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Ulinastatin attenuates lipopolysaccharide-induced cardiac
dysfunction by inhibiting inflammation and regulating autophagy
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Abstract. Ulinastatin exerts protective effects against
lipopolysaccharide (LPS)-induced cardiac dysfunction.
Autophagy has been demonstrated to serve an important
role in sepsis-induced cardiomyopathy; however, whether
ulinastatin has an anti-autophagic effect in sepsis requires
further investigation. The present study aimed to determine
the protective effects of ulinastatin on cardiac dysfunction
and its role in autophagy during sepsis. C57BL/6] mice were
randomly divided into a control, LPS and LPS + ulinastatin
group, the survival status of the mice was observed every
6 h and the survival rate at each time point was calculated
for 7 days. Furthermore, JC-1 dye and ELISAs were used to
analyze the mitochondrial membrane potential (MMP) and
serum cardiac troponin I (cTnl) levels, respectively. Western
blotting and ELISAs were used to measure the levels of tumor
necrosis factor (TNF)-a and interleukin (IL)-6. In addition,
the cardiac ultrastructure and the number of autophagosomes
formed were visualized using transmission electron micros-
copy, and the pathological changes in the myocardial tissues
were analyzed using hematoxylin & eosin staining. Finally, the
expression levels of autophagy-related proteins were analyzed
using western blotting and immunofluorescence staining.
The current study indicated that ulinastatin significantly
improved the survival rate of septic mice. It was suggested
that ulinastatin may protect against LPS-induced myocardium
injury through its anti-inflammatory activity, as decreased
cTInl levels, increased MMP and decreased expression levels
of TNF-a and IL-6 were all observed following ulinastatin
treatment. Furthermore, the number of autophagosomes
formed, and the expression levels of microtubule-associated
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protein light chain 3 and Beclin 1 were significantly decreased
following ulinastatin treatment. It was further observed that
ulinastatin suppressed LPS-induced autophagosome forma-
tion, as indicated by the accumulation of sequestosome
1/p62, and the elimination of lysosome-associated membrane
glycoprotein 1. In conclusion, the results of the present study
suggested that ulinastatin treatment may improve survival and
exert a protective effect over LPS-induced cardiac dysfunction.
Furthermore, this protective effect may be associated with its
anti-inflammatory and anti-autophagic activity.

Introduction

Sepsis is a systematic inflammatory response and it is a major
cause of mortality in intensive care units (1). Moreover, sepsis
is associated with the dysfunction of multiple organs (1). It
has been previously documented that 40-50% of patients with
sepsis develop cardiac dysfunction (2). Cardiac dysfunction is a
major feature of sepsis, with the 50% mortality rate increasing
in patients with severe heart failure (3,4). The mortality rate
of sepsis is rising despite the increasing numbers of studies
developing antimicrobial therapies and circulatory support (5).
Therefore, the present study aimed to determine the mecha-
nisms of LPS-induced myocardial injury to facilitate the
development of novel treatment strategies.

Ulinastatin is an endogenous inhibitor of proteases that
is located in the urine and blood, and inhibits various serine
protease (6). Ulinastatin has been previously used to treat
sepsis cardiomyopathy, due to its ability to function as a
protease inhibitor and its anti-inflammatory effects (7). It was
previously demonstrated that ulinastatin enhanced cardiac
function, reduced the size of the myocardial infarction and
decreased the levels of inflammatory cytokines during hemor-
rhagic shock and ischemia-reperfusion (IR) injury (8). A
previous study has also suggested that the protective effects of
ulinastatin are based on its anti-inflammatory, anti-oxidative
stress and anti-apoptotic properties (9). Furthermore, ulina-
statin was indicated to serve an important role in treating
lipopolysaccharide (LPS)-induced myocardial injury (10).
However, the specific mechanisms of the role of ulinastatin in
sepsis are not fully understood.

