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Abstract: Objective: Extracellular histone (EH) is involved in the development of septic myocardial injury (SMI). In 
this study, we explored whether EH could induce left ventricular diastolic dysfunction (LVDD) in sepsis, and investi-
gated the potential mechanisms through in vivo and in vitro experiments using animal models. Methods: The ratio 
between E-wave and A-wave (E/A ratio), left ventricular end diastolic volume, and isovolumic relaxation time (IVRT) 
were measured in cecal ligation and perforation (CLP)- and EH-treated male C57BL/6J mice using echocardiogra-
phy. The protein and mRNA levels of apoptosis-related proteins (cleaved caspase-3, Bcl-2, and Bax) and cardiac 
troponin T (cTnT) in the left ventricular tissue/cardiomyocytes were measured using enzyme-linked immunosor-
bent assay, qRT-PCR, and western blotting. Cardiomyocyte apoptosis was detected by flow cytometry. Results: CLP 
mice presented with LVDD, which was accompanied by increased circulating histones, cTnT and Bax protein levels. 
Circulating histones were correlated with cTnT, Bax, IVRT, and E/A ratio in CLP mice. Intraperitoneal injection of EH 
resulted in LVDD in mice. EH induced cardiomyocyte apoptosis, and histone neutralizing agents improved SMI and 
protected mice against CLP- and EH-induced death. Conclusion: EH is involved in septic LVDD, and this alteration 
might be associated with EH-induced apoptosis. EH may serve as a potential therapeutic target for SMI.
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Introduction

Sepsis is a life-threatening organ dysfunction 
caused by a dysregulated host response to 
infection [1]. The heart is vulnerable to sepsis. 
Sepsis can result in cardiac insufficiency, dys-
function of ventricular dilatation, contraction, 
and relaxation, and cardiac function involve-
ment, referred to as septic myocardial injury 
(SMI) [2, 3]. Patients with SMI are at a high risk 
of multiple organ failure and have high mortali-
ty [4]. In echocardiography, SMI presents as 
systolic or diastolic dysfunction of the right and 
left sides of the heart, or global or regional wall 
motion abnormalities [5, 6]. Left ventricular 
diastolic dysfunction (LVDD) is a common but 
easily overlooked complication in patients with 

severe sepsis or septic shock, and has a worse 
prognosis than systolic dysfunction [2, 7-10].

Recent research has demonstrated that the 
apoptosis process plays a critical role in SMI 
pathogenesis [11-13]. Both extrinsic and intrin-
sic apoptotic pathways exist in septic cardio-
myocytes [14, 15]. Cardiomyocyte apoptosis 
can induce the cleavage of cardiac myofilament 
components, resulting in diastolic dysfunction. 
Thus, apoptosis-targeted therapy can improve 
SMI [11, 16, 17]. An increasing number of stud-
ies have found that extracellular histones (EH) 
are implicated in SMI [18-21]. Importantly, EH 
can cause apoptosis at an early stage and 
arrhythmias (including sinus bradycardia and 
ventricular bigeminy) [8, 19]. In the myocardi-
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um, binucleated and polyploid cardiomyocytes 
have high concentrations of histones [22]. 
Once the myocardium is damaged, large 
amounts of histones are released, leading to 
massive apoptosis of cardiomyocytes [18]. 
Studies have reported that circulating histone 
levels are significantly elevated in patients with 
sepsis, especially those who do not survive; 
therefore, it could serve as a prognostic bio-
marker [8, 18, 23-27]. In mice, circulating his-
tones can be detected 6 h after cecal ligation 
and perforation (CLP), and persist for 24 h, fol-
lowed by a reduction [19]. EH concentration in 
the spleen, lung, liver, and kidney reached a 
peak at 8 h, whereas it peaked at 4 h in the 
heart, indicating that the heart suffered from 
EH-induced injury earlier than the other organs 
[28]. Anti-histone therapy can significantly 
improve the left ventricular remodeling and out-
comes in mice with sepsis [19, 29]. However, 
whether EH can induce LVDD in sepsis and its 
potential mechanisms remain unclear.

In the present study, we investigated the  
effect of EH on LVDD in sepsis animal models 
via in vivo and in vitro experiments. In addition, 
the potential mechanisms were explored. Our 
research aimed to reveal a new mechanism of 
SMI pathogenesis.

Materials and methods

Animal experiments

Adult male C57BL/6J mice (6-8 weeks old) 
weighing 19-21 g were purchased from the 
Peking University Experimental Animals Center 
(Beijing, China). They were housed in a patho-
gen-free environment at the animal center of 
Tianjin Medical University and acclimated to 
their surroundings for 1 week. Standard mouse 
chow and water were available ad libitum dur-
ing the experiment. The experimental protocols 
were approved by the Animal Welfare Ethics 
Committee of the Tianjin Medical University 
General Hospital (IRB2021-DW-20).

Sepsis was induced by CLP, as previously 
described [30]. Briefly, the mice were anesthe-
tized with an intraperitoneal injection of 3% tri-
bromoethanol. After midline incision, the cecum 
was exposed and ligated at 2/3 of the distal 
pole. The ligated cecum was punctured with an 
18-gauge needle, and a small portion of feces 
was extruded. The abdomen was closed using 

4-0 sutures. Sham animals underwent the 
same procedures, except for the ligation and 
puncture of the cecum. After surgery, all ani-
mals were subcutaneously injected with 1 mL 
of normal saline (37°C) for fluid resuscitation.

