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Recombinant thrombomodulin

and recombinant antithrombin attenuate
pulmonary endothelial glycocalyx
degradation and neutrophil extracellular trap
formation in ventilator-induced lung injury
in the context of endotoxemia

Kenichiro Kikuchi', Satoshi Kazuma?®" and Michiaki Yamakage'

Abstract

Background Vascular endothelial damage is involved in the development and exacerbation of ventilator-induced
lung injury (VILI). Pulmonary endothelial glycocalyx and neutrophil extracellular traps (NETs) are endothelial protective
and damaging factors, respectively; however, their dynamics in VILI and the effects of recombinant thrombomodulin
and antithrombin on these dynamics remain unclear. We hypothesized that glycocalyx degradation and NETs are
induced by VILI and suppressed by recombinant thrombomodulin, recombinant antithrombin, or their combination.

Methods VILI was induced in male C57BL/6J mice by intraperitoneal lipopolysaccharide injection (20 mg/kg) and
high tidal volume ventilation (20 mL/kg). In the intervention groups, recombinant thrombomodulin, recombinant
antithrombin, or their combination was administered at the start of mechanical ventilation. Glycocalyx degradation
was quantified by measuring serum syndecan-1, fluorescence-labeled lectin intensity, and glycocalyx-occupied
area in the pulmonary vascular lumen. Double-stranded DNA in the bronchoalveolar fluid and fluorescent areas of
citrullinated histone H3 and myeloperoxidase were quantified as NET formation.

Results Serum syndecan-1 increased, and lectin fluorescence intensity decreased in VILI. Electron microscopy
revealed decreases in glycocalyx-occupied areas within pulmonary microvessels in VILI. Double-stranded DNA levels
in the bronchoalveolar lavage fluid and the fluorescent area of citrullinated histone H3 and myeloperoxidase in lung
tissues increased in VILI. Recombinant thrombomodulin, recombinant antithrombin, and their combination reduced
glycocalyx injury and NET marker levels. There was little difference in glycocalyx injury and NET makers between the
intervention groups.
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Conclusion VILI induced glycocalyx degradation and NET formation. Recombinant thrombomodulin and
recombinant antithrombin attenuated glycocalyx degradation and NETs in our VILI model. The effect of their
combination did not differ from that of either drug alone. Recombinant thrombomodulin and antithrombin have the

potential to be therapeutic agents for biotrauma in VILI.

Keywords Biotrauma, Glycocalyx, Neutrophil extracellular traps, Recombinant antithrombin, Recombinant

thrombomodulin, Ventilator-induced lung injury

Background

Mechanical ventilation can cause ventilator-induced lung
injury (VILI) [1] in patients with acute respiratory dis-
tress syndrome (ARDS). Mechanical stress on alveoli and
inflammatory mediators released by activated neutro-
phils impair vascular endothelial function [2]. Impaired
pulmonary vascular endothelial integrity mediates the
pathogenesis and exacerbation of lung injury and causes
remote-organ damage (biotrauma) [3].

The elucidation of the mechanisms of pulmonary vas-
cular endothelial cell injury could help to clarify VILI
pathogenesis. However, few reports have described the
role of the endothelial glycocalyx (eGCX) in VILI eGCX,
present on vascular endothelial cells, regulates vascu-
lar permeability, anticoagulation, and leukocyte adhe-
sion [4]. Neutrophil extracellular traps (NETs), released
by activated neutrophils, have been implicated in VILI
[5]. Clinical and in vivo studies have reported that NETs
induce eGCX shedding from the vascular endothelium,
and NETs have been implicated in the loss of normal vas-
cular endothelial function through exposure and activa-
tion of endothelial cells [6—8]. eGCX and NETs could be
therapeutic targets for alleviating biotrauma in VILIL

Recombinant thrombomodulin (rTM) and recombi-
nant antithrombin (rAT) are used in clinical practice for
the treatment of disseminated intravascular coagulation
and have been reported as potential therapeutic agents
for eGCX- and NET-targeted treatment [9-12]. rTM
mitigates eGCX injury through its anti-inflammatory
effects and upregulates eGCX synthesis [9]. rAT inhib-
its NET release through histone degradation, suppresses
neutrophil activation and migration [13, 14], and dimin-
ishes eGCX injury through its anti-inflammatory effects
and vascular endothelial repair capability [10]. rAT inhib-
its NET release by suppressing neutrophil activation [15]
and accelerates NET clearance by directly binding to
NETs [16].