Autophagy is a type of programmed cell death and it is an
adaptation used to respond to a variety of stress stimuli (11).
Previous studies have identified the presence of activated
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autophagy in a variety of heart diseases, such as IR injury,
heart failure and sepsis (12,13). It has been widely demon-
strated that autophagy performs two opposing functions in
the heart (14); it serves a protective role during nutrient depri-
vation and cellular stress, whereas the excessive induction of
autophagy promotes self-destruction (15). In a model of IR
injury, ulinastatin was revealed to protect cardiomyocytes
via the activation of the mTOR pathway, which is associated
with the process of autophagy (16). A previous study has
identified that ulinastatin exerted a protective effect on sepsis
through its regulation of autophagy in myocardial IR injury
models (16). Therefore, it was hypothesized that ulinastatin
may serve a protective role in sepsis-induced myocardial
injury by regulating autophagy; however, further research
into the role of ulinastatin in sepsis is required. The present
study aimed to investigate whether ulinastatin protected
against sepsis cardiomyopathy and to determine the possible
underlying mechanisms of this interaction.

Materials and methods

Sepsis model. All procedures were approved by The Animal
Ethics Committees of The Fourth Military Medical University
(Xi'an, China) and were performed in accordance with the
guidelines of The China Council of Animal Care. A total of 84
C57BL/6J mice (age, 8-10 weeks; weight, 25-30 g; sex, male)
were purchased from The Laboratory Animal Center of The
Fourth Military Medical University. Mice were housed at a
temperature of 25°C in ~60% humidity, with a 12 h light/dark
cycle. Mice were provided with a standard diet and free
access to water. Endotoxemia was induced via an intraperi-
toneal (i.p.) injection of 18 mg/kg lipopolysaccharide (LPS;
cat.no. L2630; Sigma-Aldrich; Merck KGaA) or 10 mg/kg LPS
from the Escherichia coli serotype O111:B4 (17). Ulinastatin
was obtained from Guangdong Tianpu Biochemical
Pharmaceutical Co., Ltd. To determine the protective effect of
ulinastatin on the survival rate following lethal endotoxemia,
60 mice were divided into two groups: i) A total of 30 mice in
the LPS group, where mice were treated with the lethal dose
of 18 mg/kg LPS and 0.9% saline; and ii) 30 mice in the LPS +
Ulinastatin group, where the mice received 18 mg/kg LPS and
i.p. injection of 1x10° U/kg Ulinastatin (i.p.) daily for 4 days,
which was determined in a previous study (17).

To investigate the effects of ulinastatin on cardiac function
and the levels of autophagy, 24 mice were randomly divided
into a control group, a LPS group (mice received 10 mg/kg LPS
and 0.9% saline) and a LPS + ulinastatin group [mice received
10 mg/kg LPS and 1x10° U/kg Ulinastatin (i.p.)] (17), with 8
mice in each group. The administered dose of ulinastatin was
selected according to a previous study, in which ulinastatin
was observed to exhibit a protective effect on sepsis (18). All
mice were anesthetized for echocardiography after treated
with LPS and/or Ulinastatin for 12 h, following which they
were sacrificed for subsequent experiments.

For survival analysis, humane endpoints were established.
In the process of observing the survival of mice, once they
showed labored breathing, they were euthanized immediately
by i.p. injection of 120 mg/kg sodium pentobarbital sodium
(20 mg/ml). Conventional anti-shock therapy was given by
an intraperitoneal injection of 0.9% saline after 4 days of
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drug treatment. At the end of the 7 day survival cycle, the
rest of the surviving mice in two groups were euthanized
using 120 mg/kg sodium pentobarbital sodium (20 mg/ml)
through the intraperitoneal route. Following cervical dislo-
cation to ensure death, 600 ul blood samples were collected
from the abdominal aorta and the myocardial tissues of mice
were collected and frozen at 80°C for further evaluation. To
minimize animal suffering, only qualified personnel were
permitted to perform the experiments.

