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ABSTRACT—Myocardial injury in sepsis may be caused by a burst of several inflammatory mediators, leading to vascular

endothelial injuries. However, the contribution of neutrophil elastase (NE) to myocardial injury in sepsis is still unknown. We

aimed to evaluate whether endotoxemia-induced myocardial injury is associated with NE. Lipopolysaccharide (LPS) was

injected intraperitoneally at a dose of 20 mg/kg into granulocyte-colony-stimulating-factor knockout mice (G-CSF-KO), which

have few neutrophils, and littermate control mice. The survival rate of G-CSF-KO mice 48 hours after LPS injection was

significantly greater than that of control mice. The serum level of troponin I in G-CSF-KO mice was significantly lower than

that in control mice. In addition, the concentration of inflammatory cytokine interleukin-6 (IL-6) was significantly decreased 6

and 12 hours after LPS administration compared with that in control mice. Ultrastructural analysis revealed that vascular

endothelial structures and the endothelial glycocalyx in G-CSF-KO mice were clearly preserved. Next, mice were injected

with 0.2 mg/kg sivelestat (an NE inhibitor) after LPS administration. The survival rate was significantly higher and the serum

level of troponin I was lower in sivelestat-injected mice than in control mice, respectively. Furthermore, IL-6 levels were

significantly decreased 6 and 12 hours after LPS administration compared with those in control mice. Vascular endothelial

structures and the endothelial glycocalyx in sivelestat-treated mice were clearly preserved at the ultrastructural level. In

conclusion, NE is significantly associated with myocardial injury in endotoxemia. Inhibition of NE may be a useful tool for the

management of endotoxemia.

KEYWORDS—Endothelial cell, myocardial injury, ultrastructure, vascular endothelial injury
INTRODUCTION

Despite the recent advances in intensive care practices, the

mortality rate because of sepsis is still approximately 50% (1).

Organ failure, including myocardial dysfunction, is among the

diagnostic criteria of sepsis (2, 3). Myocardial injury is thought
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to be one of the critical factors affecting sepsis prognosis. In

fact, septic myocardial injury and troponin elevation often

occur in patients with sepsis (4). Microcirculatory obstacles

in the myocardium are caused by narrowing of cardiac muscle

cells and edema of the capillary wall and capillary lumen (5).

These findings suggest that septic myocardial injury is caused

by microvascular injury.

In terms of pathophysiology, multiple organ failure is caused

by microvascular endothelial injury. Glycocalyx is a sugar-

protein that coats all healthy vascular endothelial tissue (6–8)

and plays an important role in microvascular and endothelial

physiology (9–13). In clinical syndromes of systemic inflam-

mation, such as sepsis, major surgery, trauma, ischemia/reper-

fusion, and prolonged hyperglycemia, diffuse and persistent

alterations of glycocalyx are linked to widespread endothelial

dysfunction, altered permeability, and impaired oxygen and

nutrient delivery to cells (9, 14–16). There is experimental

evidence that the thickness and stiffness of endothelial glyco-

calyx are reduced by lipopolysaccharide (LPS)-induced cyto-

kines (17–20).
ed reproduction of this article is prohibited.

mailto:hideshi@gifu-u.ac.jp
http://www.shockjournal.com/


SHOCK SEPTEMBER 2020 NEUTROPHIL ELASTASE AND MYOCARDIAL INJURY IN ENDOTOXAEMIA 387
Neutrophils are considered to play a pivotal role in aggrava-