The use of rTM, rAT, or their combination for VILI,
targeting eGCX and NET kinetics, has not been reported.
In this study, we focused on the dynamics of eGCX and
NETs in VILIL, with r'TM, rAT, or their combination as
interventions. We hypothesized that high tidal volume
ventilation (HTV) with lipopolysaccharide would induce
VILIL, eGCX degradation, and NET formation. We also
hypothesized that prophylactic administration of rTM,

rAT, or their combination would alleviate lung injury,
eGCX degradation, and NET formation in VILIL.

Methods

Animals

All experiments were performed on 8-12-week-old
male C57BL/6] mice. Mice were maintained on a 12-h
light/12-h dark cycle with free access to food and water
in a temperature- and humidity-controlled environment
(at 23 °C£3 °C and 55% + 20%).

Experimental groups

The mice were randomized into seven experimental
groups (N=6/group; Fig. 1): the control group included
mice breathing spontaneously for 4 h; the lipopolysac-
charide (LPS) group included mice receiving an intra-
peritoneal injection of LPS (20 mg/kg) derived from
Escherichia coli O55:B5 (Sigma-Aldrich, St. Louis, MO,
USA) and breathing spontaneously for 4 h; the mice in
the remaining groups received an intraperitoneal injec-
tion of 20 mg/kg LPS and were mechanically ventilated
for 4 h, i.e., the low tidal volume ventilation (LTV) and
high tidal volume ventilation (HTV) groups were sub-
jected to low (tidal volume: 6 mL/kg, respiratory rate:
140/min) and high (tidal volume: 20 mL/kg; respiratory
rate: 70/min) tidal volume ventilation, respectively. The
LTV group was established to evaluate the possible effect
of mechanical ventilation on lung injury, inflammation,
glycocalyx, and NETs. The rTM, rAT, and rTMAT groups
received HTV and intraperitoneal injections of 30 mg/
kg rTM, 750 IU/kg rAT, and both, respectively. LPS was
diluted in a total volume of 100 pL phosphate-buffered
saline (PBS); rTM and rTA were diluted in a total vol-
ume of 100 pL saline. The control group received the
same volume of PBS as the LPS group. The LPS, LTV, and
HTV groups received the same volumes of saline instead
of r'TM and rAT. The rTM group received the same vol-
ume of saline. The rAT group received an equal volume
of saline instead of rTM.

Experimental protocol

After mice were anesthetized with an intraperitoneal
injection containing 0.3 mg/kg medetomidine hydro-
chloride (Nippon Zenyaku Kogyo Co., Ltd., Fukushima,
Japan), 4 mg/kg midazolam (Astellas Pharma Inc., Tokyo,
Japan), and 5 mg/kg butorphanol tartrate (Meiji Seika
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Fig. 1 Experimental timeline for each group. The control and LPS groups breathed spontaneously, whereas the other groups were mechanically venti-
lated for 4 h. The LTV group was mechanically ventilated with a tidal volume of 6 mL/kg and a respiratory rate of 140/min. The HTV, rTM, rAT, and rTMAT
groups were mechanically ventilated with tidal volume of 20 mL/kg and respiratory rate of 70/min. LPS (20 mg/kg) was administered immediately after
the initiation of mechanical ventilation. rTM and/or rAT were administered immediately after LPS injection. PBS = phosphate-buffered saline; TV =tidal
volume; LPS =lipopolysaccharide; rTM =recombinant thrombomodulin; rAT =recombinant antithrombin; LTV =low tidal volume ventilation; HTV=high

tidal volume ventilation

Pharma Co. Ltd., Tokyo, Japan) [17], tracheostomies
were performed. Mechanical ventilation using the R415
VentStar Small Animal Ventilator (RWD Life Science
Co., Shenzhen, China) was started immediately after
a 20-gauge plastic cannula (TERUMO, Tokyo, Japan)
was inserted into the trachea. The trachea was ligated
using a 4—0 nylon thread to prevent gas leakage. Muscle
relaxation was achieved by intraperitoneal rocuronium