Echocardiography. After anesthesia with an i.p. injection of
60 mg/kg sodium pentobarbital sodium (20 mg/ml), conven-
tional echocardiography of the left ventricle (LV) in each
mouse was performed 12 h after an i.p. injection of LPS
using a mouse echocardiography system (Vevo 2100 Imaging
System; VisualSonics, Inc.) that was equipped with a 30-MHz
phased transducer. The following parameters were measured:
LV end diastolic pressure (LVEDP), LV developed pressure
(LVDP), maximal velocity increase of LV pressure per second
(+dP/dtmax) and maximal velocity decrease of LV pressure
per second (-dP/dtmax).

ELISAs. Blood samples were centrifuged at 1,500 x g for
15 min at room temperature to collect the serum. Serum
cardiac troponin-I (cTnl; cat. no. FO0503; Shanghai Westang
Bio-Tech Co., Ltd.), cardiac tumor necrosis factor (TNF)-a
(cat. no. T7539; Sigma-Aldrich; Merck KGaA) and cardiac
interleukin (IL)-6 (cat. no. 555240; BD Biosciences) levels
were analyzed using their respective ELISA kits, according to
the manufacturer's protocol.

Mitochondrial membrane potential (MMP). A mitochon-
dria isolation kit (cat. no. C3606; Beyotime Institute of
Biotechnology) was used to extract the purified mitochondria
from the myocardial tissues, according to the manufacturer's
protocol (19). Subsequently, a mitochondrial membrane poten-
tial assay kit with JC-1 dye (cat. no. C2006; Beyotime Institute
of Biotechnology) and a fluorescence microplate reader
(Chromate 4300; Awareness Technology, Inc.) were used to
measure MMP, according to the manufacturer's protocol. JC-1
green fluorescence (530 nm) was used to reflect JC-1 mono-
mers and red fluorescence (590 nm) was used to determine
the formation of J-aggregates. The ratio of J-aggregates to
JC-1 mitochondria were measured using a microplate reader
after JC-1 staining. The ratio of monomeric to aggregated JC-1
fluorescence intensity was used to quantify the changes in
MMP. Data were presented as the normalized percentage of
the average fluorescence intensity and values were normalized
to the control group.

Western blotting. Total proteins were extracted using the RIPA
proteinextractionreagent (Beyotime Institute of Biotechnology)
from the myocardial tissues and the protein concentration
was determined using the bicinchoninic acid Protein Assay
kit (Beyotime Institute of Biotechnology). A total of 20 ug
protein/lane was separated via 10-15% SDS-PAGE. The
separated proteins were subsequently transferred onto PVDF
membranes (EMD Millipore) and blocked with 5% non-fat
milk at room temperature for 1 h. The membranes were then
incubated with the following primary antibodies overnight at
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4°C: Anti-TNF-a (1:1,000; cat. no. ab6671; Abcam), anti-IL-6
(1:1,000; cat. no. ab9324; Abcam), anti-microtubule-associated
protein light chain 3 LC3B (1:1,000; cat. no. ab51520; Abcam),
anti-lysosomal-associated membrane protein 1 (LAMP-1;
1:1,000; cat. no. ab24170; Abcam), anti-sequestosome-1
(SQSTM1)/p62 (1:1,000; cat. no. ab56416; Abcam) and
anti-GAPDH (1:3,000; cat. no. ab181602; Abcam). Following
the primary antibody incubation, the membranes were
washed three times with TBS-0.1% Tween 20 and incubated
with horseradish peroxidase-conjugated secondary antibody
(1:5,000; cat. no. ZB-2301; Beijing Zhongshan Golden Bridge
Biotechnology Co., Ltd.) and horseradish peroxidase-conju-
gated secondary antibody (1:5,000; cat. nos. ab6728; Abcam)
for 2 h at room temperature. Protein bands were visualized
using an enhanced chemiluminescence kit (EMD Millipore)
and expression levels were quantified using a densitometric
analysis system (Image Lab software; version 4.0; Bio-Rad
Laboratories, Inc.).

