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Both UFH and NAH alleviate shedding of endothelial
glycocalyx and coagulopathy in LPS-induced sepsis
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Abstract. Sepsis commonly progresses to disseminated
intravascular coagulation and induces the activation of hepa-
ranase (HPA) and the shedding of endothelial glycocalyx
constituents, including syndecan-1 (SDC-1) and heparan
sulphate (HS). However, the degradation of glycocalyx and
its association with coagulation disorders remains unde-
termined. The present study aimed to evaluate the effect
of unfractionated heparin (UFH) and N-acetylheparin
(NAH), which is a non-anticoagulant heparin derivative, on
endothelial glycocalyx and coagulation function in a lipopoly-
saccharide (LPS)-induced sepsis rat model, and to compare
the differences observed in coagulation function between
UFH and NAH. Experimental rats were randomly assigned
to four groups: Control; LPS; UFH + LPS; and NAH + LPS.
Rats were administered UFH or NAH and subsequently,
~1 min later, administered LPS (10 mg/kg; intravenous). The
blood and lung tissues of rats were collected 0.5,2 and 6 h
after LPS injection, and were used for subsequent analysis.
The results demonstrated that HPA activity and SDC-1 and
HS levels increased, and this increase was associated with
inflammatory cytokines and coagulation/fibrinolysis markers
in the sepsis rat model. Histopathological examination was
performed, and the lung injury score and lung wet/dry ratio
indicated that UFH and NAH also significantly improved lung
tissue injury. The results of the ELISA analysis demonstrated
that UFH and NAH treatment: i) significantly decreased the
levels of inflammatory cytokines including tumor necrosis
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factor-a and interleukin-6; ii) inhibited HPA activity and
protected the integrity of the glycocalyx, which was identi-
fied by decreased HS and SDC-1 levels; and iii) decreased the
levels of prothrombin fragment 1+2, thrombin-antithrombin
complex, and plasminogen activator inhibitor-1 and increased
the levels of fibrinogen and antithrombin-III. Preconditioning
with UFH decreased the plasma activated partial thrombo-
plastin time. These results indicated that UFH and NAH may
alleviate sepsis-induced coagulopathy, and this effect may
have been due to an inhibition of HPA activity and decrease in
the shedding of the endothelial glycocalyx.

Introduction

Sepsis, or septic shock, is a systemic response to infection
and causes excessive microvascular coagulation that leads to
disseminated intravascular coagulation (DIC). DIC is closely
associated with the development of multiple organ dysfunc-
tion (1). Sepsis is caused by infectious agents that are induced
by lipopolysaccharides (LPS), viruses, bacteria and a number
of other infections. LPS injections have commonly been used
to generate experimental sepsis models (2). During sepsis, LPS
causes an inflammatory response that results in the release of
a large number of inflammatory cytokines, including tumor
necrosis factor-a (TNF-o) and interleukin-6 (IL-6) (3). The
inflammatory responses may lead to the activation of the coag-
ulation system, the downregulation of anticoagulant proteins
and the inhibition of the fibrinolytic system (4).

Coagulation abnormalities may occur in 50-70% of
patients with sepsis (4,5). Coagulation activation is one of
the most important characteristics in the pathophysiological
of sepsis, and thrombin generation serves a key role in the
activation of coagulation. Prothrombin fragment 1+2 (F1+2)
is the earliest molecular marker for prothrombin activation. In
the present study, F1+2 and thrombin-antithrombin complex
(TAT) were selected to detect the early stages of coagula-
tion (6). The coagulation system is stimulated during sepsis,
and the corresponding anticoagulation system is activated,
which is followed by the profibrinolytic and antifibrinolytic
systems (4,5). Antithrombin (AT), which is also known as
AT-II1, is a physiological inhibitor of serine proteases that also
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exerts an inhibitory effect on other coagulation factors and
serine proteases (7). AT mitigates vascular leakage by inhib-
iting neutrophil activation during acute lung injury (7). The
initiation of fibrinolysis is mediated by plasminogen activators
and is regulated by plasminogen activator inhibitor-1 (PAI-1).
PAI-1, which indicates poor patient prognosis in sepsis-induced
DIC, mediates the inhibition of endogenous fibrinolysis during
sepsis (8).