Unfractionated heparin (UFH; Biochem Phar- 
maceutical, Tianjin, China) and antithrombin 
affinity-depleted heparin (AADH) were used as 
EH-neutralizing reagents. Mice were randomly 
assigned to (1) sham, CLP, and CLP + UFH 
groups, and (2) control, EH, EH + UFH, and  
EH + AADH groups. In the sham, CLP, and  
CLP + UFH groups, UFH (3 mg/kg; Biochem 
Pharmaceutical) was intraperitoneally injected 
at 4 h and 16 h after CLP, and the left ventricu-
lar function was determined by echocardiogra-
phy at 6 h and 24 h after CLP. Then, the mice 
were euthanized by dislocation of the cervical 
vertebrae to collect serum and left ventricular 
tissues subsequently (Figure 1A). Hematoxylin-
Eosin (HE) staining of left ventricular tissues 
was performed for left ventricular tissues. In 
the control, EH, EH + UFH, and EH + AADH 
groups, the left ventricular function was 
assessed at 0.5, 1, 1.5, and 3 h after intraperi-
toneal injection of EH (50 mg/kg; 1022356- 
5001; Roche, Indianapolis, IN, USA) [8], respec-
tively. UFH and AADH (3 mg/kg) were injected 
intraperitoneally 30 min before the EH injection 
[31].

Cell culture

HL-1 cardiomyocytes were obtained from our 
laboratory and cultured in Claycomb medium 
(51800C; Sigma, San Francisco, USA) contain-
ing 10% fetal bovine serum (10091148; Gibco, 
Grand Island, NY, USA), 2 mM/L L-glutamine, 
100 U/mL penicillin G, and 100 µg/mL strepto-
mycin in a humidified incubator (37°C) with 5% 
CO2. Cardiomyocytes were seeded in six-well 
tissue culture plates at 10×106 cells/well and 
grown to confluence. Protein, mRNA, or cell 
supernatant were extracted at the designated 
time after administration of EH (100 µg/mL), 
lipopolysaccharide (LPS, 1 µg/mL), or UFH (200 
µg/mL) according to different experimental 
requirements [8, 31, 32].

Enzyme-linked immunosorbent assay (ELISA)

For ELISA analysis, the cell supernatants of car-
diomyocytes were collected and the expression 
levels of tumor necrosis factor α (TNF-α), inter-
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leukin-6 (IL-6), procalcitonin (PCT), LPS, cas-
pase-3, Bax, Bcl-2 and cardiac troponin T (cTnT) 
were quantified using commercially available 
ELISA kits (Guangrui Biological Technology, 
Shanghai, China). The same method was used 
for the serum/plasma analysis of the CLP mice.

Flow cytometric analysis

The apoptotic ratio was determined by flow 
cytometry with Annexin V-FITC/7AAD staining 
(640922; Biolegend, San Diego, CA, USA). After 
experimental treatment, cardiomyocytes were 
collected, washed with calcium-free phos-
phate-buffered saline, and resuspended in 
binding buffer. The cardiomyocytes were then 
treated with Annexin V-FITC and 7AAD for 15 
min in the dark, and analyzed using a Beckton-

Dickinson flow cytometer (Navios; Beckman 
Coulter, Brea, CA, USA).

RNA extraction and quantitative real-time RT-
PCR (qRT-PCR)

Total RNA was isolated using TRIzol (Invitrogen, 
Carlsbad, CA, USA) to analyze the expression 
levels of caspase-3, Bax, and Bcl2 in cardio-
myocytes and heart tissues. qRT-PCR was  
performed using a FastQuant RT kit (with gDN-
ase) and TransStart® Top Green QpcrSuperMix 
(TransGen Biotech, Beijing, China). Amplification 
was conducted by denaturation at 95°C for 10 
min, followed by 40 cycles of 95°C for 30 s, 
60°C for 30 s, and 72°C for 30 s on an Applied 
Biosystems 7500 Fast Real-Time PCR system. 
Relative mRNA expression levels were normal-

Figure 1. Comparison of different serum protein levels at designated time points. The flowchart of procedures in 
model group (A). Hematoxylin-Eosin (HE) staining of left ventricular tissues (200×) in sham, CLP and CLP + UFH 
groups (B). Serum protein levels of TNFα (C), IL-6 (D), LPS (E), PCT (F), cTnT (G) and H4 (H) in the sham, CLP, and CLP 
+ UFH groups at 6 h or 24 h after CLP. UFH (3 mg/kg) was intraperitoneally injected at 4 h and 16 h after CLP. Values 
are presented as the mean ± SD (n=3). *P<0.05 vs. sham group at the same time; #P<0.05 vs. CLP group at the 
same time. $P<0.05 vs. 0 h in the same group; &P<0.05 vs. 6 h in the same group. CLP, cecal ligation and puncture; 
UFH, unfractionated heparin; PCT, procalcitonin; LPS, lipopolysaccharide; H4, circulating histone h4.
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ized to glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) using the 2-ΔΔCt method. All PCR 
experiments were performed in triplicates and 
repeated at least three times. The primers  
used for qRT-PCR were GAPDH: forward TGCA- 
CCACCAACTGCTTAG, reverse GATGCAGGGATG- 
ATGTTC; Bax: forward AGCTGCAGAGGATGATTG- 
CT, reverse ATGGTTCTGATCAGCTCGGG; Bcl- 
2: forward CCACCTGTGGTCCATCTGA, reverse 
GACTGGACATCTCTGCGAA; Caspase-3: forward 
TGCTCACGAAAGAACTGTACT, reverse GACAGC- 
TTTCTCATTTGGCATA.