Hematoxylin & eosin (H&E) staining. Following the
establishment of the LPS model, myocardial tissues were
excised, washed with ice-cold PBS, following which 1-mm
thick slices were prepared after the hearts were snap frozen
at -80°C for 5 min. The slices were fixed directly in 10%
neutral formalin for 24 h at room temperature and were
subsequently paraffin-embedded. Sections (3 ym thickness)
were then prepared from the paraffin-embedded tissue blocks
by dehydration through a graded ethanol series and washing
with xylene for H&E staining, for 12 min at room temperature.
Morphological changes in the myocardial tissues were evalu-
ated using an Olympus light microscope (magnification x400;
Olympus Corporation).

Transmission electron microscopy (TEM). Myocardial tissues
were sliced into 1 mm? sections and fixed with 2.5% glutar-
aldehyde overnight at 4°C. The tissues were immersed in 1%
osmium tetroxide for 2 h at room temperature, dehydrated
in an ascending ethanol series, followed by dehydration in
an 100% acetone for three times at 4°C and subsequently
embedded in epoxy resin. The tissues were then cut into ultra-
thin sections (60-70 nm) using an ultramicrotome. Sections
were stained with 2% uranyl acetate and 2% lead citrate for
30 min at room temperature. Stained sections were visualized
using a JEM-1010 TE microscope (magnification x15,000
and x30,000; JEOL, Ltd.) and the amount of autophagosome
were quantified using Gatan Digital Micrograph® software
(Gatan, Inc.).

Immunofluorescence staining. Myocardial tissues were
excised, washed with ice-cold PBS, following which 1-mm
thick slices were prepared after the hearts were snap frozen
at -80°C for 5 min. The slices were sequentially fixed with
4% formaldehyde for 30 min at room temperature, permeabi-
lized with 0.2% Triton X-100 (HyClone; GE Healthcare Life
Sciences) for 15 min at room temperature and blocked in 5%
bovine serum albumin (Beyotime Institute of Biotechnology)
for 1 h at room temperature. Sections were then incubated with
a rabbit anti-LC3 antibody (1:100; cat. no. ab128025; Abcam)
and a rabbit anti-Beclin 1 antibody (1:100; cat. no. ab210498;
Abcam) at 4°C overnight. Following the primary antibody
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Figure 1. Ulinastatin improves the survival rate of mice with endotoxemia.
The survival rate of mice receiving a lethal dose of LPS (18 mg/kg) or LPS
(18 mg/kg) + ulinastatin (1x10°> U/kg) was analyzed for 7 consecutive days.
LPS, lipopolysaccharide.

incubation, the sections were incubated with an Alexa Fluor®
488-conjugated goat anti-rabbit IgG secondary antibody (1:10;
cat. no. ab150077; Abcam) at 37°C for 1 h. The cell nucleus
was stained with 2 pg/ml DAPI for 30 min at room tempera-
ture and 500 ml/1 glycerine was used to seal the sections. The
slides were observed using a confocal laser scanning micro-
scope (magnification x400) to analyze the expression levels of
autophagy-associated proteins.

Statistical analysis. All experiments were independently
performed in triplicate. Statistical analysis was performed
using SPSS version 19 software (IBM Corp.) and data are
presented as the mean + SEM. Survival rate analysis was
analyzed using the Kaplan-Meier method, with a log-rank
test used for comparison (20). Statistical differences between
groups were determined using a one-way ANOVA, followed
by a Student-Newman-Keuls test for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Ulinastatin improves the survival rate of mice with endo-
toxemia. To determine the protective effect of ulinastatin on
the survival rate following lethal endotoxemia, mice were
treated with a lethal dose of LPS (18 mg/kg), whereas mice
in the LPS + ulinastatin group received 18 mg/kg LPS and
ulinastatin (1x10° U/kg) daily for 4 days daily. After 7 days, it
was revealed that only 12/30 of mice in the LPS + ulinastatin
group survived, thus the survival rate was 40% (Fig. 1). In the
LPS group, mice were treated with an equal amount of saline
and it was subsequently demonstrated that only 3/30 mice had
survived 7 days later, thus demonstrating a survival rate of 10%
(Fig. 1). Therefore, these findings suggested that ulinastatin
may reduce the mortality rate of lethal endotoxemia.