tion of acute respiratory distress syndrome (ARDS); neutrophil

activation and transmigration are hallmark events in the pro-

gression of this disease (21). In addition, neutrophil elastase

(NE), which is necessary for effective sterilization of phago-

cytized bacterial and fungal pathogens (22–24), increases

alveolocapillary permeability, induces the production of pro-

inflammatory cytokines, and enhances neutrophil migration

(11, 25, 26). However, to the best of our knowledge, no previous

studies have investigated whether neutrophils and NE injure the

myocardial endothelial glycocalyx under septic conditions. The

aim of this study was to assess whether septic myocardial injury

results from changes in glycocalyx structure caused by neu-

trophils and NE.
MATERIALS AND METHODS

In-vivo animal studies

This study conformed with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH publication,
8th Edition, 2011) and was approved by the Institutional Animal Research
Committee of Gifu University (H30-190, Gifu, Japan). Male granulocyte-
colony stimulating factor (G-CSF)-deficient mice (B6; 129P2-Csf3tm1Ard/
J) were purchased from Jackson Laboratory (Bar Harbor, ME) and bred as
described previously (27). G-CSF genotypes have been previously described
(27, 28). G-CSF induces the appearance of colonies containing only gran-
ulocytes. G-CSF knockout (G-CSF-KO) mice show chronic neutropenia,
granulocyte and macrophage progenitor cell deficiencies, and impaired
neutrophil mobilization (27). Although approximately 50% of G-CSF-KO
mice die in utero, the surviving mice grow to adulthood (27). As the control,
wild-type littermate mice were used. After 16 hours starvation, 9 to 12-week-
old male mice were given 20 mg/kg LPS (Sigma Aldrich, St. Louis, MO)
intraperitoneally. To assess whether neutrophils cause endothelial injuries in
endotoxemia, the NE inhibitor sivelestat was injected intraperitoneally at 3,
6, 9, and 12 hours after LPS administration. The mice were also injected with
0.05 mg/kg buprenorphine subcutaneously after LPS injection. For the
control mice, isotonic saline was injected in the same manner. Forty-eight
hours after LPS administration, the survival rate was determined. Perfusion
fixation and blood sampling from the ophthalmic artery were performed
under anesthesia (intraperitoneal mixture of medetomidine hydrochloride
0.3 mg/kg, midazolam 4 mg/kg, and butorphanol tartrate 5 mg/kg). The
anesthesia was deemed sufficient if the corneal and hind-paw withdrawal
reflex were absent. Then, mice were euthanized by exsanguination from the
ophthalmic artery until the lighting reflex was lost before heart specimens
were obtained.

Flow cytometry analysis of peripheral neutrophils

Before and at 6 hours after LPS administration, blood samples were col-
lected in the same manner. Samples were prepared as previously described (29).

Cells were stained with the following antibodies (BioLegend, San Diego,
CA) for 5 minutes at room temperature: antimouse CD45-PerCP (clone: 30-
F11), antimouse CD11b-PE (clone: M1/70), antimouse Ly6G-FITC (clone:
1A8), and antimouse F4/80-Alexa Fluor1 647 (clone: BM8). Neutrophils were
defined as the CD45þ, CD11bþ, Ly6Gþ, and F4/80� white blood cell
population. Flow cytometry was performed on a BD FACSCalibur flow
cytometer (BD Biosciences, Franklin Lakes, NJ), and data were analyzed using
FlowJo software (FlowJo, LLC, Ashland, OR).

Measurement of serum troponin I levels

Serum concentrations of cardiac troponin I were measured 48 hours after
LPS injection using a Troponin-I, Mouse Cardiac, ELISA Kit (CTNI-1-HS, Life
Diagnostics, Inc., West Chester, PA).

Histological analysis

All surviving mice were euthanized, and their hearts were removed. The
excised hearts were cut into 2 transverse slices. The basal specimens were fixed
in 10% buffered formalin and embedded in paraffin, after which 4-mm-thick
sections were stained with hematoxylin–eosin.
Copyright © 2020 by the Shock Society. Unauthorize
Quantitative assessment of the interstitial area

The area of the interstitial space was quantitatively assessed in ten randomly
chosen high-power fields of each hematoxylin–eosin-stained heart specimen
using ImageJ software (NIH, Bethesda, MD).

Electron microscopy

Endothelial glycocalyx was detected using electron microscopy as described
previously (17–19). To prepare samples for transmission electron microscopy
(TEM), each specimen was embedded in epoxy resin. Ultrathin sections
(90 nm), stained with uranyl acetate and lead citrate, were then examined using
TEM (HT-7700, Hitachi High-Technologies GLOBAL, Tokyo, Japan). For
standard electron microscopy, 2.5% glutaraldehyde in 0.1 mol/l phosphate
buffer (pH 7.4) without lanthanum nitrate was used as the fixative.