Western blotting

Total proteins were extracted from cultured  
cardiomyocytes or left ventricular tissues using 
a lysis buffer. The cardiomyocytes were boiled 
for 10 min, centrifuged at 13,000 rpm for 5 
min, and then subjected to 10% sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis. 
The proteins were transferred to nitrocellulose 
membranes (Amersham Biosciences, Piscata- 
way, NJ, USA) and blocked for 1 h in Tris-
buffered saline with Tween 20 containing 5% 
BSA at room temperature (25-30°C). Immuno- 
blotting was performed by incubating the mem-
branes with primary antibodies against cas-
pase-3 (1:1000; 9662s; CST, USA), cleaved 
caspase-3 (1:1000; ab49822; Abcam, Cambri- 
dge, MA, USA), Bax (1:500; ab32503; Abcam), 
and Bcl-2 (1:1000; ab692; Abcam), followed  
by incubation with the appropriate secondary 
antibodies, including goat anti-mouse IgG-H&L 
(1:10000; ab136815; Abcam) and goat anti-
rabbit IgG-H&L (1:10000; ab136817; Abcam). 
After washing, protein signals were visualized 
using an enhanced chemiluminescence detec-
tion system (Millipore, Billerica, MA, USA).

Transthoracic echocardiography

Echocardiography was performed according to 
the methodology described in a previous study 
[5]. The mice were anesthetized with 0.8% iso-
flurane using an anesthetic machine during 
recording. The standard techniques for obta- 
ining M-mode, two-dimensional, and Doppler 
echocardiograms were performed by the same 
cardiologist who was blinded to the experimen-
tal details. Imaging was performed using a  
Vevo 2100 Imaging System (FUJIFILM Visual- 
Sonics, Inc., Toronto, Ontario, Canada) equipp- 
ed with an MS400 (30-45 MHz) transducer. 
The ratio between E-wave and A-wave (E/A 

ratio), isovolumic relaxation time (IVRT), and 
left ventricular end diastolic volume (LVEDV) 
were used to assess the left ventricular dia- 
stolic function. Stroke volume, cardiac output 
(CO), and ejection fraction (EF) were used to 
determine the systolic function. IVRT was mea-
sured from the apical five-chamber view using 
Doppler flow imaging [5]. Mitral valve E and A 
wave inflow velocities were sampled at the tips 
of the mitral valve leaflets from the apical 
4-chamber view. Left ventricular length, used 
for the calculation of the left ventricular end 
systolic and diastolic volumes, was measured 
from the parasternal long axis.

Blood samples

Blood samples were collected at a specified 
time, and a one-tenth volume of 3.2% sodium 
citrate or ethylene diamine tetraacetic acid was 
added to prevent coagulation. Prothrombin 
time (PT) and activated partial thromboplastin 
time (APTT) were immediately measured. The 
other plasma samples were centrifuged at 
3000 rpm for 20 min at room temperature and 
stored at -80°C until subsequent analyses.

Statistical analysis

Continuous data values are expressed as the 
mean ± standard deviation, and categorical 
data are presented as frequencies and per-
centages. Data were analyzed by one-way anal-
ysis of variance followed by Dunnett’s or Tu- 
key’s multiple comparison tests, or chi-square 
test, as appropriate. The survival rate was ana-
lyzed using the Kaplan-Meier method. Circula- 
ting histones-left ventricular diastolic function 
linear correlation was analyzed using Spear- 
man’s rank correlation. Statistical analyses 
were performed using IBM SPSS Statistics for 
Windows (version 23.0, IBM Corp, Armonk, NY, 
USA) and GraphPad Prism 7.0 for Windows 
(GraphPad Software Inc., La Jolla, CA, USA). 
Statistical significance was set at a two-tailed 
P-value of <0.05.

Results

Left ventricular diastolic function was changed 
in CLP- and EH-treated mice

Six hours after the CLP operation, the mice pre-
sented with lethargy, diarrhea, polypnea, and 
piloerection. HE staining demonstrated that the 
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myocardial arrangement of mice in CLP group 
was disordered, with inflammatory exudation 
accompanied by cell swelling (Figure 1B). ELISA 
showed increased levels of TNFα, IL-6, LPS, 
and PCT in CLP group compared with those in 
sham operation group (P<0.05; Figure 1C-F), 
suggesting that the mouse model mimicked 
the general clinical characteristics of sepsis. As 
shown in Figure 1G and 1H, the circulating cTnT 
level and histone h4 in CLP mice were signifi-
cantly increased compared with those in sham 
group at 6 h and 24 h after CLP (P<0.05, Figure 
1G, 1H).

