increase in the 7-day survival rate to 50% and
60%, respectively. Echocardiography is the most effective tool
to evaluate the cardiac function of sepsis. The LVEF and
LVFS are well-known powerful factors for predicting the
mortality and outcome in heart failure patients [21, 22]. We
found that QX1 formula treatment notably elevated LVEF
and LVFS in septic mice. Moreover, QX1 formula treatment
alleviated the sepsis-induced damage of cardiac histological
and ultrastructure. The effects of the high-dose QX1 formula
on the survival outcome, LVEF and LVFS, and cardiac mor-
phological structure damage were comparable to those of
TMZ treatment. Our results suggested that administration
of the QX1 formula effectively improved the survival out-
come and ameliorated sepsis-induced cardiac dysfunction.

Deeply studying the molecular mechanism of TCM is dif-
ficult due to its multicomponent property. Now, systems
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pharmacology has become a promising approach to elucidate
the mechanisms of multiple target components in TCM [23].
Using the ADME system, 63 QX1 potential active com-
pounds were screened out in this study based on the
standards of OB ≥ 28%, DL ≥ 0:18, HL ≥ 4, and Caco-2 cell
permeability ≥ –0:4. Among them, quercetin (MOL02),
formononetin (MOL13), kaempferol (MOL15), taxifolin
(MOL21), cryptotanshinone (MOL35), and tanshinone IIA
(MOL50) are also identified and quantified using UPLC-
MS/MS analysis in our previous study, which confirmed the
reliability of systematic pharmacological screening of herbal
active ingredients [7]. In the present study, these six active
compounds were also detectable in rat plasma after treatment
of QX1 decoction. QX1 formula treatment ameliorates myo-
cardial tissue damage in mice suffering from sepsis partly by
inhibiting endoplasmic reticulum- and mitochondria-related

apoptosis [7]. In this study, as predicted by a systems phar-
macology approach, QX1 may play a therapeutic role in
sepsis-induced cardiac dysfunction primarily by regulating
calcium signaling, MAPK, PI3K/AKT, and TLR pathways.
To further validate this prediction, we evaluated the effect
of QX1 on the key protein expression in these pathways in
septic mice using Western blot. QX1 formula treatment sig-
nificantly inhibited the sepsis-induced activation of CaMKII,
MAPK (P38, ERK1/2, and JNK), and TLR4/NF-κB pathways
and promoted the activation of AKT. This study proved the
reliability of the systems pharmacology approach in explor-
ing cardiac protective effect and the underlying mechanism
of QX1.

Accumulating evidence has documented that calcium
signaling plays a pivotal role in sepsis-induced cardiac dys-
function [24, 25]. CaMKII is a molecular switch that
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regulates myocardial Ca2+ signaling, and excessive CaMKII
activation is detrimental to the integrity and function of the
heart [26, 27]. The activity of CaMKII was significantly
increased in septic mice [25]. In this study, QX1 treatment
decreased the level of P-CaMKII. Cryptotanshinone
(degree = 14) and tanshinone IIA (degree = 19), the primary
bioactive compounds in Danshen, ameliorate hypoxia-
induced damage of cardiomyocyte H9c2 cells by regulating
intracellular NO, calcium, and mitochondrial ROS produc-

tion [24]. It was proposed that the bioactive compounds
cryptotanshinone and tanshinone in the QX1 formula may
alter Ca2+ handling to exert their cardiac protective effects.

The PI3K/AKT pathway is a classical pathway that regu-
lates cell proliferation, survival, and cell homeostasis [28].
The previous study has shown that inhibition of PI3K
increased the inflammatory and apoptotic processes and
mortality in septic mice [29]. By contrast, the activation of
the PI3K/AKT pathway improved cardiac dysfunction and
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Figure 9: Continued.
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reduced sepsis mortality in an animal sepsis model [30, 31].
Formononetin (degree = 16), a methoxyisoflavone widely
found in many herbs, has been shown to protect cardiomyo-
cyte H9c2 cells from oxygen-glucose deprivation and reoxy-
genation injury via suppression of reactive oxygen species
(ROS) formation by promoting AKT activation and GSK-
3β phosphorylation [32]. Quercetin, a natural flavonoid, is
the key component of QX1 and displayed the highest number
of target interactions (degree = 56). Besides, quercetin post-
conditioning significantly alleviates cardiac ischemia/reper-
fusion injury in rats via activating the PI3K/AKT pathway
[33]. Our study demonstrated that formononetin and quer-
cetin in the QX1 formula may activate the PI3K/Akt path-
way, which partially contributes to their curative effects.

MAPK, as the serine-threonine kinases, regulates several
important cellular processes, including cell proliferation,
inflammation, survival, stress response, and apoptosis [34].
A recent study revealed that inhibition of MAPK signaling
pathways could alleviate sepsis-induced cardiac injury in
AT1R-knockdown rats [35]. ERK1/2, JNK, and p38 are the
three major subfamilies of MAPK signaling proteins. Taxifo-
lin (degree = 11), an active flavonoid, was shown to exert a
cardioprotective effect against cardiac ischemia/reperfusion
injury by modulating oxidative stress and attenuating mito-
chondrial apoptosis [36]. Kaempferol (degree = 33), a dietary
flavonoid, has been indicated to ameliorate myocardial ische-
mic injury by inhibiting the phosphorylation of JNK and p38
proteins and activation of ERK1/2 [37], which may be
responsible for the inhibitory effect of the QX1 formula on
the MAPK pathway in septic mice.