injection (4 mg/kg; MSD Co., Tokyo, Japan), and sub-
cutaneously administered acetate Ringer’s solution (0.5
mL) was used as the resuscitation fluid. Mechanical ven-
tilation was maintained for 4 h using a inspiratory oxy-
gen fraction of 0.3 in a volume-controlled mode in HTV
and LTV; the ventilator was set to a tidal volume of 20
mL/kg body weight, frequency 70/min, and positive end-
expiratory pressure 0 cm H,O and 6 mL/kg, frequency
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140/min, and positive end-expiratory pressure 0 cm
H,O, respectively. PEEP was set to O to exclude the effect
of PEEP differences on the lungs and to investigate the
effect of tidal volume on VILI The respiratory rate was
set to avoid excessive hyper- or hypocapnia in both low
tidal ventilation and high tidal ventilation. Our prelimi-
nary study showed that after 4-h mechanical ventilation,
respiratory rate settings resulted in partial pressures of
carbon dioxide of 40-50 mmHg. An alveolar recruit-
ment maneuver (5-s of inspiratory pressure held at 30
c¢cmH,0) was performed every 60 min. The temperature
of all mice was maintained at 36.5 °C+0.5 °C using a ther-
mal blanket (BWT-100 A; Bio Research Center Co. Ltd.,
Nagoya, Japan). At the end of the protocol, blood samples
were collected from the left ventricle, and bronchoalveo-
lar lavage fluid (BALF) was obtained from the left lung.
Whole blood was allowed to clot for 2 h at room tem-
perature of 22°C-25°C and then centrifuged at 2,000 x
g for 20 min at 4°C. The supernatant was collected and
stored at —80°C for further experiments. BALF was cen-
trifuged at 500 X g for 5 min at 4°C and stored at —80°C
until analysis. After the mice were killed, their lungs were
extracted. No mice died during the 4 h of our experimen-
tal protocol in either group.

Systemic and pulmonary inflammation

Serum TNF-a and HMGB-1 levels were measured to
assess systemic inflammation, whereas TNF-a and
HMGB-1 levels in BALF, the number of inflamma-
tory cells in BALF, and the percentage of neutrophils in
BALF were measured to assess pulmonary inflamma-
tion. TNF-a (MTAOOB; R&D Systems, Minneapolis, MN,
USA) and HMGB-1 (Shino-test, Tokyo, Japan) [18] levels
in serum and BALF were measured using enzyme-linked
immunosorbent assay (ELISA) kits. After centrifugation,
cell pellets were resuspended in 0.5 mL PBS, and the total
number of cells in the BALF was measured using a cell
counter. Cytocentrifuge slides of BALF cells were fixed
in methanol and stained with Diff-Quick (Sysmex Co.,
Hyogo, Japan). Neutrophil percentage in BALF was cal-
culated as the percentage of neutrophils within approxi-
mately 300 granulocytes [19].

Pulmonary vascular permeability

Pulmonary vascular permeability was assessed using the
wet-to-dry ratio of the lung and albumin levels in the
BALE. Harvested lungs were weighed, and then each
sample was desiccated in a warm cabinet at 65 °C for 24 h
and reweighed. The wet-to-dry ratio of each sample was
calculated. BALF albumin levels were measured using
ELISA kits (E99-134; Bethyl Laboratories, Inc., Waltham,
MA, USA) [20].

Page 4 of 13

Lung histology

The left lung tissue was fixed in 10% formalin and
embedded in paraffin. Thereafter, 3-um-thick paraffin
sections were deparaffinized and rehydrated. Finally, the
slides were counterstained with hematoxylin and eosin.
The VILI score, a lung injury scoring system, was used to
assess the degree of lung injury, as previously described
with some modifications [21]. Five random representa-
tive images were selected from each lung (400x magni-
fication). In each representative image, 10 alveolar walls
were randomly selected to measure thickness. The num-
ber of inflammatory cells and degree of hemorrhage were
measured in each image. Alveolar wall thickness, inflam-
matory cell infiltration, and hemorrhage were graded
according to a five-point scale: 0, minimal damage; 1,
mild damage; 2, moderate damage; 3, severe damage; and
4, maximal damage. The degree of lung injury was quan-
titatively assessed by adding up scores, ranging from 0 to
12, for each image. The average score for each image was
compared between groups. All images of the hematoxy-
lin and eosin-stained sections were captured using an all-
in-one fluorescence microscope (BZ-X710; KEYENCE,
Osaka, Japan). The VILI scores were scored in a blinded
fashion.