Scoring of lectin-staining intensity

For quantitative analysis of glycocalyx injury, scoring of wheat germ
agglutinin (WGA)-staining intensity was performed using a fluorescence
microscope (BZ-X810, Keyence, Osaka, Japan) and ImageJ software. After
deparaffinization, 4-mm-thick sections were cut and incubated with WGA
biotin conjugate (BK-1000, Vector Laboratories, Burlingame, CA). The target
proteins were visualized using Alexa Fluor 568 biotinylated secondary anti-
bodies (Invitrogen, Waltham, MA). The intensity of WGA expression was
scored manually in 10 high-power fields per sample (n¼ 6 per sample), in the
focal plane.

Measurement of neutrophil elastase and interleukin-6 in
serum

Following LPS administration, blood samples were collected from the
maxillary artery, allowed to clot at room temperature for 2 hours, and centri-
fuged at 2000� g at 4 8C for 20 minutes. The supernatant was collected; this
serum was used for measuring NE and IL-6 levels, using ELISA Quantitation
Kits for mouse NE (E-EL-M0444, Elabscience, Houston, TX) and IL-6 (cat no.
M6000B, R&D Systems, Inc., Minneapolis, MN).

Statistical analysis

Data are presented as means�SEM. Student’s 2-tailed t-test was used for
comparing 2 groups, and survival data were analyzed using the log-rank test.
Differences were considered statistically significant at P< 0.05. All calcula-
tions were performed using Prism (GraphPad, La Jolla, CA).
RESULTS

Profile of granulocyte-colony-stimulating-factor knockout
mice

ELISA analysis revealed a G-CSF deficiency in the serum of

G-CSF-KO mice (Fig. 1A), confirming the original report (27).

Peripheral neutrophil counts obtained using flow cytometry

analysis were significantly lower in G-CSF-KO than in wild-

type mice before LPS injection (Fig. 1B).

Granulocyte-colony-stimulating-factor knockout mice in
mice with experimental endotoxemia

The survival rate 48 hours after LPS administration was

significantly higher (P< 0.05) among G-CSF-KO mice (24

of 30 mice; 80%) than among control mice (6 of 35 mice; 17%)

(Fig. 1C).

In wild-type mice, serum NE concentration peaked 6 hours

after LPS administration and then decreased gradually. Con-

versely, serum NE was lower before LPS injection and at 6 and

12 hours after LPS injection, in G-CSF-KO mice than in wild-

type mice (Fig. 2A). In addition, 48 hours after LPS adminis-

tration, peripheral neutrophil counts were markedly lower in

G-CSF-KO than in wild-type mice, as they were before LPS

administration (Fig. 2B).
d reproduction of this article is prohibited.
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FIG. 1. Profiles of G-CSF-KO mice. (A) Serum G-CSF concentration: In G-CSF-KO mice (n¼8), serum G-CSF concentration was significantly lower than in
wild-type mice (n¼8). *P<0.05 versus wild type. (B) Neutrophil numbers in peripheral blood: in G-CSF-KO mice (n¼6), there were significantly fewer neutrophils
than in wild-type mice (n¼6). *P<0.05 versus wild type. (C) Survival rate after LPS administration: The survival rate after LPS administration was significantly
higher in the G-CSF-KO mice (24 of 30 mice; 80%) than in the wild-type mice (6 of 35 mice; 17%). *P<0.05 versus wild type.

FIG. 2. Profiles of G-CSF-KO mice after LPS administration. (A) The time course of serum neutrophil elastase (NE) concentration after LPS
administration. The NE concentration in G-CSF-KO mice (n¼6 at each time point) was significantly lower than in wild-type mice (n¼6 at each time point),
both before and after LPS administration. *P<0.05 versus wild type, at the same time point. (B) Neutrophil numbers in peripheral blood 48 hours after LPS
administration: In G-CSF-KO mice (n¼6), neutrophils were significantly less abundant than in the wild-type mice (n¼6). *P<0.05 versus wild type. (C) Serum
troponin I concentration: Troponin I concentration was significantly lower in the G-SCFKO mice (n¼6) than in the wild-type mice (n¼6). *P<0.05 versus wild type.
(D) The ultrastructure of cardiomyocyte injury in wild-type mice 48 hours after LPS administration. The right panel is the expanded image of the white square in the
left panel. There are necrotic cardiomyocytes between healthy cells.