In sepsis, the activation of the MAPK pathway might
result from aberrant upstream signaling, such as TLR4 [38].
TLR4 is one of the most studied members of the TLR family,
which plays a pivotal role in the signal transduction of sepsis-
induced inflammatory response. It has been reported that
activation of TLR4 induces inflammation and aggravates car-
diac dysfunction in severe sepsis, while knockout of the TLR4
gene improves sepsis-induced cardiac dysfunction [39].
Therefore, TLR4 has been considered a potential therapeutic
target for controlling inflammatory response and improving
cardiac function [40]. The NF-κB pathway, a typical inflam-
matory signaling pathway, can be activated by TLR4 and lead
to the excessive release of proinflammatory cytokines leading
to secondary sepsis myocardial injury [41]. In the present
study, we found that the TLR4/NF-κB signaling pathway
was activated during sepsis. QX1 formula treatment signifi-
cantly inhibited the activation of the TLR4/NF-κB inflamma-
tory signaling pathway. It was reported that in mice,
quercetin protects mice from LPS-induced sepsis by inhibit-
ing proinflammatory cytokine TNF-α and IL-1β expression,
NF-κB activation, and apoptosis [42]. Quercetin in the QX1
formula may play an important role in preventing myocar-
dial dysfunction via the TLR4/NF-κB signaling pathway dur-
ing sepsis.

An acute severe systemic inflammatory response known
as “cytokine storm” is a key factor in the development and
progression of septic cardiac dysfunction [43]. Both proin-
flammatory and opposing anti-inflammatory responses
occur concomitantly in sepsis, and sepsis is regarded as an
immunosuppressive disorder [44]. Analysis of cytokine
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Figure 9: Effects of the QX1 formula on the sepsis-induced cardiac dysfunction pathway. (a, b) Western blot analysis of total CaMKII and P-
CaMKII protein expression in heart tissues. (c, d) The expression levels of P-AKT and AKT proteins were determined in cardiac tissue. (e, f)
Protein levels of ERK1/2, P-ERK1/2, P38, P-P38, JNK, and P-JNK were detected by Western blot. (g, h) Protein levels of TLR4 and NF-κB
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ANOVA with Tukey’s multiple comparison test. ∗∗P < 0:01 compared to the sham group, #P < 0:05, ##P < 0:01 compared to the CLP group.
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Figure 10: Effects of the QX1 formula on cytokine expression. The levels of (a) IFN-γ, (b) IL-1β, (c) IL-3, (d) IL-4, (e) IL-6, (f) IL-10, (g) IL-
17, and (h) TNF-α in serum were quantified by a mouse cytokine assay. Data were presented asmeans ± SD, and differences between means
were compared using one-way ANOVAwith Tukey’s multiple comparison test. ∗∗P < 0:01 compared to the sham group. #P < 0:05, ##P < 0:01
compared to the CLP group.
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profiles and mortality in 464 patients showed that a high
ratio of IL-10 to TNF-α is associated with mortality in
patients with community-acquired infection [44]. In this
study, we observed that sepsis led to cytokine storm accompa-
nied by the upregulated serum levels of IFN-γ, IL-1β, IL-3, IL-
4, IL-6, IL-10, IL-17, and TNF-α, whereas QX1 treatment
decreased the production of typical Th1/Th2-associated pro-
inflammatory cytokines (IFN-γ, IL-1β, IL-3, IL-6, and TNF-
α) and Th17-associated proinflammatory cytokines (IL-17).
Our study also found that QX1 markedly downregulated
the levels of typical Th2-associated anti-inflammatory cyto-
kines (IL-4, IL-10). Elevated concentrations of TNF-α and
IL-1β are found in the serum of septic patients and are
responsible for sepsis-related cardiac depression [45]. The
IL-1β level is also increased in LPS-treated mice and plays
an important role in suppressing myocardial contractility
[46]. TNF-α is a proinflammatory cytokine mainly expressed
in the initial hyperinflammatory stage of sepsis and is respon-
sible for myocardial diastolic and systolic dysfunction [47].
In sepsis, overexpression of TNF-α increases the level of
NO by inducing the production of inducible nitric oxide syn-
thase (iNOS), which leads to apoptosis of myocardial cells
and heart failure [48]. Suppression of the systolic function
of cardiomyocytes in vitro is associated with IL-6 production,
and removal of IL-6 in the culture supernatant significantly
improves the systolic function of cardiomyocytes [49]. IL-3
plays a critical role during sepsis. It was reported that the
addition of a CD123 (IL-3 receptor alpha chain) antibody
reduces mortality and alleviates organ dysfunction by
restraining the JAK2-STAT5 signaling pathway and reduces
serum cytokines in the development of early sepsis in a rat
model induced by CLP [50]. IL-6 contributes to host defense
against infections and tissue injuries; however, excessive
levels of IL-6 lead to cytokine storm via inhibiting cardiac
function but activating the coagulation pathway and vascular
endothelial cells [51]. In the CLP-induced sepsis, calcium-
sensing receptor activation promotes T cell apoptosis and
the secretion of the proinflammatory cytokine TNF-α and
the anti-inflammatory cytokine IL-4 probably through NF-
κB and partial ERK and JNK signal transduction pathways
[52]. Our results suggested that the QX1 formula may consti-
tute a novel therapeutic strategy for suppressing the activity
of CaMKII, TLR4/NF-κB, andMAPK pathways, but promot-
ing the activation of AKT, thereby decreasing the release of
downstream inflammatory cytokines and thus controlling
cytokine storm and regulating immune balance in sepsis.

In conclusion, the QX1 formula improved cardiac dys-
function in sepsis mice by inhibiting calcium, MAPK, and
TLR4 signaling pathways, activating PI3K/AKT pathways,
and reducing the subsequent release of inflammation cyto-
kines. This study demonstrated the multicomponent, multi-
target, and multipathway characteristics of QX1, which
provided a novel understanding of QX1 in the clinical appli-
cation on cardiac dysfunction during sepsis.
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