Effect of ulinastatin on the cardiac function in LPS-stimulated
mice. The cardiac function parameters in each experimental
group are presented in Table I. Following the establishment
of the LPS model mice, it was revealed that the LVEDP was
significantly increased compare with that in the control group.
The LVDP, +dP/dtmax and -dP/dtmax were all found to be
significantly decreased following 12 h of treatment in the LPS



ZHAO et al: ULINASTATIN ATTENUATES LIPOPOLYSACCHARIDE-INUDCED CARDIAC DYSFUNCTION

1067

Table I. Effect of ulinastatin on cardiac function in LPS-induced mice.

Left ventricle
end diastolic

Left ventricle
developed

Maximal velocity
increase of left
ventricle pressure

Maximal velocity
decrease of left
ventricle pressure

Group n pressure (mmHg) pressure (mmHg) per second (mmHg) per second (mmHg)
Control 8 20.7£3.6 118.1«11.7 8,720.6+135.1 6,121.0+£212.0
LPS 8 42.1+1.8* 68.2+7.3* 6,012.4+312.4* 3,132.4+£254.7*
LPS + ulinastatin 8 36.5+1.3%° 89.0+5.6*° 6,956.2+216.3*° 4,528.1£198.5*°

aP<0.05 vs. control group; ®°P<0.05 vs. LPS group. LPS, lipopolysaccharide.

group compared with the control group (Table I). Moreover,
following ulinastatin treatment, the LVEDP was signifi-
cantly decreased by 13.3%, whereas the LVDP, +dP/dtmax
and -dP/dtmax were increased by 30.5, 15.7 and 44.6%,
respectively, compared with the LPS group.

Effects of ulinastatin on the mice myocardium during endo-
toxemia. The tissues and serum from individual mice were
obtained following 12 h of LPS induction. The ELISA results
revealed that cTnl levels were significantly increased in the LPS
and LPS + ulinastatin groups compared with the control group
(Table II). Of note, the LPS + ulinastatin group had significantly
decreased cTnl levels compared with the LPS group (Table II).
It was also indicated that the MMP was significantly decreased
in the LPS and LPS + ulinastatin groups compared with the
control group; however, the LPS + ulinastatin group demon-
strated a significantly increased MMP compared with the LPS
group (Table II). Previous studies have reported that inflam-
matory cytokines serve an important role in the progression of
sepsis (21). To investigate the protective effects of ulinastatin on
the LPS-induced inflammatory response, the levels of TNF-a
and IL-6 in the mice myocardial tissue were also investigated.
The ELISA results indicated that the levels of TNF-o and IL-6
were significantly increased in the LPS and LPS + ulinastatin
groups compared with the control group (Table II). However,
following the treatment with ulinastatin, the levels of TNF-a
and IL-6 were significantly decreased in the myocardium of
mice with endotoxemia compared with the LPS group (Table IT).

Effects of ulinastatin on the expression levels of inflammatory
factors in endotoxemia. The western blotting data revealed
that the protein expression levels of TNF-a and IL-6 were
significantly increased in the LPS and LPS + ulinastatin
groups compared with the control group (Fig. 2A and B).
Notably, following treatment with ulinastatin, the expression
levels of TNF-a and IL-6 were significantly decreased in the
myocardium of mice with endotoxemia in the LPS + ulinastatin
group compared with those in the LPS group (Fig. 2A and B).
Collectively, these findings suggested that ulinastatin may
exert protective effects in the endotoxemia myocardium and
may alleviate the inflammatory response through decreasing
the expression levels of TNF-a and IL-6.

Effects of ulinastatin on the cardiac ultrastructure and
pathological changes. TEM was used to observe the

cardiac ultrastructure; a normal cardiac structure and mito-
chondrial distribution were observed in the control group
(Fig. 3A), whereas in the LPS group, the myofilaments and
mitochondria were disorganized in the myocardial tissue,
alongside the presence of autophagy (Fig. 3B). Notably, in
the LPS + ulinastatin group, the myocardial tissue exhibited
orderly arranged myofilaments, a normal mitochondrial
distribution and the presence of small magnitudes of
autophagy (Fig. 3C).