In addition, LVEDV in the CLP group decreased 
significantly compared to the sham operation 
mice (P=0.002), suggesting that CLP could 
decrease the left ventricular filling capacity. 
Additionally, IVRT increased (P<0.001) and the 
E/A ratio significantly decreased (P=0.001) in 
the CLP group compared to the sham group 
(Figures S1, 2A and 3A). The results showed 
that LVDD appeared 6 h after CLP induction in 
mice. Besides, we found that serum levels of 
the circulating histone h4 and cTnT were elevat-
ed parallelly and concomitantly after 6 h of CLP 
induction compared to the sham group (both 
P<0.001) (Figure 1G, 1H). There were signifi-
cant correlations between the circulating his-
tone h4 and cTnT (rs=0.641, P=0.025), IVRT 
(rs=0.804, P<0.001), or E/A ratio (rs=-0.608, 
P=0.003). cTnT is a sensitive and specific bio-
marker of SMI (Langhorn and Willesen 2016). 
Therefore, the increase of circulating histone 
h4 might result in myocardial injury and LVDD 
in CLP mice.

To verify the effects of EH on the left ventricular 
diastolic function in mice, cardiac function was 
observed at designated times after EH stimula-
tion. The results showed that the left ventricu-
lar diastolic function was not affected by 25 
mg/kg of EH; however, it changed significantly 
in the 50 mg/kg EH at 0.5 h treatment, until 3 
h, and the most significant alteration occurred 
at 1.5 h. IVRT was increased (P=0.001), E/A 
ratio was decreased (P=0.03), and LVEDV was 
decreased (P=0.001) significantly compared to 
the controls (Figures S2, 2B and 3B). These 
alterations were similar to those observed in 
CLP mice, indicating that EH could induce 
LVDD. However, the heart rate was increased in 
CLP mice (Table 1), whereas it was slightly 
decreased in the EH-treated mice (P=0.074).

As for systolic function, increased EF and 
decreased CO were found in mice at 6 h after 
CLP (Figures S1 and 2A; Table 1). However, 
both EF and CO were significantly decreased in 
EH-treated mice at multiple time points (both 
P<0.05), demonstrating that EH affected both 
systolic and diastolic functions in mice (Figures 
S2 and 2B).

Histone neutralizing agents attenuated myo-
cardial dysfunction and improved survival rate 
in CLP- or EH-treated mice

UFH was used as EH-neutralizing reagents in 
mice. As displayed in Figure 1C-H, TNFα, IL-6, 
LPS, PCT, circulating cTnT and histone h4  
levels were significantly decreased in CLP + 
UFH group, compared with those in CLP group 
(P<0.05), indicating that the general clinical 
characteristics of sepsis were partly relieved by 
UFH. As expected, echocardiography showed 
that left ventricular diastolic function was sig-
nificantly improved (IVRT decreased, whereas 
LVEDV and E/A ratio increased; all P<0.05), and 
the left ventricular systolic function was also 
ameliorated (Figures S1 and 2A).

Compared to the EH group, the left ventricular 
diastolic function was improved in the UFH and 
AADH groups (Figures S2, 2C and 3A). Unlike 
CLP mice, LVEF, CO, and Tei index were signifi-
cantly improved after UFH administration (all 
P<0.05) (Figures S2 and 2C).

To further confirm whether UFH or AADH pro-
tected EH-treated mice from death, 40 mice 
were divided into four groups: control, EH, EH + 
UFH, and EH + AADH groups. Both UFH and 
AADH (3 mg/kg, once every 12 h, 3 days in 
total) groups were intraperitoneally injected as 
previously described [32, 33]. Survival was 
observed at 12, 24, 36, 48, 72, and 96 h after 
EH administration. As shown in Figure 3C, UFH 
and AADH prevented the death of EH-treated 
mice. Moreover, five mice presented hemor-
rhage in the EH + UFH group, whereas only one 
hemorrhage occurred in the EH + AADH group 
(x2=3.200, P=0.074).

To verify the non-anticoagulant effects of AADH, 
blood was added into sodium citrate (1:9 ratio, 
3.2% sodium citrate) for PT and APTT measure-
ment at 1.5 h after histone injection. AADH did 
not prolong APTT, demonstrating that its anti-
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Figure 2. Echocardiography parameters in mice. Effects of sepsis on left ventricular function in mice at 6 h and 24 
h after CLP and the protective effect of UFH (A, left panel). Mice were treated with UFH (3 mg/kg) by intraperitoneal 
injection at 4 h and 16 h after CLP to examine the potential protective effects (A). Effects of EH on left ventricular 
function in mice at designated time points (B). Beneficial role of histone neutralizing reagents (C). Both UFH and 
AADH (3 mg/kg) were injected intraperitoneally at 30 min before EH. EH, extracellular histones; EF, ejection fraction; 
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coagulant activity was almost depleted (Figure 
3D).