388 SHOCK VOL. 54, No. 3 FUKUTA ET AL.
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In the wild-type sham mice, serum IL-6 levels reached

106.2� 26.1 ng/ml 6 hours after LPS injection and

257.2� 43.4 ng/ml 12 hours after injection (see figure, Supple-

mental Digital Content 1, http://links.lww.com/SHK/A988).

Serum IL-6 levels returned to baseline by 48 hours after LPS

injection. In G-CSF-KO mice, the IL-6 concentration was sig-

nificantly decreased 6 and 12 hours after LPS administration

compared with that in wild-type mice (41.6� 6.2 ng/ml and

47.9� 8.6 ng/ml, respectively). Moreover, in G-CSF-KO mice,

neutrophil infiltration was significantly decreased compared with

that in wild-type mice after LPS injection (see figure, Supple-

mental Digital Content 2, http://links.lww.com/SHK/A989).

The serum level of troponin I, a cardiac injury marker, in the

G-CSF-KO group was lower than that in the control

(0.9� 0.2 ng/dl versus 5.3� 0.7 ng/dl, P< 0.05, Fig. 2C).

Necrotic cardiomyocytes were found among healthy cells in

wild-type mouse hearts 48 hours after LPS administration

(Fig. 2D).

Endothelial injury was attenuated in granulocyte-colony-
stimulating-factor knockout mice

Lectin binds with glycoprotein within endothelial glycoca-

lyx, and it has been reported that WGA allows good visualiza-

tion of endothelial glycocalyx (30). Therefore, to quantitatively

assess endothelial glycocalyx injury, we measured the intensity

of WGA staining, because the endothelial glycocalyx is com-

posed of several substances.

Using immunofluorescence microscopy, we showed that

endothelial glycocalyx existed on the surface of capillaries

(Fig. 3A). In wild-type mice, WGA intensity was lower fol-

lowing LPS administration than it was before administration

(Fig. 3B). After LPS injection, WGA intensity was greater in G-

CSF-KO mice than in wild-type mice. These results suggest

that injury to endothelial glycocalyx in heart capillaries was

attenuated in G-CSF-KO mice.

In wild-type mice, the percent of interstitial area was signif-

icantly increased under endotoxemic conditions compared with

that before LPS administration. The percent area was signifi-

cantly decreased in G-CSF-KO mice compared with that in

wild-type mice in endotoxemia (see figure, Supplemental

Digital Content 3, http://links.lww.com/SHK/A990).
Copyright © 2020 by the Shock Society. Unauthorize

FIG. 3. WGA intensity score measurement. (A) Lectin, a glycocalyx-binding
positive glycocalyx. Bars: 50 mm. (B) WGA intensity of wild-type and G-CSF-KO m
injected wild-type mice, þP<0.05 versus LPS-injected wild-type mice.
Ultrastructure of endothelial injury under endotoxemia

Although it is convenient to visualize endothelial glycocalyx

using lectin, it was impossible to confirm the structure of

endothelial glycocalyx. Therefore, electron microscopy analy-

sis was performed using both conventional and lanthanum

staining for glycocalyx visualization.

Capillaries in the heart are classified as being continuous.

Conventional SEM examination of the lumenal side of the

cardiac capillary endothelium showed intracellular tight junc-

tions but no transcellular perforations; endothelial glycocalyx

was also undetectable in both wild-type and G-CSF-KO mice

under normal conditions (Fig. 4A and B). Although intracellu-

lar tight junctions were not detected in the wild-type group

under endotoxemia, endothelial injury was not detected in

G-CSF-KO mice under endotoxemia (Fig. 4C and D).

Lanthanum nitrate staining revealed moss-like or broccoli-

like structures on the endothelial cells, which we suspected

were endothelial glycocalyx (Fig. 4E–H). Endothelial glyco-

calyx covered the surface of endothelial cells of both wild-type

and G-CSF-KO mice under normal conditions (Fig. 4E and F).