Endothelial activation and dysfunction are important
features of sepsis (3). The endothelium responds to LPS or
cytokines by exhibiting structural changes and functional
changes, including leukocyte infiltration, vasodilation,
increased vascular permeability and plasma protein exuda-
tion and platelet adhesion (9). The endothelial glycocalyx is a
complex network of cell-bound proteoglycans that are located
on the surface of endothelial cells and this network is one of
the earliest sites that is associated with sepsis (10,11). The endo-
thelial glycocalyx contains anchor protein syndecan-1 (SDC-1),
heparan sulfate (HS) and other glycosaminoglycans (GAGs),
and is an anti-adhesive and anticoagulant layer that protects
vascular endothelial cells and maintains vascular integrity (12).
Heparanase (HPA) is an endo-f-D-glucuronidase that degrades
HS side chains at specific intra-chain sites. Nadir ez al (13)
demonstrated that HPA increased coagulation activity via the
stimulation of tissue factor (TF) expression in endothelial and
cancer cells. Schmidt et al (14) demonstrated that pulmonary
endothelial glycocalyx serves an important role in regulating
neutrophils adhesion. However, the modes of activation of HPA
and glycocalyx degradation products, and their association with
coagulation, remain largely undetermined.

Unfractionated heparin (UFH) is a glycosaminoglycan that
is largely used as anti-thrombotic and anticoagulant drug since
its identification over 100 years ago. The anti-inflammatory
properties and anticancer activity of UFH have been studied
extensively, it has been previously indicated that UFH inhib-
ited the activation of nuclear factor-kB (NF-xB) induced by
LPS (15). The efficacy and safety of heparin use in patients with
sepsis remains controversial, and these patients have high risk of
hemorrhage (16). NAH, a non-anticoagulant heparin derivative,
binds histones, prevents histone-mediated cytotoxicity in vitro
and has been demonstrated to improve mortality in LPS/CLP
induced sepsis mouse models (17). A previous study demon-
strated that heparin, as the competitive antagonist, inhibited the
activity of HPA, an endogenous HS-specific glucuronidase, and
prevented LPS-induced endothelial glycocalyx loss (14).

The present study aimed to explore the association between
the products of glycocalyx degradation and coagulation in a
sepsis rat model. Secondly, the present study aimed to evaluate
the effect of UFH and NAH, a non-anticoagulant heparin
derivative, on endothelial glycocalyx and coagulation function
in an LPS-induced sepsis rat model, and to compare the differ-
ences in coagulation function between UFH and NAH.

Materials and methods

Animals. Male Sprague-Dawley rats (6-8 weeks; weight,
180-220 g) were obtained from the Model Animal Research
Center of Nanjing University. All animals were housed in stan-
dard conditions (22+2°C; 50+10% relative humidity; 12:12 h
light: Dark cycle). The rats had ad libitum access to food and
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water. The rats acclimated to the environment for 3-5 days
prior to the experiment.

The animal care and experimental procedures were
conducted in accordance with the Guide for the Care and Use
of Laboratory Animals, and the protocol was approved by the
Institutional Animal Care and Use Committee of Binzhou
Medical University Hospital.

Reagents and antibodies. LPS (Escherichia coli LPS 055:B5),
UFH and NAH were purchased from Sigma-Aldrich; Merck
KGaA. ELISA kits for rat TNF-a (cat. no. CSB-E11987r), IL-6
(cat. no. CSB-E04640r), F1+2 (cat. no. CSB-E13264r), TAT
(cat. no. CSB-E08432r), AT (cat. no. CSB-E13885r) and PAI-1
(cat.no.CSB-E07948r) werepurchasedfromCusabio Technology
LLC. SDC-1 (cat. no. E02S0301, Shanghai BlueGene Biotech
Co., Ltd.) level and Heparin sulfate (HS; cat. no. DG94646Q);
Beijing Donggeboye Biological Technology Co., Ltd.) were
determined using an ELISA according to the manufacturer's
protocol. Fluorescence decay-resistant medium (cat. no. S2100)
was purchased from Beijing Solarbio Science & Technology
Co., Ltd.. Mouse Anti-Heparan Sulfate (10E4 epitope) anti-
body (cat. no. 370255-1) was purchased from United States
Biological. The anti-SDC-1 antibody (cat. no. ab128936) was
purchased from Abcam. The goat polyclonal thrombomodulin
(BDCA-3) antibody (cat. no. AF3894) was purchased from
R&D Systems, Inc. Rhodamine-conjugated anti-rat IgG
(cat. no. ZF-0318) was purchased from ZSGB-BIO (Beijing,
China) and fluorescein isothiocyanate (FITC)-conjugated
anti-goat IgG (cat. no. TA130029) was purchased from OriGene
Technologies, Inc.