Lung mechanics

Lung mechanics were assessed for each group by intra-
and intergroup comparisons of peak inspiratory pressure
(PIP) and dynamic lung compliance (DLP). PIP displayed
on the ventilator was recorded at the start of mechani-
cal ventilation; at 1 h, 2 h, and 3 h after the initiation of
ventilation; and at the end of mechanical ventilation. PIP
was recorded immediately after alveolar recruitment
maneuver at the start of mechanical ventilation and just
before alveolar recruitment maneuver at 1, 2, 3, and 4 h.
DLP was calculated as the ratio of the tidal volume to PIP
(tidal volume/PIP).

Glycocalyx degradation

Glycocalyx degradation was assessed using serum syn-
decan-1 levels, lung immunofluorescence staining
with lectin, and the occupied area of the glycocalyx of
microvessels was examined using transmission elec-
tron microscopy (TEM). Serum syndecan-1 levels were
measured using ELISA quantitation kits (860.090.192;
Diaclone SAS, Besancon, France) [22]. A portion of the
excised right lung was embedded in the OCT compound
(Sakura Finetek, Tokyo, Japan) and frozen at —80°C.
Next, 8-um-thick frozen lung sections were prepared
with a cryostat and incubated at room temperature for
1 h with DyLight594 Lycopersicon esculentum lectin
(1:100, DL-1177; Vector Laboratories, Burlingame, CA,
USA). Vector TrueVIEW (SP-8500, Vector Laborato-
ries) was used to remove unwanted autofluorescence in
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accordance with the manufacturer’s protocol. Lectin fluo-
rescence intensity was manually scored in 10 high-power
fields per sample using a fluorescence microscope and
Image] ver. 2.3.0 (National Institutes of Health, Bethesda,
MD, USA), as described previously [10].

Electron microscopy

After 4 h of the experimental protocol, the mice were
deeply anesthetized and perfused through a cannula
placed in the left ventricle at a steady rate of 1 mL/
min with a solution comprising 2% glutaraldehyde, 2%
sucrose, 0.1 M sodium cacodylate buffer, and 2% lantha-
num nitrate via a perfusion pump (TERUMO, Tokyo,
Japan). The lungs were harvested, and lung tissues were
processed for TEM, as previously reported [23]. The
eGCX occupation area on capillary lumens was mea-
sured in six randomly selected capillary vessels in TEM
images [24]. Lectin fluorescence intensity and glycocalyx-
occupied areas were scored in a blinded fashion.

Lung NET formation

Lung NETSs were quantified using BALF double-stranded
DNA (ds-DNA) levels and the percentage of citrul-
linated histone H3 and myeloperoxidase (MPO) fluo-
rescence area in immunofluorescence. BALF ds-DNA
levels were measured using a NanoDrop One spec-
trophotometer (13-400-518; Thermo Fisher Scientific,
Waltham, MA, USA). Harvested lungs were embedded
in OCT compound, frozen at —80°C, and cryosectioned
at 8 um. The sections were fixed with cold acetone for
15 min and blocked with 3% bovine serum albumin in
PBS for 1 h at a room temperature of 22°C-25°C. Lung
sections were incubated overnight at 4°C with rabbit
anti-mouse citrullinated histone H3 antibody (1:500,
ab5103, Abcam, Cambridge, UK) and goat anti-mouse
MPO antibody (1:100, AF3667, R&D Systems) as the
primary antibodies. After washing, sections were incu-
bated with Alexa 488-donkey anti-rabbit IgG (1:500,
ab150073; Abcam) and Alexa 594-donkey anti-goat IgG
(1:500, ab150132; Abcam) for 1 h at room temperature.
DNA was stained with VECTASHIELD Vibrance Anti-
fade Mounting Medium (H-1800; Vector Laboratories).
Images were captured using an all-in-one fluorescence
microscope (BZ-X710). From the respective lung sec-
tions, each comprising an area of approximately 1.6 mm?,
the percentages of citrullinated histone H3-positive and
MPO-positive areas in each field were calculated in two
randomly selected non-overlapping fields. The percent-
age of positive areas was averaged for each organ and
individual animal. Image analysis was performed using
Image]. NETs areas were scored in a blinded fashion.
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Statistical analyses