H&E staining was subsequently used to assess the
pathological changes in the myocardial tissue. In the LPS
group, myofibril loss, myocardial cell necrosis and structural
abnormalities were all observed, which indicated the occur-
rence of severe cardiac injury (Fig. 3E). However, in the LPS
+ ulinastatin group, there was a reduction in the pathological
damage observed in the mice hearts compared with the LPS
group (Fig. 3F).

Ulinastatin decreases the levels of LPS-induced autophagy.
Myocardial tissues from the mice were obtained 12 h after
LPS induction. It was subsequently demonstrated that the
expression levels of LC3II were significantly increased in
the LPS and LPS + ulinastatin group compared with the
control group (Fig. 4A). However, the expression levels of
LC3II (Fig. 4A), Beclin 1 (Fig. 4B) and LAMP-1 (Fig. 4C)
were all significantly decreased following ulinastatin treat-
ment compared with those in the LPS group. In addition, it
was revealed that the expression levels of SQSTM1/p62 was
significantly decreased in the LPS and LPS + ulinastatin
group compared with those in the control group, ulinastatin
significantly increased the expression levels of SQSTM1/p62
further compared with those in the LPS group (Fig. 4D).
Moreover, TEM was also used to observe the number
of autophagosomes formed in the heart of each group. A
normal mitochondrial structure and very few autophago-
somes were observed in the control group, whereas in the
LPS group, myocardial tissues exhibited a significantly
increased number of autophagosomes compared with the
control group. Notably, ulinastatin treatment was observed
to significantly decrease this LPS-induced increase in
autophagosome formation (Fig. 4E).

Furthermore, the expression levels of the autophagy
associated proteins, LC3 and Beclin 1, were analyzed
using confocal microscopy. The expression levels of LC3
and Beclin 1 in the control group were low, whereas under
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Table II. Effect of ulinastatin on the mouse myocardium during endotoxemia.
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Mitochondrial Serum cardiac Tumor necrosis
Group n membrane potential troponin I (ng/ml) factor-o (pg/ml) Interleukin-6 (pg/ml)
Control 8 1.00 0.136+0.0142 39.620+2.140 3.820+0.430
LPS 8 0.321+0.067* 0.919+0.0138* 268.420+15.920* 14.560+0.920*
LPS + ulinastatin 8 0.673+0.075*° 0.585+0.0129*° 172.370+8.560*° 9.270+0.610**
“P<0.05 vs. control group; "P<0.05 vs. LPS group. LPS, lipopolysaccharide.
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Figure 2. Effect of ulinastatin on the expression levels of inflammatory factors in endotoxemia. Western blotting was used to analyze the protein expression
levels of (A) TNF-a and (B) IL-6 in myocardial tissues. GAPDH was used as the loading control. Data are presented as the mean + SEM and statistical differ-
ences were determined using a one-way ANOVA and Student-Newman-Keuls post hoc test. “P<0.05 vs. control group; "P<0.05 vs. LPS group. TNF-a, tumor

necrosis factor-a; IL-6, interleukin-6; LPS, lipopolysaccharide.

LPS+Ulinastatin

Figure 3. Effect of ulinastatin on attenuating myocardial injuries. LPS-induced endotoxemia mice were treated with saline or ulinastatin, and the left ventricle
tissues were collected 12 h later for analysis. Transmission electron microscopy was used to analyze the cardiac ultrastructure in the (A) control, (B) LPS and
(C) LPS + ulinastatin groups. Magnification x15,000. Scale bar, 2 ym. White arrow indicates the myofilaments, the red arrow indicates the mitochondria and
the yellow arrow indicates the presence of autophagosomes. Hematoxylin & eosin staining was used to determine the pathological changes in the myocardial
tissue in the (D) control, (E) LPS and (F) LPS + ulinastatin groups. Magnification x200. LPS, lipopolysaccharide.