Animal model of sepsis. Experimental rats were randomly
allocated into the control, LPS, UFH + LPS and NAH + LPS
groups. The rats in the LPS group received an intravenous (i.v.)
injection of 10 mg/kg ml LPS. The dose of LPS in rats was
performed as previously described (18) to establish the model
of sepsis. The rats in the UFH + LPS group and NAH + LPS
group received a tail intravenous injection of 100 U/kg body
weight UFH (19) or 1 mg/kg body weight NAH (14) diluted
in 1 ml normal saline (NS), while the control rats received
vehicle NS only. UFH or NAH were administered concomi-
tantly and this was followed ~1 min later by the addition of
LPS (10 mg/kg; 1 ml/kg of body weight; i.v.). The rats in the
control group were injected with NS instead of LPS in the
same manner. All rats remained alive after 0.5, 2 and 6 h of
LPS stimulation. Following this, the rats were sacrificed by
cervical dislocation following anesthesia by peritoneal injec-
tion of 1% sodium pentobarbital (40 mg/kg body weight).
Plasma and lung tissue samples were then harvested.

ELISA for TNF-a, IL-6, SDC-1, HS, Fi+2, TAT, AT and
PAI-1. Blood was collected from the harvested abdominal
aorta and stored in an anticoagulant tube and centrifuged at
4°C for 20 min at 900 x g. Collected plasma samples were
stored at -80°C. TNF-q, IL-6, SDC-1, HS, F1+2, TAT, AT and
PAI-1 were evaluated with the corresponding ELISA kits in
accordance with the manufacturer's protocol.

HPA activity assay. Plasma samples were collected at 0.5,2 and
6 h after LPS administration and HPA activity was measured.
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The blood was collected from the harvested abdominal aorta
and stored in an anticoagulant tube and centrifuged at 4°C for
20 min at 900 x g. Collected plasma samples were stored at
-80°C. The HPA activities were measured using an Heparan
Degrading Enzyme Assay kit (cat. no. MK412; Takara Bio,
Inc.) according to the manufacturer's protocol.

Blood coagulation tests. Blood was collected and the plasma
was separated as aforementioned. The prothrombin time (PT),
activated partial thromboplastin time (APTT) and levels
of fibrinogen (FIB) were measured using a coagulometer
(CS-5100; Sysmex Corporation). According to the International
Society of Thrombosis and Hemostasis (ISTH) scoring system,
the PT, APTT, FIB, AT and TAT have been used to diagnostic
screening of coagulation function for DIC (20).

Pulmonary histologic examination. The lower lobe, collected
from the right lung, was fixed in 4% paraformaldehyde for 48 h
at 4°C and embedded in paraffin. Sections (5 ym) were stained
with hematoxylin for 5 min at room temperature and then with
eosin for 3 min at room temperature. Tissue sections were
observed under an optical microscope. Hematoxylin and eosin
staining was performed according to the standard method
used to assess lung injury. The lung injury scores (LIS) were
calculated as previously described by Aeffner ef al (21). ALI
was scored as follows: i) Alveolar congestion; ii) hemorrhage;
iii) infiltration or aggregation of neutrophils in the airspace or
vessel wall; and iv) thickness of alveolar wall/hyaline membrane
formation. Each item was scored on a 5-point scale as follows:
0, minimal damage; 1, mild damage; 2, moderate damage;
3, severe damage; and 4, maximal damage. In each stained
sample, six high-magnification fields were selected randomly,
then graded for average LIS. Repeated-measures data were
statistically analyzed using a repeated-measures analysis of
variance (ANOVA).

Measurement of lung wet/dry (W/D) weight ratio. To assess
the magnitude of lung tissue edema, the lung W/D weight
ratio was calculated. A period of 6 h after LPS administration,
rats were euthanized and left lungs were excised using blunt
dissection, weighed to obtain the ‘wet’ weight. They were
subsequently placed in an oven at 60°C for 48 h to acquire the
‘dry’ weight.