Sample sizes were calculated using G*power 3.1 (Hein-
rich-Heine-University, Diisseldorf, Germany) to detect
differences in serum syndecan-1 levels. The sample size
calculation was based on a comparison between VILI
and rTM. In our pilot study, we compared the serum
syndecan-1 levels between VILI (n=4) and rTM mice
(n=4). The serum syndecan-1 levels in the HTV and
r'TM groups were 5.8+2.2 (meantstandard deviation)
and 2.6+0.5 ng/mL, respectively. The effect size was
calculated to be 2.0. A sample size of 6 mice per group
was considered adequate based on our pilot study results
(a=0.05, 1-B=0.8, two-tailed, sample size ratio=1). All
data were tested for normal distribution using the Sha-
piro—Wilk test. One-way ANOVA was used to compare
groups, followed by the Tukey post-hoc test. PIP and
DLP at different time points were analyzed using two-
way ANOVA for repeated measures. Quantitative data
are presented as meantstandard error of the mean. All
calculations were performed using Prism 9 (GraphPad,
La Jolla, CA, USA). Statistical differences were consid-
ered significant at P<0.05.

Results

Effect of rTM and/or rAT on systemic inflammation in VILI
We investigated whether LPS administration and HTV
for 4 h induced systemic inflammation. Serum TNF-a
levels at 4 h after LPS administration increased approx-
imately 130-fold (P=0.90) and were even approxi-
mately 9-fold higher in the HTV group than in the LPS
group (P<0.0001). rTM, rAT, and rTMAT decreased
serum TNF-a levels by half (P<0.0001, P=0.0002, and
P=0.0007, respectively; Fig. 2A). Serum HMGB-1 lev-
els did not increase after 4 h of LPS administration
but increased 4-fold with LPS and HTV (P>0.99 and
P<0.0001, respectively). rTM, rAT, and rTMAT reduced
serum HMGB-1 levels (P<0.0001, P=0.0013, and
P=0.024, respectively; Fig. 2B).

Effect of rTM and/or rAT on pulmonary inflammation in VILI
BALF TNF-a levels increased approximately 150-fold
in the HTV group compared with those in the control
group (P<0.0001). rTM, rAT, and rTMAT reduced BALF
TNE-a levels by half, and a significant reduction was seen
in only the rTMAT group (P=0.07, P=0.06, and P=0.019,
respectively; Fig. 2C). Compared with the control group,
BALF HMGB-1 levels increased approximately 7-fold in
the HTV group (P=0.0001). BALF HMGB-1 levels were
reduced in the rTM, rAT, and rTMAT groups (P=0.013,
P=0.0017, and P=0.0031, respectively; Fig. 2D). The
number of inflammatory cells in BALF was 3.9-fold
higher in the HTV group than in the control group
(P<0.0001). The number of inflammatory cells decreased
in the r'TM, rAT, and rTMAT groups compared with that
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Fig. 2 Systemic and pulmonary inflammation. A and B) Serum TNF-a (N=>5-6) and HMGB-1 levels (N=6) after 4 h of mechanical ventilation or spon-
taneous breathing. C) BALF TNF-a levels (N=5-6). D) BALF HMGB-1 levels (N=6). E) Total inflammatory cell counts in BALF (N=6). F) The percentage of
neutrophils in BALF (N=6). ns=not significant. *P<0.05, **P < 0.01, ***P<0.001, ****P < 0.0001. BALF =bronchoalveolar lavage fluid

in the HTV group (P=0.0029, P<0.0001, and P<0.0001,
respectively; Fig. 2E). The percentage of neutrophils was
5.5% £ 0.78%, 23.0% + 3.6%, and 29.9% + 4.2% in the con-
trol, LPS, and HT'V groups, respectively (P=0.0006, con-
trol vs. LPS group; P<0.0001, control vs. HTV group).
The percentage of neutrophils significantly decreased fol-
lowing rTM, rAT, and rTMAT administration (P=0.0003,
P=0.0008, and P=0.0013, respectively; Fig. 2F). No sig-
nificant difference in the degree of systemic or pulmo-
nary inflammation was observed between the treatment
groups.