Circulating histones were correlated with LVDD 
and apoptosis in CLP mice

In order to investigate the association between 
circulating histones and apoptosis, we detect-
ed apoptotic factor levels in CLP mice using 
ELISA, qRT-PCR and western blot. Serum Bax 
levels were elevated significantly (P=0.018), 
whereas Bcl-2 did not decrease significantly 

after 6 h of CLP compared to the sham group 
(Figure 4A-C). There were significant correla-
tions between circulating Bax and histone H4 
(rs=0.516, P=0.041), cTnT (rs=0.497, P=0.005), 
and IVRT (rs=0.414, P=0.023) at 6 h after CLP. 
However, there was no significant difference in 
caspase-3 levels among the three groups 
(Figure 4A). Compared to the sham group, the 
mRNA and protein levels of caspase-3 and  
Bax increased significantly, whereas Bcl-2 
decreased significantly at 6 h after CLP (all 
P<0.05) (Figure 4D, 4E). However, these harm-

CO, cardiac output; LVEDV, left ventricular end diastolic volume; UFH, unfractionated heparin; AADH, antithrombin 
affinity-depleted heparin. Data are expressed as the mean ± SD (n=3 mice per group), *P<0.05 vs. sham (A, left 
panel), or respective control group (B, middle panel; C, right panel); #P<0.05 vs. respective CLP group (A, left panel).

Figure 3. Effect of histone neutralizing agents on myocardial dysfunction and improved survival rate in CLP- or  
EH-treated mice. Alteration of IVRT in CLP (A) or EH-treated (B) mice at multiple time points. (C) There were 10  
independent mice in each group. Both UFH and AADH (3 mg/kg, once every 12 h, 3 days in total) were administered 
30 min before intraperitoneal injection of EH (50 mg/kg). (D) To confirm the non-anticoagulant effects of AADH, 
plasma was obtained 1.5 h after intraperitoneal histone (50 mg/kg) injection. Values are presented as the mean ± 
SD (n=3 in each group). *P<0.05 vs. control or sham group; #P<0.05 vs. CLP group; **P<0.05 vs. EH/1.5 h group. 
EH, extracellular histones; IVRT, isovolumic relaxation time; CLP, cecal ligation and puncture; UFH, unfractionated 
heparin; AADH, antithrombin affinity-depleted heparin; PT, prothrombin time; APTT, activated partial thromboplastin 
time.
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ful effects were dramatically attenuated by UFH 
(Figure 4A-E).

EH induced cardiomyocyte injury via different 
mechanisms

EH and cardiomyocyte apoptosis: EH induced 
cardiomyocyte apoptosis in a concentration- 
and time-dependent manner (Figure 5). The 
incubation of cardiomyocytes with EH at 10 or 
50 µg/mL showed no significant increase in cell 
apoptosis compared to the control group. 
However, 100 µg/mL of EH triggered a signifi-
cant increase in apoptotic cells after 6 h of EH 
stimulation (Figure 5A and 5B). As shown in 
Figure 5C and 5D, cardiomyocyte apoptosis 
significantly increased at 0.5 h, peaked at 4 h, 
and lasted for 24 h.

The mRNA and protein levels of apoptotic fac-
tors in cardiomyocytes of different groups were 
then detected. The mRNA level of Bax, and the 

protein levels of cleaved caspase-3 and Bax 
were significantly increased at 6 h after EH 
stimulation and were decreased significantly 
after UFH treatment (P<0.05). However, there 
was no significant decrease in Bcl-2 mRNA level 
at 6 h after EH stimulation (Figure 5E-I).

Bax, cTnT, and TNFα levels in the cardiomyocyte 
supernatant were parallelly and concomitantly 
elevated 6 h after EH stimulation (P<0.05), 
which were partially reversed by UFH (Figure 
6A, 6D, and 6F). There was a significant corre-
lation between Bax and cTnT (rs=0.804, P= 
0.002) or TNFα (rs=0.604, P=0.038).

LPS induced cardiomyocyte apoptosis depend-
ing on the presence of EH: LPS is a bacterial 
wall endotoxin that can induce numerous pa- 
thophysiological conditions [13, 34]. We hypo- 
thesized that LPS induces cardiotoxicity via 
apoptosis. Cardiomyocytes were exposed to 
various concentrations of LPS (0.5-10 µg/mL) 