Immunofluorescence. The lung tissues were fixed using 4%
paraformaldehyde for 48 h at 4°C, dehydrated with alcohol
(100% for 20 min, 95% for 10 min, 85% for 10 min, 75% for
10 min and 50% for 10 min) and embedded with paraffin and
cut into 4 ym sections. The sections were then incubated with
mouse anti-heparan sulfate (10E4 epitope; cat. no. 370255-1;
1:200) or anti-SDC-1 antibody (cat. no. ab128936; 1:463) over-
night at 4°C. Sequentially, the sections were incubated for 1 h
at 37°C, washed 3 times with PBS and incubated with rhoda-
mine-conjugated anti-rat IgG (cat. no. ZF-0318; 1:200) for 1 h
at room temperature. The sections were then washed 3 times
with PBS for 10 min each time and incubated with secondary
antibody goat polyclonal against BDCA-3 (cat. no. AF3894;
1:200) overnight at 4°C. Sequentially, sections were washed
again and incubated with FITC-conjugated anti-goat IgG
(cat. no. TA130029; 1:200) for 1 h at room temperature. The
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sections were washed again and incubated with DAPI (1 mg/ml,
1:300) for 8 min at room temperature. Finally, sections were
washed and blocked with fluorescence decay-resistant medium
for 1 min at room temperature. Sections were observed using
a fluorescence microscope (x200; Olympus BX53; Olympus
Corporation). Data were quantified using Image J 1.37v
(National Institutes of Health), and the results were statisti-
cally analyzed using SPSS 25.0 (IBM Corp).

Statistical analysis. The data are expressed as the mean =+ stan-
dard deviation. The LIS, lung W/D weight ratio, IL-6, HPA, HS,
SDC-1, TAT and PAI-1 data were normally distributed, so statis-
tical comparisons were determined using a one-way ANOVA,
followed by the Student-Newman-Keuls (SNK) test for multiple
group comparison. The TNF-a, F1+2 and AT data were nonnor-
mally distributed, so statistical comparisons were determined
using a Kruskal-Wallis test along with Bonferroni correction.
The associations between inflammation parameters, glyco-
calyx degradation products, and coagulation parameters were
determined using a Spearman rank correlation test. Statistical
analyses was conducted using SPSS v.25.0 (IBM Corp). P<0.05
was considered to indicate a statistically significant difference.

Results

Preconditioning with heparin attenuated LPS-induced lung
injury. The primary organ affected during sepsis is the lung (14).
Previous studies have demonstrated that UFH and NAH may
decrease the severity of sepsis-associated acute lung injury and
lethality in LPS-induced mice (17,19,22). Therefore, pulmonary
histopathology was examined using hematoxylin and eosin
staining and lung injury score to assess the protective effect of
UFH and NAH (Fig. 1A and B). The lung tissues in the LPS group
were characterized by alveolar capillary barrier integrity, alveolar
epithelial injury, interstitial infiltration by neutrophils, alveolar
edema, and fibrin deposition. However, LPS-induced histopatho-
logical changes were significantly alleviated by preconditioning
with UFH and NAH following LPS stimulation, which was indi-
cated by decreased neutrophil infiltration and protein leakage and
the improved integrity of alveolar capillary barrier.

Pulmonary edema is one of the primary features of acute
respiratory distress syndrome (ARDS) (14). In the present
study, lung W/D weight ratios were used to independently
evaluate LPS-induced changes in pulmonary vascular perme-
ability to water. A period of 6 h after LPS injection, the lung
W/D ratio was significantly decreased compared with the
control group. Preconditioning with UFH or NAH inhibited
this increase in the lung W/D ratio compared with the LPS
group (Fig. 1C). These results demonstrated that UFH and
NAH demonstrated a protective effect on LPS-induced acute
lung injury in rats.

Plasma inflammatory cytokines, HPA activity, glycocalyx
components and coagulation/fibrinolysis markers in rats
with LPS-induced sepsis. In the LPS group, the concentra-
tion of TNF-a was increased significantly from 2 to 6 h.
The IL-6 level markedly increased from 0.5 to 2 h and then
decreased slowly (Fig. 2A and C). HPA activity (Fig. 3A)
and HS levels (Fig. 4A) increased slowly from 0.5 to 2 h, and
then increased markedly from 2 to 6 h. The plasma level of
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Figure 1. Effect of heparin on histopathologic changes and lung W/D ratio in LPS-induced lung injury. Sprague-Dawley male rats were injected i.v. with UFH
(100 U/kg) or NAH (1 mg/kg) and subsequently treated with LPS (10 mg/kg; 1 ml/kg of body weight; i.v.). Rats in the control group were injected i.v. with
an equal volume of NS. A total of 6 h following LPS injection, the lung histopathologic changes were observed using (A) hematoxylin and eosin staining
(n=6 rats/group; magnification, x200; scale bar, 50 ym). (B) Lung tissues from each experimental group were processed and the lung injury score was
used for histological evaluation. (C) The lung W/D ratios in each treatment group were quantified. Data are presented as mean + standard deviation from 3
independent experiments. "P<0.05 vs. the control group; “P<0.05 vs. the LPS 6 h group. Statistical comparisons were determined using a one-way analysis of
variance followed by the Student-Newman-Keuls test for multiple group comparisons. W/D, wet/dry; LPS, lipopolysaccharide; UFH, unfractionated heparin;

NAH, N-acetylheparin; NS, normal saline; i.v., intravenous.