Effect of rTM and/or rAT on pulmonary vascular
permeability in VILI

Vascular hyperpermeability in the lungs increases pul-
monary water content and BALF albumin levels. Elevated
wet-to-dry ratio and BALF albumin levels represent pul-
monary vascular hyperpermeability. The wet-to-dry ratio
was higher in the HTV group than in the control and LPS
groups (P<0.0001 and P=0.0001, respectively). rTM,
rAT, and rTMAT significantly decreased the wet-to-dry

ratio (P=0.0052, P=0.0006, and P=0.0052, respectively;
Fig. 3A). BALF albumin levels were higher in the
HTYV group than in the control, LPS, and LTV groups
(P=0.0003, P=0.0001, and P=0.0008, respectively).
BALF albumin levels were significantly reduced in the
r'TMAT groups compared with those in the HTV group
(P=0.032; Fig. 3B).

Effect of rTM and/or rAT on lung histology in VILI

Alveolar wall thickening, neutrophil infiltration, and
hemorrhage were observed in the HTV group com-
pared with those in the control, LPS, and LTV groups
(Fig. 4A-D). The rTM, rAT, and rTMAT groups showed
less alveolar wall thickening, neutrophil infiltration, and
hemorrhage compared with the HTV group (Fig. 4E-G).
The VILI scores of the HTV group were significantly
higher than those of the control, LPS, and LTV groups
(P<0.0001 for all). VILI scores decreased in the rTM,
rAT, and rTMAT groups compared with those in the
HTYV group (P<0.0001 for all; Fig. 4H).
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Fig.3 Pulmonary vascular permeability. A) Lung wet-to-dry ratio (N=6). Lung wet-to-dry ratio was calculated as (wet weight — dry weight) / (dry weight)
of each sample. B) BALF albumin levels (N=6). ns=not significant. *P < 0.05, **P < 0.01, **P<0.001, ****P < 0.0001. BALF = bronchoalveolar lavage fluid

A Control B LPS (o] LTV D HTV

H Aedkeokok dkokk Akkkk

Adkokk sddkokok

157 stk dkkx

oo o

VILI score

Yiee

- H
e
L7 X9

Fig. 4 Lung histology in VILI. A-G) Representative images of hematoxylin-eosin staining of the lungs in each group. Alveolar wall thickening, neutro-
philic infiltration, and hemorrhage were observed in the LPS group (B) and were more severe in the HTV group (D). These features were reduced in the
ITM, rAT, and rTMAT groups (E-G). Scale bar =50 um. H) Quantitative analysis of lung injury was performed using VILI score (N=6). The degree of lung
injury was quantitatively assessed by adding up the scores, ranging from 0 (minimal damage) to 12 (maximal damage). *P<0.05, **P<0.01, ***P <0.001,
%P <0.0001. LPS=lipopolysaccharide; rTM=recombinant thrombomodulin; rAT=recombinant antithrombin; HTV=high tidal volume ventilation;
VILI=ventilator-induced lung injury

Effect of rTM and/or rAT on lung mechanics in VILI

Intra- and intergroup comparisons of hourly changes in PIP, except that the HTV group had higher PIP than
in PIP and DLP were performed. In all groups, PIP was the rTMAT group at the end of mechanical ventila-
lower at the start of mechanical ventilation than at any  tion (P=0.034; Fig. 5A). Intragroup comparison of DLP
other time point. There was no intergroup difference showed significantly higher DLP at the beginning of



Kikuchi et al. Respiratory Research (2024) 25:330
A
e X+
=
”
7]
[
1
Q.
[
% -~ HTV
= -
= rmM
g - AT
't“u -+ rTMAT
[
o T T T 1
1 2 3 4 h

Page 8 of 13

B
@ -
g 35 HTV
8 = TM
g'a 30 —— AT
8 1 ~+ rTMAT
2E 25
23
0 =3
e 20
£ #
S,
o 15 T T T 1

0 1 2 3 4 h

Fig. 5 Changes in peak inspiratory pressure and dynamic lung compliance. (A) Hourly changes in PIP from the start of mechanical ventilation to 4 h
(N=6). PIP at the end of mechanical ventilation was higher in the HTV group than in the rTMAT group (*P < 0.05). PIP at the beginning of mechanical ven-
tilation was lower than at any other time point in all groups. PIP at 4 h was higher than that at 1 h in the HTV group (*P<0.01). (B) Hourly changes in DLP
from the start of mechanical ventilation to 4 h (N=6). There was no difference in DLP between groups at any time point. DLP was higher at the beginning
of mechanical ventilation than at any other time point in all groups. DLP at 4 h was lower than that at 1 hin the HTV group (*P < 0.05). PIP = peak inspiratory

pressure; DLP =dynamic lung compliance; HTV=high tidal volume ventilation

mechanical ventilation in all groups than at any other
time point. In the HTV group, DLP at 4 h was lower than
that at 1 h (P=0.012). There was no significant intergroup
difference in DLP at any time point (Fig. 5B).