Although endothelial glycocalyx was severely injured in the

wild-type group after LPS administration, the endothelial

glycocalyx structure was substantially maintained in G-CSF-

KO mice after LPS administration (Fig. 4G and H).

In the wild-type mice, conventional TEM revealed that the

capillary wall became edematous after LPS administration

(Fig. 4I and K). Conversely, edema after LPS administration

was attenuated in G-CSF-KO mice (Fig. 4G and L).

Bush-like structures were observed on the surface of the

endothelial cells of both wild-type and G-CSF-KO mouse

hearts (Fig. 4M and N). After LPS injection, vascular endothe-

lial glycocalyx structure was less injured in G-CSF-KO mice

than in wild-type mice (Fig. 4O and P). These results were

consistent with the immunofluorescence results (Fig. 3).

Neutrophil elastase inhibitor in endotoxemia-induced
cardiac injury

To demonstrate the contribution of NE to septic cardiac

injury, 0.2 mg/kg sivelestat, an NE inhibitor, was injected

intraperitoneally into mice at 3, 6, 9, and 12 hours after LPS

administration. At 48 hours after LPS treatment, the survival
d reproduction of this article is prohibited.

glycoprotein, stained by wheat germ agglutinin (WGA). Arrows indicate lectin-
ouse hearts with and without LPS administration. *P<0.05 versus non-LPS
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FIG. 4. Ultrastructure of cardiac capillaries in G-CSF-KO mouse hearts after LPS administration. (A–H) Scanning electron microscope and (I–P)
transmission electron microscope images of cardiac capillaries: (A–D, I–L) the images without lanthanum nitrate; endothelial glycocalyx was not detected (E–H,
M–P). The endothelial glycocalyx was detected using lanthanum nitrate staining. The endothelial glycocalyx formed a continuous structure before LPS
administration (E, F, M, and N). Under endotoxemic conditions, the endothelial glycocalyx degraded and separated from endothelial cells. In G-CSF-KO mice, the
endothelial glycocalyx maintained a continuous structure on the vascular endothelium (P). White arrows indicate endothelial glycocalyx on the endothelium. Black
circle indicates residue of endothelial glycocalyx. Bars: 2 mm.
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rate was significantly higher (P< 0.05) among sivelestat-

injected mice (81%, 21/26) than among control mice (22%,

6/27) (Fig. 5A). In sivelestat-treated mice, IL-6 levels were

significantly decreased to 53.8� 22.1 ng/ml at 6 hours after

LPS administration and 73.3� 9.4 ng/ml at 12 hours after

injection compared with those in isotonic saline-treated mice

(116.4� 22.1 ng/ml and 235.8� 73.3 ng/ml, respectively) (see

figure, Supplemental Digital Content 4, http://links.lww.com/

SHK/A991). Moreover, in sivelestat-treated mice, neutrophil

infiltration was significantly decreased compared with that in

isotonic saline-treated mice after LPS injection (see figure,

Supplemental Digital Content 5, http://links.lww.com/SHK/

A992).

At 24 hours after LPS administration, serum NE concentra-

tion was significantly lower (P< 0.05) in sivelestat-treated

mice than in isotonic saline-treated wild-type mice

(Fig. 5B). There was no significant difference in neutrophil

number between isotonic saline and sivelestat-treated mice

(Fig. 5C). In addition, 48 hours after LPS administration, the

serum level of troponin I in the sivelestat-treated group was

lower than that in isotonic saline-treated mice (1.6� 0.2 ng/dl

versus 5.5� 0.8 ng/dl, P< 0.05, Fig. 5D).

Next, quantitative assessment of endothelial glycocalyx

injury was performed to obtain WGA intensity scores. WGA
Copyright © 2020 by the Shock Society. Unauthoriz
intensity was higher in the sivelestat-treated group than in the

isotonic saline-treated group (Fig. 5E and F). These results

suggested that endothelial glycocalyx injury after LPS injection

was attenuated in sivelestat-treated hearts. The percent of

interstitial area was significantly decreased in the sivelestat-

treated group compared with that in the isotonic saline-treated

group (see figure, Supplemental Digital Content 6, http://link-

s.lww.com/SHK/A993).