Table 1. Echocardiography data of various changes in CLP mice
6 hours 24 hours

sham CLP CLP + UFH sham CLP CLP + UFH
HR, beats/min 368±24 384±5 375±35 396±23 388±59 392±32
Wall measurements
    IVS-diastole, mm 0.69±0.12 1.02±0.18* 0.93±0.14 0.73±0.17 0.74±0.07 0.93±0.22
    IVS-systole, mm 1.12±0.06 2.03±0.88* 1.44±0.18 1.05±0.27 1.33±0.20 1.41±0.25
    LVPW-diastole, mm 0.73±0.12 0.85±0.12* 0.66±0.09 0.83±0.12 0.77±0.17 0.93±0.14
    LVPW-systole, mm 1.05±0.15 1.34±0.21* 1.00±0.26# 1.17±0.24 1.28±0.22 1.26±0.23
    LVID-diastole, mm 3.57±0.20 2.93±0.45* 3.27±0.15 3.57±0.13 3.12±0.35 2.84±0.34
    LVID-systole, mm 2.26±0.10 1.53±0.42* 1.95±0.28 2.72±0.39 1.54±0.15 1.62±0.56
Cardiac function
    EF, % 62.57±3.47 83.53±9.99 73.14±9.36 52.19±0.83 82.73±6.03* 70.28±15.09
    FS, % 31.05±5.66 52.60±12.22 46.60±9.02 35.53±12.39 50.16±2.26 41.82±13.79
    LVEDV, μl 62.51±2.87 30.30±8.16* 42.96±6.35# 51.62±9.26 33.44±1.77 35.36±7.43
    LVESV, μl 24.66±5.41 5.06±3.95 11.94±5.36 25.85±3.12 5.72±0.16 12.19±7.81
    CO, ml/min 13.96±1,85 9.68±2.73 11.64±1.16 10.26±3.03 12.40±1.82 8.46±1.41
    SV, μl 37.86±2.55 25.24±7.37 31.02±1.35 25.77±6.13 31.98±0.20 23.37±2.34
Doppler imaging
    IVRT, ms 12.43±1.44 27.22±4.43* 15.83±9.85# 15.73±2.87 16.48±1.76 17.08±3.45
    IVCT, ms 9.48±3.98 7.04±2.00 10.83±2.08 13.69±2.58 8.47±3.99 10.60±1.69
    ET, ms 53.21±3.31 54.11±2.72 62.25±4.63 54.19±2.16 41.39±8.09 56.31±6.94
    Tei index 0.38±0.15 0.69±0.11* 0.43±0.07# 0.55±0.08 0.60±0.09 0.47±0.09
    E/A ratio 2.31±0.35 1.47±0.14* 1.59±0.23# 1.86±0.37 1.50±0.03 1.64±0.22
Data presented as mean ± SE, n=4-6, *P<0.05 vs. corresponding sham, #P<0.05 vs. corresponding CLP. HR: heart rate; IVS: 
interventricular septum; LVPW: left ventricular posterior wall; LVID: left ventricular interior diameter; EF: ejection fraction; FS: 
fraction shortening; LVEDV: left ventricular end diastolic volume; LVESV: left ventricular end systolic volume; CO: cardiac output; 
SV: stroke volume; IVRT: isovolumic relaxation time; IVCT: Isovolumic contraction time; ET: ejection time; CLP: cecal ligation and 
perforation.
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Figure 4. Relative mRNA and protein expression of caspase-3, Bax, and Bcl-2 in vivo or in vitro. Circulating levels of caspase-3 (A), Bax (B) and Bcl-2 (C) in the sham, 
CLP, and CLP + UFH groups at 6 h or 24 h after CLP detected by ELISA. (D-F) Relative mRNA expression of caspase-3, Bax and Bcl-2 in the left ventricle tissue of 
CLP mice at 6 h and 24 h detected by qRT-PCR. (G) Western blots and quantitative data of caspase-3, cleaved caspase-3, Bax, and Bcl-2 in left ventricle tissue from 
sham, CLP and CLP + UFH groups. (H) Western blots and quantitative data of caspase-3, cleaved caspase-3, Bax, and Bcl-2 in left ventricle tissue from sham, CLP 
and CLP + UFH groups at 24 h after CLP. Values are presented as the mean ± SD (n=3-9). GAPDH was used as an endogenous control of qRT-PCR. β-actin was re-
garded as an endogenous control of western blot. *P<0.05 vs. sham group at the same time; #P<0.05 vs. CLP group at the same time. UFH, unfractionated heparin; 
CLP, cecal ligation and puncture. UFH (3 mg/kg) was intraperitoneally injected at 4 h and 16 h after CLP.
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and no significant cardiomyocyte apoptosis 
was observed (data not shown). However, when 
LPS (even at a concentration of 1 µg/mL) was 
co-incubated with EH, the apoptotic rate of car-
diomyocytes was significantly increased com-
pared to that in the EH-incubated group (P< 
0.001). Therefore, LPS may synergize with EH 
to further increase the apoptosis of cardiomyo-
cytes. This process was partially reversed by 
UFH (Figure 7).

EH increased reactive oxygen species (ROS) in 
cardiomyocytes: Total ROS levels were mea-
sured to assess the effects of EH on ROS pro-
duction in cardiomyocytes. The results showed 

that ROS levels were elevated in cardiomyo-
cytes in a time-dependent manner, which was 
initiated at 0.5 h after EH stimulation, and 
peaked at 2-4 h compared to the control group 
(P=0.021). UFH reduced the extent of ROS ele-
vation (Figure 8). Therefore, EH might lead to 
cardiomyocyte apoptosis by increasing ROS 
levels.

Discussion

The present study revealed that EH resulted in 
LVDD in sepsis, which might be associated wi- 
th EH-induced apoptosis. Further experiments 
found that this apoptosis could be related to 

Figure 5. Effects of EH on cardiomyocyte 
apoptosis. (A and B) The effects of differ-
ent EH concentrations on cardiomyocyte 
apoptosis. (C and D) The effect of EH 
(100 μg/mL) on apoptosis of cardiomyo-
cytes at the designated time points. (E-G) 
Relative mRNA expression of caspase-3, 
Bax and Bcl-2 in the cardiomyocytes at 
6 h and 24 h detected by qRT-PCR. (H) 
Western blots and quantitative data of 
caspase-3, cleaved caspase-3, Bax, and 
Bcl-2 in the cardiomyocytes at 6 h after 
EH stimulation. (I) Western blots and 
quantitative data of caspase-3, cleaved 
caspase-3, Bax, and Bcl-2 in the cardio-
myocytes at 24 h after EH stimulation. 
*P<0.05 vs. control group; CLP, cecal 
ligation and puncture. EH, extracellular 
histones; UFH, unfractionated heparin.
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the early direct damage to the myocardial cell 
membrane or the early increase in TNFα and 
Bax expression. UFH, one of the neutralizing 
reagents of EH, could improve SMI in vivo and 
in vitro.