SDC-1 (Fig. 4C) increased sharply at 2 h and subsequently
decreased slowly. The F1+2 level increased significantly from
2 to 6 h (Fig. 5A). Additionally, TAT level increased mark-
edly at 0.5 h and subsequently decreased significantly and
progressively decreased from 2 to 6 h (Fig. 5C). The level of
AT gradually decreased, and PAI level gradually increased
from 0.5 to 6 h (Fig. 6A and C). In the present study, glyco-
calyx components (HS and SDC-1) and HPA activity were
positively correlated with inflammatory cytokines (TNF-a
and IL-6) and coagulation/fibrinolysis markers (F1+2 and
PAI-1), and were negatively correlated with AT anticoagulant
protein (Table I).

Effect of heparin on plasma of inflammatory cytokines in rats
with LPS-induced sepsis. Preconditioning rats with UFH or
NAH decreased LPS-induced TNF-a and IL-6 expression
levels after 2 and 6 h. The effect of UFH on TNF-a levels was
improved compared with that of NAH (Fig. 2B and D).

Effect of heparin on HPA activity and endothelial glycocalyx
integrity in an LPS-induced sepsis rat model. Compared
with the control group, HPA activity in the LPS group was
significantly increased, whereas preconditioning with UFH or
NAH inhibited HPA activity compared with the LPS group
(Fig. 3B). The integrity of endothelial glycocalyx was indi-
cated by plasma HS and SDC-1 levels, and the expression of
HS and SDC-1 in the pulmonary vascular endothelial cells.
Preconditioning with UFH or NAH significantly suppressed
the shedding of HS and SDC-1 and decreased the plasma
levels of HS and SDC-1 in rats with sepsis. No statistically

significant difference was observed between the UFH + LPS
and NAH + LPS groups (Fig. 4B and D).

Effect of heparin on coagulation/fibrinolysis markers in
rats with LPS-induced sepsis. The levels of F1+2 and TAT
were markedly increased in the LPS group compared with
the control group. UFH and NAH treatment also decreased
LPS-induced F1+2 levels in the plasma at 2 and 6 h. UFH
treatment decreased LPS-induced TAT deposition in the
plasma of sepsis rat models at 6 h. Preconditioning with NAH
decreased TAT level compared with the LPS group. However,
the effect was not statistically significant. No statistically
significant difference was observed between the UFH + LPS
and NAH + LPS groups (Fig. 5B and D). Preconditioning with
UFH increased the AT level compared with the LPS group
and NAH + LPS group. Preconditioning with NAH increased
the AT level compared with the LPS group. However, the
effect was not statistically significant. Preconditioning with
UFH or NAH decreased the PAI-1 level compared with the
LPS group at 6 h after LPS injection, and there was no statis-
tically significant difference observed between the UFH +
LPS and NAH + LPS groups (Fig. 6B and D).

Effect of heparinon APTT, PT and FIB level in an LPS-induced
sepsis rat model. The APTT was 20.1 sec (mean) in the
control animals and was significantly increased to 60.9 sec
(mean) 6 h after the LPS injection. Preconditioning with
UFH significantly inhibited the LPS-induced prolongation
of the APTT to 49.6 sec (mean) at 6 h. Preconditioning with
NAH inhibited the LPS-induced prolongation of the APPT to
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Figure 2. Effect of heparin on inflammatory cytokines in plasma of rats with LPS-induced sepsis. (A) TNF-a and (C) IL-6 were assessed using an ELISA
at 0.5, 2 and 6 h after LPS injection, respectively. Effect of UFH or NAH on levels of (B) TNF-a and (D) IL-6 in plasma at 2 and 6 h after LPS injection.
Data are presented as mean + standard deviation. There were 6 animals in each group at 0.5, 2 and 6 h. "P<0.05 vs. the control group; “P<0.05 vs. the LPS
group; 'P<0.05 vs. the NAH + LPS group. The TNF-a data were analyzed using a Kruskal-Wallis test followed by a pairwise comparisons test. The IL-6
data were analyzed using a one-way analysis of variance followed by a Student-Newman-Keuls test for multiple group comparisons. LPS, lipopolysaccharide;
TNF-a, tumor necrosis factor-a; IL, interleukin; UFH, unfractionated heparin; NAH, N-acetylheparin.
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Figure 3. Effect of heparin on heparanase activity in rats with LPS-induced sepsis. (A) Heparanase activity was determined using an ELISA at 0.5, 2 and
6 h after LPS injection. (B) Effect of UFH or NAH on heparanase activity in plasma at 2 and 6 h after LPS injection. Data are presented as mean + standard
deviation. There were 6 animals in each group at 0.5,2 and 6 h. "P<0.05 vs. the control group; “P<0.05 vs. the LPS group. The HPA data were analyzed using
a one-way analysis of variance, followed by a Student-Newman-Keuls test for multiple group comparisons. LPS, lipopolysaccharide; UFH, unfractionated