Ultrastructural analysis revealed that vascular endothelial

glycocalyx structure after LPS injection was less injured in

sivelestat-treated mice, whereas it was severely injured in

isotonic saline-treated mice (Fig. 6). These results suggested

that NE plays an important role in microvascular injury in

endotoxemia-induced cardiac injury.
DISCUSSION

We demonstrated that septic myocardial injury after LPS

administration was attenuated in G-CSF-KO mice. Specifically,

we showed that the endothelial glycocalyx structure became

detached from the capillary lumen under septic conditions

induced by LPS injection; and septic myocardial injury was

ameliorated in G-CSF-KO mice and in NE inhibitor-treated

mice under septic conditions. Neutrophils, therefore, play an
ed reproduction of this article is prohibited.
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FIG. 5. Effect of sivelestat treatment after LPS administration. (A) Survival rate after LPS administration: The survival rate after LPS administration was
significantly higher in the sivelestat-treated mice (81%, 21/26) than in isotonic saline-treated mice (22%, 6/27). *P<0.05 versus isotonic saline-treated mice. (B)
The time course of serum neutrophil elastase (NE) concentration after LPS administration: In sivelestat-treated mice, NE concentration 24 hours after LPS
administration was significantly lower than in isotonic saline-treated mice. *P<0.05 versus isotonic saline-treated mice at the same time point. (C) Neutrophil
numbers in the peripheral blood 48 hours after LPS administration: There were no significant differences in neutrophil number between sivelestat-treated mice and
isotonic saline-treated mice (n¼6 each). (D) Serum troponin I concentration: Troponin I concentration was significantly lower in the sivelestat-treated mice (n¼6)
than in isotonic saline-treated mice (n¼6). *P<0.05 versus isotonic saline-treated mice. (E) Lectin, a glycocalyx-binding glycoprotein, stained by wheat germ
agglutinin (WGA). Arrows indicate lectin-positive glycocalyx. Bars: 50 mm. (F) The WGA intensity score of isotonic saline-treated and sivelestat-treated mouse
hearts 48 hours after LPS administration (n¼6 each). *P<0.05 versus isotonic saline-treated mice.
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important role in septic myocardial injury, and inhibition of NE

offers a potential novel means to protect endothelial glycocalyx

structure from injury.

Mechanisms of septic myocardial injuries

We found necrotic cardiomyocytes among healthy cells; this

finding suggests that septic myocardial injury might result from

small impairments of microvascular perfusion. Microvascular

injury has several causes, including activation of coagulation,

cytokine release, regional ischemia, endothelin upregulation,

and impaired coronary microcirculation (31). It has been

reported that sepsis causes the mitochondrial ultrastructure

to collapse, and in its early stages, increases the blood flow

to the myocardium (5).

Several inflammatory cytokines, including tumor necrosis

factor alpha (TNF-a) and interleukin 1-beta (IL-1b), are

secreted in the early stage of sepsis, mainly from macrophages

(32). Previous reports indicate that TNF-a and IL-1b cause

septic shock, inducing high cardiac output and low systemic

vascular resistance (33, 34). It has also been reported that

cardiac function is directly impaired by TNF-a (35–37). This

is consistent with the finding that, in granulocyte macrophage-

colony stimulating factor-deficient mice, the survival rate under

sepsis was significantly better than that in wild-type mice (38).

However, the contribution of neutrophils to septic myocardial

injury has been unclear. G-CSF-deficient mice are viable,

fertile, and superficially healthy, but have chronic neutropenia

(27). Collectively, these results suggest that inhibition of NE
Copyright © 2020 by the Shock Society. Unauthorize
attenuates endothelial injury under endotoxemia and simulta-

neously inhibits myocardial injuries.