Effect of rTM and/or rAT on glycocalyx dynamics in VILI

Serum syndecan-1 levels were significantly higher in the
LPS group than in the control group (P<0.0001) and
even higher in the HTV group (P=0.031). rTM, rAT, and
r'TMAT reduced serum syndecan-1 levels (P<0.0001
for all; Fig. 6A). Lycopersicon esculentum lectin binds to
glycocalyx. The low immunofluorescence intensity of
the fluorescently labeled tomato lectin indicates a high
degree of glycocalyx injury. In the control group, a lectin
with high fluorescence intensity was observed through-
out the field. In the LPS and HTV groups, lectin fluo-
rescence significantly reduced throughout the field. The
fluorescence intensity was recovered in all treatment
groups (Fig. 6B). Quantitative evaluation of fluorescence
intensity showed that the fluorescence intensity of lectin
significantly decreased in the LPS and HTV groups com-
pared with that in the control group (P<0.0001 for both),
and the decrease in fluorescence intensity was reversed
by rTM, rAT, and rTMAT (P<0.0001 for all; Fig. 6C).
In TEM images, a continuous layer of glycocalyx was
observed in the lumen of vessels in the control group,
whereas a partial deviation of the glycocalyx layer into
the lumen of vessels and thinning of the glycocalyx layer
was observed in the LPS group; these were more severe
in the HTV group. The damaged glycocalyx aggregates
spherically and is released into the vessel lumen. Thera-
peutics prevented thinning and loss of the glycocalyx
layer (Fig. 6D). The occupied area of the glycocalyx in the
vascular lumen was significantly reduced in the LPS and
HTV groups compared with that in the control group

(P<0.0001 for both). LTV restored the glycocalyx layer
better than spontaneous breathing with LPS (P<0.0001).
The glycocalyx-occupied area was significantly increased
in the r'TM, rAT, and rTMAT groups compared with that
in the HT'V group (P<0.0001 for all; Fig. 6E).

Effect of rTM and/or rAT on NET formation in VILI

The ds-DNA is a component of NETs. Leakage of ds-
DNA into BALF suggests lung NET formation [5, 25].
BALF ds-DNA levels increased by LPS and further by
HTV (P=0.0027 and P=0.007, respectively). rAT and
rTMAT decreased BALF ds-DNA levels (P=0.0014
and P<0.0001, respectively; Fig. 7A). Colocalization of
citrullinated histone H3 and MPO indicated NET for-
mation and was rarely observed in the control, rTM,
rAT, and rTMAT groups. Slight colocalization was
observed in the LPS and LTV groups, and a significant
increase in colocalization was observed in the HTV
group (Fig. 7B). The percentage of citrullinated histone
H3-positive areas was greater in the HTV group than in
the control, LPS, and LTV groups (P<0.0001, P=0.0183,
and P<0.0001, respectively). rTM, rAT, and rTMAT
administration resulted in a smaller area of citrullinated
histone H3 (P=0.0002, P=0.0002, and P<0.0001, respec-
tively; Fig. 7C). The percentage of MPO-positive area
was greater in the HTV group than in the control, LPS,
and LTV groups (P<0.0001, P=0.0035, and P<0.0001,
respectively). MPO-positive areas were smaller in the
r'TM, rAT, and rTMAT groups than in the HTV group
(P<0.0001 for all; Fig. 7D).

Discussion

We showed that VILI was induced by LPS and HTV for
4 h, eGCX was injured, and NET formation was signifi-
cantly increased. We also showed that rTM, rAT, and
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Fig. 6 Degradation of the endothelial glycocalyx. (A) Serum syndecan-1 levels (N=6). (B) Representative images of fluorescent lectin staining of the lung
for each group. The lectin-bound glycocalyx is shown in red, and the DNA is shown in blue. Scale bar =50 um. (C) Lectin fluorescence intensity for each
group (N=5-6). (D) Representative images of the glycocalyx by transmission electron microscopy. A continuous glycocalyx layer was observed in the
control group. The glycocalyx was removed from the endothelium, and the glycocalyx layer was thin and disrupted in the LPS and HTV groups. Spherical
aggregation of the glycocalyx layer was observed in the HTV group. The deviation and thinning of the glycocalyx decreased in the rTM, rAT, and rTMAT
groups. Low and high magnification images for each group. Scale bar =1 um. (E) The percentage of glycocalyx area in the vascular lumen (N=4-6).
ns=not significant. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001. HTV=high tidal volume ventilation; LPS=lipopolysaccharide; rTM =recombinant
thrombomodulin; rAT =recombinant antithrombin
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Fig. 7 NET formation in VILI. (A) BALF ds-DNA levels (N=5-6).