heparin; NAH, N-acetylheparin.

55.6 sec (mean) at 6 h. However, the effect was not statistically
significant (Table II).

The PT was 15.8 sec (mean) in the control animals and
was significantly increased to 18.3 sec (mean) 6 h following
the LPS injection. Preconditioning with UFH or NAH did not
affect the PT (Table II).

LPS injection decreased the plasma fibrinogen level,
which decreased to 54% of the normal level after 6 h.
Preconditioning with UFH or NAH significantly inhibited the
LPS-induced decrease in plasma fibrinogen level. However,

the effect was not statistically significant between the two
groups (Table II).

Discussion

Sepsis is a systemic inflammatory response syndrome that
is caused by infectious agents. A large number of mediators
can lead to the activation of the coagulation system and the
inhibition of anticoagulant mechanisms and fibrinolysis.
Additionally, the coagulation system may in turn affect the
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Figure 4. Effect of heparin on endothelial glycocalyx degradation products in an LPS-induced sepsis rat model. (A) HS and (C) SDC-1 in plasma was
determined using an ELISA at 0.5, 2 and 6 h after LPS injection. Effect of UFH or NAH on (B) HS and (D) SDC-1 in plasma at 2 and 6 h after LPS injection.
The distribution of (E) HS (red) and (F) SDC-1 (red) in rat lungs was assessed using staining with specific antibodies. Endothelial cell marker of pulmonary
vascular was assessed using BDCA-3 (green) staining (magnification, x200; scale bar, 50 ym). (G) Fluorescence intensity analyses of the images presented
in (E). (H) Fluorescence intensity analyses of the images presented in (F). Data are presented as mean + standard deviation for 3 independent experiments.
“P<0.05 vs. the control group; “P<0.05 vs. the LPS group. The HS and SDC-1 data were determined using a one-way analysis of variance followed by
a Student-Newman-Keuls test for multiple group comparisons. LPS, lipopolysaccharide; HS, heparan sulphate; SDC-1, syndecan-1; UFH, unfractionated

heparin; NAH, N-acetylheparin; BDCA-3, thrombomodulin.

inflammatory response (3,4). In the present study, in rats with
LPS-induced sepsis, plasma inflammation cytokines indicated
a positive correlation with coagulation parameters. Previous
studies have demonstrated that heparin decreased the levels
of the inflammatory cytokines TNF-a, IL-6, IL-8 and IL-1p
in an LPS-induced sepsis model (15,19,22). Similar results
were indicated in the present study, which demonstrated that
preconditioning with NAH or UFH inhibited the LPS-induced
cytokines of TNF-a and IL-6. The results also indicated that
UFH was more effective compared with NAH, and this may
be due to an increased level of coagulation activation, contrib-
uting to an increase in the level of inflammation.

The glycocalyx is a negatively charged network that is
composed of core proteins and side chains that modulate
the microvascular environment, coagulation, thrombosis and

vascular permeability (23). Edema and increased vascular
permeability are the major characteristics of ARDS, which is
a common manifestation of sepsis-associated organ dysfunc-
tion (24,25). The results of the present study demonstrated
that UFH and NAH significantly alleviated lung edema and
decreased the shedding of HS and SDC-1. Wildhagen er al (17)
and Li et al (19) demonstrated that UFH and NAH may alle-
viate LPS induced lung pathological changes and lung edema
through downregulating the NF-«B signaling pathway and
binding histones. These results were consistent with those of
previous studies (17,19), which demonstrated that UFH and
NAH attenuated LPS-induced acute lung injury in rats. HPA
is an endo-B-glucuronidase that is involved in the cleavage
of heparan sulfate side chains, and serves an important role
in inflammation and mediates acute pulmonary and renal



EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 913-922, 2020 919

A 15001 B 15001
E 10007 T 10001
) E)
& £
S_l o
X 500 + 500
R i
0 T + . r 0 L ER
A
S e v ¢ &
Q* 00
CcC 3 D 5

TAT (ng/ml)
%) &~ N
TAT (ng/ml)
(RN

>
> > bv ‘\“0
Q- 00
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presented as mean + standard deviation. There were 6 animals in each group at 0.5, 2 and 6 h. “P<0.05 vs. the control group; “P<0.05 vs. the LPS group. The F1+2
data were analyzed using a Kruskal-Wallis test along with Bonferroni correction. The TAT data were analyzed using a one-way analysis of variance followed
by a Student-Newman-Keuls test for multiple group comparisons. LPS, lipopolysaccharide; F1+2, prothrombin fragment 1+2; TAT, thrombin-antithrombin
complex; UFH, unfractionated heparin; NAH, N-acetylheparin.
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Figure 6. Effect of heparin on anti-coagulation and fibrinolysis parameters in an LPS-induced sepsis rat model. (A) AT and (C) PAI-1 were determined using an
ELISA at 0.5, 2 and 6 h after LPS injection, respectively. Effect of UFH or NAH on (B) AT and (D) PAI-1 in plasma at 2 and 6 h after LPS injection. Data are
presented as mean + standard deviation. There were 6 animals in each group at 0.5, 2 and 6 h, respectively. “P<0.05 vs. the control group; “P<0.05 vs. the LPS
group. The AT data were analyzed using a Kruskal-Wallis test along with Bonferroni correction. The PAI-1 data were analyzed using a one-way analysis of
variance followed by a Student-Newman-Keuls test for multiple group comparisons. LPS, lipopolysaccharide; AT, antithrombin; PAI-1, plasminogen activator
inhibitor-1; UFH, unfractionated heparin; NAH, N-acetylheparin.
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Table I. Correlations between glycocalyx components and inflammatory cytokines and coagulation/fibrinolysis markers.

HPA HS SDC-1
rho P-value rho P-value rho P-value

Inflammatory cytokines

TNF-a 0.94 <0.001 0.95 <0.001 047 0.066

IL-6 0.83 <0.001 047 0.066 0.72 0.002
Coagulation/fibrinolysis markers

F1+2 0.92 <0.001 0.88 <0.001 045 0.08

TAT 0.238 0.374 0.28 0.284 0.61 0.012

AT -0.847 <0.001 -0.78 <0.001 -0.447 0.083

PAI-1 0918 <0.001 0.79 <0.001 0.294 0.269

HPA, heparanase; HS, heparan sulfate; SDC-1, syndecan-1; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; F1+2, prothrombin frag-

ment 142; TAT, thrombin-antithrombin complex; AT, antithrombin; PAI-1, plasminogen activator inhibitor-1. Correlations between HPA, HS,
SDC-1 and TNF-a, IL-6, F1+2, TAT, AT-III and PAI-1 were assessed by using the Spearman rank test.

Table II. Effect of UFH or NAH on APTT, PT and FIB level in
LPS-induced sepsis rat model.

Group APTT, sec PT, sec FIB levels, g/l
Control 20.5+14 15.6+0.4 2.5+0.11
LPS 6h 60.9+5.8% 18.3+1.9 1.3+0.23*
UFH + LPS 49 .6+4 .6°¢ 18.3x1.0 1.9+0.34°
NAH + LPS 55.6£5.9 18.7x1.2 1.7+£0.24°

Data are presented as mean + standard deviation. There were 6 animals
in each group. *P<0.05 vs. the control group; °P<0.05 vs. the LPS 6 h
group; ‘P<0.05 vs. the NAH + LPS group. A Kruskal-Wallis test along
with Bonferroni correction was used for data that were nonnormally
distributed. LPS, lipopolysaccharide; UFH, Unfractionated heparin;
NAH, N-acetylheparin; APTT, activated partial thromboplastin time;
PT, prothrombin time; FIB, fibrinogen.