EH induced LVDD in mice with sepsis

In patients with sepsis, the incidence of LVDD 
is higher than that of systolic dysfunction, and 
the incidence of LVDD in patients with sepsis 

Figure 6. Effects of EH on related protein in the supernatant of cardiomyocytes. Effects of EH on TNFα, IL-6, pro-
calcitonin (PCT), LPS, apoptotic proteins (caspase-3, Bax, and Bcl-2), and cTnT levels in the supernatant of cardio-
myocytes. Values are presented as the mean ± SD (n=3-6). EH, extracellular histones; UFH, unfractionated heparin. 
*P<0.05 vs. control group; #P<0.05 vs. EH group.

Figure 7. Effects of EH on the apoptotic rate in cardiomyocytes. To further demonstrate the effects of EH on apop-
tosis in cardiomyocytes, we first pre-incubated cardiomyocytes with UFH (200 μg/mL) for half an hour in the UFH 
group, followed by EH (100 μg/mL) or EH + LPS (1 μg/mL) stimulation. UFH can protect cardiomyocytes against 
apoptosis induced by EH in the presence or absence of LPS. Values are presented as the mean ± SD (n=3-5). EH, 
extracellular histones; UFH, unfractionated heparin; LPS, lipopolysaccharides *P<0.05 vs. control group, #P<0.05 
vs. designated EH or EH + LPS group.
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has been seriously underestimated in recent 
years [7, 10, 35, 36]. Echocardiography, which 
can reveal early alteration of SMI, has become 
the gold standard for SMI diagnosis [4, 5, 37]. 
E/A ratio, IVRT, and LVEDV are commonly used 
indicators for assessing LVDD [36, 38].

Patients who died of septic shock had signifi-
cantly lower LVEDV than those who recovered, 
indicating that LVEDV is a prognostic factor in 
patients with sepsis [39]. Fattahi et al. [20, 37] 
showed that CLP mice presented a decrease in 
LVEDV over 24 h. Our results also demonstrat-
ed that LVEDV significantly decreased in CLP 
mice after 6 h or in EH-treated mice after 1.5 h 
compared to the sham or control groups. It may 
be related to vasodilation, decreased blood 
return to the heart, or pulmonary vascular 
obstruction caused by EH [8, 25, 39]. EH  
(≥60 mg/kg) can induce pulmonary vascular 
obstruction by increasing neutrophil conges-
tion, NETosis, and thrombosis [8]. Nakahara et 
al. [25] indicated that recombinant thrombo-
modulin rescued mice with sepsis from lethal 
thromboembolism by suppressing histone-in- 
duced injury. IVRT, a preload-independent vari-
able, has also been used to reflect LVDD, which 
is prolonged in patients with sepsis and mice 
[9, 20, 34, 37, 40]. In the present study, IVRT 
was increased 6 h after CLP or 1.5 h after EH 
administration. Moreover, there were signifi-
cant correlations between circulating histones 
and cTnT, E/A ratio, and IVRT in CLP mice. There- 
fore, EH is involved in LVDD during sepsis.

Circulating histones and Bax protein levels 
were elevated in parallel and concomitantly at 
6 h after CLP, with the elevations partially re- 

cardiac relaxation. Cardiomyocyte apoptosis 
induces the cleavage of cardiac myofilament 
components, causing diastolic dysfunction [11, 
17]. In our results, cardiomyocytes presented  
a significant apoptosis 0.5 h after EH stimula-
tion, with a peak value at 4 h. Alhamdi et al. 
[18] found that EH was directly concentrated  
on the plasma membrane 10 min after admin-
istration, and entered cardiomyocytes 30 min 
later, indicating that the integrity of the car- 
diomyocyte membrane was destroyed. Farrahi 
et al. [20] showed that rat cardiomyocytes 
exposed to EH had bleb formation on the sur-
faces of cardiomyocytes, suggesting that EH 
may perturb the cardiomyocyte membrane. EH 
acts before any inflammatory mediators are 
triggered [26, 41]. Moreover, EH can elevate 
cytosolic calcium, reduce agonist responses in 
platelets, and decrease the viability of murine 
tubular epithelial cells or renal endothelial ce- 
lls [23, 42]. Furthermore, Nakahara et al. [25] 
indicated that EH led to right-sided heart failure 
within 30 min, which may be related to early 
death.

Myocardial edema caused by inflammation-
induced vascular leakage may also affect car-
diac compliance in patients with sepsis [43, 
44]. However, our results suggested that the 
left ventricular posterior wall diastolic thick-
ness was significantly increased after 6 h of 
CLP, whereas there was no significant differ-
ence after 1.5 h of EH administration (data  
not shown) comparesd to the control group. 
Therefore, EH directly stimulated cardiomyo-
cytes, leading to apoptosis rather than via indi-
rect stimulation through inflammatory media-
tors at the early stage.