Neutrophil elastase and endothelial glycocalyx

In healthy vessels, the vascular endothelial glycocalyx cov-

ers the endothelial surface and plays an important role in

vascular homeostasis (9–13). Under sepsis, the endothelial

glycocalyx becomes detached from the capillary vessel wall

in the capillaries of several organs (17–19). Proteases and

reactive oxygen species derived from neutrophils cause ARDS.

NE is one of the most destructive proteases, and it contributes to

causing ARDS. NE breaks down the extracellular matrix of

elastin, collagen, and proteoglycan; NE is thought to cause

ARDS by breaking down the tissue inhibitors of metallopro-

teinases (endogenous inhibitors of the matrix metalloproteases)

and inducing the production of inflammatory cytokines such as

IL-8 (39). The components of glycocalyx include cell-bound

proteoglycans, glycosaminoglycan side chains, and sialopro-

teins (16, 40, 41). Therefore, it is considered that glycocalyx

constructed by proteoglycan is broken down by NE.

Sivelestat forms an acylated complex with NE at its center

and inhibits the enzymatic activity of NE; it is, therefore,

referred to as an acylated inhibitor (42). It is known that

sivelestat ameliorates multiple-organ failure, including lung

failure, under sepsis (43).

The present study shows that septic myocardial injury was

attenuated not only in G-CSF-KO mice but also in NE inhibitor-

treated mice, via inhibition of endothelial glycocalyx injury.
d reproduction of this article is prohibited.



FIG. 6. Ultrastructure of cardiac capillaries in sivelestat-treated mouse hearts after LPS administration. (A–D) Scanning electron microscope and
(E–H) transmission electron microscope images of cardiac capillaries: (A, B, E, and F) The images without lanthanum nitrate. Endothelial glycocalyx was not
detected. (C, D, G, and H) Endothelial glycocalyx was detected using lanthanum nitrate staining. In sivelestat-treated mice, the endothelial glycocalyx maintained a
continuous structure on the vascular endothelium compared with that in isotonic saline-administered mice (C, D, G, and H). White arrows indicate endothelial
glycocalyx on the endothelium. Black circle indicates residue of endothelial glycocalyx. Bars: 2 mm.
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However, in a previous clinical study, intravenous sivelestat had

no effect on all-cause mortality or ventilator-free days in

patients with heterogeneous acute lung injury (44). One of

the reasons for this may be that inhibition of NE affects the

ability of neutrophils to penetrate the tissues. If sivelestat can be

delivered specifically to the place of injury via new drug

delivery systems, sivelestat may be an effective treatment

against sepsis. Furthermore, this study revealed that sivelestat

decreased neutrophil infiltration in the heart. These results

indicate that both NE inhibitor and G-CSF-KO-inhibited acti-

vation of neutrophils after LPS injection and that the inhibition

of neutrophil activation and possibly NE, rather than NE alone,

might play an important role in the beneficial effects of NE

inhibitor and G-CSF-KO.

Sepsis is an extremely complicated disease, compared with

simple endotoxemia in an experimental model. In the present

study, our intention was to focus on the role of neutrophils in
Copyright © 2020 by the Shock Society. Unauthoriz
endotoxemia. Therefore, we used the mouse model of endo-

toxemia induced by LPS. Although LPS-injected mice are

useful experimental endotoxemia models, they are not infected

with the sepsis-causing pathogenic bacteria. Therefore, our

study does not accurately reflect clinical conditions. However,

the present study showed that neutrophils caused myocardial

damage under endotoxemia. On the other hand, IL-6, one of the

markers of systemic inflammation, was ameliorated in G-CSF-

KO mice and sivelestat-treated mice under endotoxemia, which

suggested that inhibition of systemic inflammation may be an

important contributor to the protective effects of G-CSF-KO

and NE inhibitor. Nonetheless, it remains unknown whether

these effects were direct or indirect.

Using G-CSF-KO mice and by pharmacological intervention

with NE inhibitor, the present study revealed that the endothe-

lial glycocalyx in the heart is injured to develop endotoxemia-

induced myocardial injury, which is pathogenetically
ed reproduction of this article is prohibited.
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associated with neutrophils and NE. Inhibition of NE may thus

offer a potential means to attenuate endotoxemic myocardial

injury through preservation of endothelial glycocalyx.
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