injuries during sepsis (14,26). Heparan sulfates are the most
common endothelial cell surface GAG, comprising 50-90%
of the GAG pool. Schmidt ef al (14) revealed that HPA inhi-
bition prevented LPS-associated glycocalyx shedding and
neutrophil adhesion and attenuated sepsis-induced acute lung
injury, and these data support the results of the present study.
Therefore, UFH and NAH may decrease shedding of HS due
to the inhibition of HPA activity. Syndecans serve important
regulatory roles in a number of biological processes, including
inflammation, calcium metabolism and wound healing, and
the shedding of syndecans is regulated by matrix metallopro-
teinases (MMPs) (27). Circulating levels of SDC-1 have been
indicated to represent the extent of endothelial damage and
glycocalyx degradation. A marked correlation was observed
between the levels of IL-6 and SDC-1 in the sepsis and surgery
groups of a previous study (28). In the present study, glycocalyx
degradation products in plasma revealed a positive correlation
with inflammatory factors, and the protective effects of UFH
and NAH were observed on SDC-1 shedding. This protective
effect may be due to the anti-inflammatory effects of UFH or

NAH and the subsequent inhibition MMPs activity. However,
the specific mechanisms governing this are yet to be deter-
mined.

During sepsis, pathogenic agents and inflammatory mediators
regulate coagulation through at least 3 simultaneous pathways:
The activation of pro-coagulation pathways, the downregulation
of physiological anticoagulant production and the inhibition of
fibrinolysis (29). F142 and TAT are regarded as the sensitive indi-
cators of thrombin generation (6). Consistent with previous studies,
an immediate increase in F1+2, TAT, APTT, PT and PAI-1, and
a decrease in levels of AT and FIB were observed in rat plasma
following LPS administration in the present study. Additionally,
preconditioning with UFH was indicated to decrease the levels of
F1+2, TAT and APTT and increase the levels of FIB and AT in
plasma. UFH has been indicated to exert an anticoagulant effect by
binding to the lysine site on AT, which is also modulated by plate-
lets, fibrin, thrombin, factors Xa,IXa, XIa and XIIa and TF (30,31).
Tipoe (8) demonstrated that high levels of PAI-1 may predict an
adverse outcome in severe sepsis, and suppressed fibrinolysis has
been suggested to be one the most important predictors of multiple
organ dysfunction during DIC. The results of the present study
identified that preconditioning UFH attenuated the level of PAI-1.
However, NAH does not contain a binding site for AT, but may
improve the coagulopathy in LPS-induced sepsis. This result may
be attributed to NAH inhibiting of HPA activity and decreasing the
loss of glycocalyx. Sieve et al (12) indicated that HPA upregulated
the expression of blood coagulation initiator TF in endothelial
and tumor cells, resulting in increased cell surface coagulation
activity. Vascular endothelial glycocalyx includes anticoagulant
heparan sulfate, which is a small subpopulation (0.5-10%) of HS
and contains a specific pentasaccharide motif with high affinity
for plasma AT. Molecules of heparan sulfate combined with AT
have been demonstrated to prevent microvascular thrombosis
and contribute to the maintenance of microvascular patency (32).
Vink et al (33) indicated that the specific disruption of glycocalyx
promoted thrombin generation and platelet adhesion within a short
time period. Chappell et al (34) indicated that protection of the
endothelial glycocalyx decreased platelet adhesion in an isch-
emia/reperfusion pig model. Ikeda et al (35) revealed that SDC-1



EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 913-922, 2020

levels were associated with the severity of illness and mortality
and with DIC development in sepsis. These results support the
suggestion that glycocalyx damage may aggravate coagulation
disorder, and the inhibition of glycocalyx shedding may further
improve coagulation.

No specific pharmacotherapy is available for septic coagu-
lopathy, the efficacy of heparin for sepsis has not been well
established, and the use of heparin for sepsis may increase
hemorrhage. The present study indicated that NAH protected
the vascular endothelial glycocalyx and concomitantly
improved partial coagulation disorders. These results suggest
that the inhibition of glycocalyx shedding may be used for
improving coagulation disorders in sepsis. However, the present
study lacks direct evidence to identify the effect of the destruc-
tion of glycocalyx induced by HPA on coagulation function.
Additionally, the present study observed the sepsis model over
a short time period of 6 h. Therefore, future studies should
investigate the effects of glycocalyx components on the coagu-
lation/fibrinolytic system, and this will aid in the determination
of the pathogenesis of coagulation dysfunction in sepsis.

In conclusion, the results of the present study demonstrated
that UFH and NAH alleviated coagulopathy and glycocalyx
loss, and that glycocalyx component (HS and SDC-1) levels
were significantly correlated with coagulation/fibrinolysis
markers in LPS-induced sepsis. These results indicated that
NAH treatment may alleviate coagulation disorders through
the inhibition of HPA activity and protection of the integrity
of the glycocalyx. It may be hypothesized that the degradation
of endothelial glycocalyx may be one of the important causes
of coagulation dysfunction in sepsis.
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