Figure 8. Effects of EH on ROS in cardiomyocytes. (A) Effects of EH on ROS 
in cardiomyocytes 4 h after EH stimulation. (B) Effect of EH on ROS in car-
diomyocytes at multiple time points. Values are presented as the mean ± 
SD (n=3-6 in each group). EH, extracellular histones; UFH, unfractionated 
heparin; ROS: Reactive oxygen species. *P<0.05 vs. control group; #P<0.05 
vs. EH group.

versed by UFH in our experi-
ments. Further study showed 
that there was a correlation 
between circulating histones 
and Bax in CLP mice, which 
might indicate that EH induc- 
ed apoptosis by increasing 
Bax protein levels, resulting  
in LVDD in mice with sepsis.

EH directly induced cardio-
myocyte apoptosis at the 
early stage

Myofilament properties play a 
central role in the control of 



EH is involved in septic LVDD

162 Am J Transl Res 2022;14(1):150-165

EH induced cardiomyocyte apoptosis via Bax-
TNFα pathway at the early stage

Our results demonstrated that inflammatory 
mediators, such as IL-6 and TNFα, were elevat-
ed at 6 h after EH stimulation in the superna-
tant of cardiomyocytes. In addition, TNFα and 
Bax levels were parallelly and concomitantly 
elevated in both CLP mice and EH-treated car-
diomyocytes. In particular, these elevations 
were partially reversed by the UFH. Wang et al. 
[45] reported that TNFα was positively corre-
lated with Bax at both the mRNA and protein 
levels in burned rats. Our results are consistent 
with those reported above.

TNFα is present in the circulation, which can  
be locally produced by cardiomyocytes and 
released 2 h after LPS or CLP induction [12, 21, 
37, 46]. As an important inflammatory media-
tor, it is involved in the development of SMI  
[12, 15, 34]. A recent study reported that stro-
mal cell-derived factor-1 induced TNF-mediat- 
ed apoptosis in cardiac myocytes 24 h after 
stimulation; however, apoptosis significantly 
decreased when TNFα expression was neutral-
ized [15]. TNFα can reduce the calcium concen-
tration in the sarcoplasmic reticulum of myo-
cardial cells during systole and decrease the 
peak value of L-form calcium, resulting in myo-
cardial dysfunction [47]. Furthermore, TNF-α 
and Bax were concomitantly elevated in LPS-
induced H9C2 cells 24 h after LPS stimulation, 
whereas growth arrest-specific gene 6 attenu-
ated TNFα and Bax expression [13]. Zhang et 
al. [48] found that TNFα induced apoptosis via 
the JNK/Bax-dependent pathway in differenti-
ated PC12 cells. Taken together, these results 
suggest that EH may upregulate Bax protein 
expression via TNFα to increase cardiomyocyte 
apoptosis, resulting in cardiac injury at an early 
stage in vivo and in vitro. The potential mecha-
nisms of EH-induced LVDD in sepsis are shown 
in Figure S3.

Limitations

There were some limitations in our study. 
Histone, cTnT, and apoptotic protein levels in 
EH-treated mice, and the correlation analysis 
between these parameters and LV diastolic 
function, were not detected. Additionally, we 
selected E/A, LVEDV, and IVRT to assess LV  
diastolic function rather than E/e’, which is a 
better predictor of hospital mortality [7, 10]. 

Furthermore, there was an interaction between 
ventricle and atrium function. The alterations  
in the right ventricle or left atrium were not 
analyzed.

Conclusion

In conclusion, limited data in our experiments 
revealed that EH is associated with LVDD in 
sepsis, which may be associated with EH- 
induced apoptosis. Apoptosis may be related to 
direct damage to the cardiomyocyte membrane 
or increased expression of TNFα and Bax. Our 
research provides a new theoretical basis for 
the pathogenesis of SMI.
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Figure S1. Echocardiography of mice in sham, CLP and CLP + UFH groups. (A) Echocardiography displays LVEDV and 
EF of mice in sham, CLP and CLP + UFH groups at 6 h and 24 h. (B) Echocardiography displays E/A ratio, Tei index 
and IVRT of mice in sham, CLP and CLP + UFH groups at 6 h and 24 h. CLP, cecal ligation and puncture; E/A ratio, 
the ratio between E-wave and A-wave; EF, ejection fraction; IVRT, isovolumic relaxation time; LVEDV, left ventricular 
end diastolic volume; UFH, unfractionated heparin.
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Figure S2. Echocardiography of mice in EH, EH + UFH and EH + AADH groups at 3 h. (A) Echocardiography displays 
LVEDV and EF of mice. (B) Echocardiography displays E/A ratio, Tei index and IVRT of mice. AADH, antithrombin 
affinity-depleted heparin; E/A ratio, the ratio between E-wave and A-wave; EF, ejection fraction; EH, extracellular 
histones; IVRT, isovolumic relaxation time; LVEDV, left ventricular end diastolic volume; UFH, unfractionated heparin.

Figure S3. Potential mechanisms of EH-in-
duced LVDD in sepsis. LVDD, left ventricu-
lar diastolic dysfunction; NETs, neutrophil 
extracellular traps; LPS, lipopolysaccha-
ride; TNFα, tumor necrosis factor α; ROS, 
reactive oxygen species.