ZHAO et al: ULINASTATIN ATTENUATES LIPOPOLYSACCHARIDE-INUDCED CARDIAC DYSFUNCTION 1069

A

Control LPS LPS+Ulinastatin
LC3 1 14kDa
LC31l 16kDa

ala

LPS LPS+Ulinastatin

LC311 {IGAPDH

C

Control LPS LPS+Ulinastatin
e D S A2KDa

ﬂ s6k0a

2

LAMP-1/GAPDH

Control  LPS LPS+Ulinastatin

=

. il

=

B

Control LPS LPS+UImastatm
Beclin — .SOKDa

3
#
2
*
1 #

Control  LPS LPS+Ulinastatin

Beclini
IGAPDH

Control LPS LPS+Ulinastatin
SQSTM1UPE2 s S | 62kDa

*
#
Lﬂ

Control LPS LPS+Ulinastatin

e

W

SQSTM1/p62/GAPDH

Control  LPS LPS+Ulinastatin

Figure 4. Effects of ulinastatin on autophagy in mice with endotoxemia. LPS-induced endotoxemia mice were treated with saline or ulinastatin, and the left
ventricle tissues were collected 12 h later for analysis. Western blotting was used to analyze the protein expression levels of (A) LC3II, (B) Beclin 1, (C) LAMP-1
and (D) SQSTM1/p62 in the myocardial tissues. GAPDH was used as a loading control. (E) Transmission electron microscopy was used to observe the number
of autophagosomes formed in the cardiac tissue. Magnification x30,000. Scale bar, 1 ym. Yellow arrow indicates the autophagosomes, the white arrow
indicates the mitochondria and the red arrow indicates the lysosomes. Data are presented as the mean + SEM. Data were compared using a one-way ANOVA,
followed by a Student-Newman-Keuls post hoc test. “P<0.05 vs. control group; “P<0.05 vs. LPS group. LPS, lipopolysaccharide; LC3, microtubule-associated
protein light chain 3; LAMP, lysosomal-associated membrane protein 1; SQSTMI, sequestosome-1.

the same conditions, the fluorescent intensities of LC3 and
Beclin 1 in the LPS group were significantly increased
compared with the control group (Fig. 5). Notably, following
the treatment with ulinastatin, the expression levels of LC3
and Beclin 1 were significantly decreased compared with the
LPS group (Fig. 5).

Discussion

The present study demonstrated that ulinastatin may improve
survival rate and exert a protective effect against LPS-induced
cardiac dysfunction. It was suggested from the findings of the
present study that this protective effect may be associated with
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Figure 5. Effect of ulinastatin on autophagy in endotoxemia mice. Endotoxemia mice were treated with vehicle or ulinastatin, and the left ventricle tissues
were collected 12 h later for analysis. A confocal microscope was used to analysis the fluorescence distribution of (A) LC3II and (B) Beclin 1 in myocar-
dial tissues. Semi-quantitative analysis of (C) LC3II and (D) Beclin 1 expression levels in myocardial tissues. Magnification x200. Data were analyzed
using a one-way ANOVA, followed by a Student-Newman-Keuls post hoc test. “P<0.05 vs. control group; “P<0.05 vs. LPS group. LPS, lipopolysaccharide;

LC3, microtubule-associated protein light chain 3.

the anti-inflammatory activity of ulinastatin and its ability to
inhibit autophagy. Therefore, the administration of ulinastatin
may exhibit a protective effect in the pathophysiology of sepsis.

A previous study has reported the presence of decreased
serum levels of ulinastatin in patients with sepsis, and the
levels of ulinastatin were at their lowest during cases of
severe sepsis and septic shock (22). Therefore, treatment with
ulinastatin may increase the levels of ulinastatin in patients
with severe sepsis. The protective effect of ulinastatin in
sepsis has been confirmed in a number of previous studies; for
example, ulinastatin was observed to serve a protective role in
the heart tissue of septic rats, and its mechanism was attributed
to its regulatory effect over the stress response, cell signaling
transduction, energy metabolism, the immune response and
other related genes (23,24). Furthermore, a previous study
revealed that ulinastatin contributed to the recovery of cardiac
function following reperfusion by reducing mitochondrial
dysfunction and maintaining energy production (8). However,
the role that ulinastatin serves over the regulation of autophagy
during sepsis remains poorly understood. Therefore, in the
present study, endotoxemic mice were treated with ulinastatin
to investigate its underlying mechanism.

TNF-o and IL-6 are cytokines associated with the
inflammatory response (25). A previous study indicated that
ulinastatin reduced sepsis-related inflammation by downregu-
lating TNF-a expression levels (26). ELISA and western blotting
data from the present study revealed that the serum levels and

protein expression levels of TNF-a and IL-6 were signifi-
cantly increased in endotoxemia mice, and these LPS-induced
increases could be significantly decreased following ulinastatin
treatment. Therefore, the results of the present study indicated
that ulinastatin may protect against LPS-induced myocardial
injury by inhibiting the release of TNF-a and IL-6.
Ulinastatin has been proposed to serve as a myocardial
protective agent, and it has been reported that ulinastatin
improved the myocardial contractility, reduced the myocardial
infarct size and decreased the levels of creatine kinase and cInl in
myocardial IR injury (16). cTnl is a highly sensitive and specific
marker of myocardial injury (27). Mitochondria are important
organelles for cardiomyocytes that not only provide the energy
for cells, but can also trigger cell apoptosis (28). Furthermore,
decreases in the MMP have been found to be the driving force
for mitochondrial dysfunction (29). In the present study, endo-
toxemic mice were treated with ulinastatin and it was indicated
that ulinastatin exhibited a protective effect in the hearts of mice
with endotoxemia. This protective effect was demonstrated by
decreased cTnl levels, an increased MMP, as well as the pres-
ence of an intact, well-ordered cardiac ultrastructure.
Autophagy serves an essential role in cell survival, as well
as in cell death (14). Autophagy is a highly regulated intracel-
lular degradation process, by which cells remove cytosolic
long-lived proteins and damaged organelles (15). LC3 is the
mammalian homologue of yeast Atg8, and as a lipidated form
of LC3, LC3II has been widely used as a marker of autophagy
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by indicating the number of autophagosomes formed (30).
Moreover, Beclin 1 has been discovered to serve an important
role in autophagosome formation and autolysosomal fusion (31),
and LAMP-1 is a lysosome marker that has been associated
with the increased accumulation of autophagic vacuoles (32).
Furthermore, p62 is a marker of autophagic flux and impaired
autophagy is often accompanied by p62 accumulation, which
results in large p62/ubiquitinated protein aggregates (33).
Previous studies have demonstrated that the LPS-induced
autophagic flux and autophagy were at their highest levels
12 h after LPS intraperitoneal injection (34). Therefore, the
present study chose to investigate the effect of ulinastatin at
this time point. Western blotting and TEM data obtained from
the present study revealed that the expression levels of LC3II
and the number of autophagosomes formed were significantly
decreased following ulinastatin treatment. Furthermore,
it was revealed that ulinastatin reduced the LPS-induced
autophagosome maturation, which was demonstrated through
the decreased protein expression levels of LAMP-1 and the
increased expression levels of SQSTM1/p62. Therefore, the
present study results suggested that the decreased activa-
tion of autophagy may be a critical protective mechanism of
ulinastatin in mice with endotoxemia.

In conclusion, the findings of the present study suggested
that ulinastatin may serve a cardioprotective role in sepsis,
which may be achieved through its ability to suppress inflam-
mation and autophagy. These findings may provide a clinical
basis for the use of ulinastatin as a novel therapeutic option for
the treatment of sepsis-related cardiac dysfunction. However,
there are several limitations to the present study. Whilst the
present study was able to observe changes in autophagy, there
was a lack of experiments using specific autophagy inhibitors
3-methyladenine or autophagy agonists such as rapamycin.
Therefore, future studies should further investigate the effects
of ulinastatin on autophagy-related pathways. Additionally,
the present study did not investigate the effect of ulinastatin at
multiple time points or in in vitro cell models. As the present
experimental set-up may have also produced bias in the results,
further extensive research is required before solid conclusions
can be made.
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