B) Representative immunofluorescence images of NET formation in the lung. Citrullinated

histone H3 is shown in green (Clt H3), MPO in red, and DNA in b\ue (DAPI). There was extensive colocalization of citrullinated histone H3 and MPO in the
HTV group and weak colocalization in the LTV and LPS groups. Colocalization was significantly reduced in the rTM, rAT, and rTMAT groups compared with
that in the HTV group. Scale bar =50 um. C, D) The percentage of Cit-H3-positive (N=6) and MPO-positive (N=6) area. ns=not significant; Cit-H3 =citrul-
linated histone H3.*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. HTV=high tidal volume ventilation; LTV =low tidal volume ventilation; LPS=lipopoly-

saccharide; rTM =recombinant thrombomodulin; rAT =recombinant antithrombin

r'TMAT prevented eGCX injury and NET formation.
These results suggest that eGCX injury and NET forma-
tion play roles in biotrauma on VILI, and either or both
r'TM and rAT may serve as potential prophylactic agents
for this condition.

In our VILI model, systemic and pulmonary inflam-
mation increased, pulmonary vascular permeability
increased, and histological lung injury occurred (Figs. 2,
3 and 4). Previous studies have often included only HTV
to induce VILI This model has the advantage of study-
ing biological responses to invasive mechanical ventila-
tion but may not be suitable for studying NETs because
of low pulmonary neutrophil infiltration [5]. Our model

is suitable for studying NETs because neutrophil infiltra-
tion into the lungs increased (Figs. 2F and 4), and it is
similar to actual clinical practice because patients who
are mechanically ventilated often have underlying inflam-
matory diseases.

eGCX thickness is reduced in critically ill patients on
mechanical ventilation [26], and VILI increases inflam-
matory cytokines and oxidative stress [27].

Supraphysiological HTV induces the progression of
inflammation from the alveolar epithelium to the endo-
thelium. No study has investigated the relationship
between eGCX and VILI. We showed that the degree of
eGCX injury was significantly greater in the HTV group
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than in the control, LPS, and LTV groups (Fig. 6). This
result suggests that LPS-induced inflammation and sup-
raphysiological ventilation synergistically exacerbate
eGCX injury. Although there was no significant differ-
ence in histological injury between the LPS and LTV
groups, the LTV group tended to have less histologi-
cal lung injury than the LPS group (5.1+0.3 vs. 3.5+0.3,
P=0.12) (Fig. 4). A significant reduction in eGCX deg-
radation was observed in the LTV group compared to
the LPS group (Fig. 6). It is possible that physiological
disturbances such as hypoxia, acidosis, or shock were
induced by LPS administration, and these physiological
disturbances were partially prevented by low tidal vol-
ume mechanical ventilation. In the clinical setting, this
situation is explained by the fact that lung protective ven-
tilation could prevent physiological disturbances in septic
patients with hypoxia or shock.

Although NETs are useful for maintaining localized
infections, excessive NETs can lead to endothelial injury
and organ damage. NETs can cause eGCX injury and loss
of normal endothelial function through the direct effect
of MPO or histone-complexed DNA and the indirect
effect of increased inflammatory mediators or oxidative
stress [28, 29]. Previous reports showed that an increase
in NET formation by sterile inflammation, including
ischemia-reperfusion injury [11] or chemical burns [25],
was associated with disease exacerbation. The results that
NETs and lung injury increased in the HTV group sug-
gested that NETs may have contributed to VILI patho-
genesis (Figs. 4 and 7).

rTM and rAT significantly reduced eGCX injury, NET
formation, and lung injury in VILI (Figs. 4 and 6, and 7).
It is reported that r'TM reduces organ damage by main-
taining the expression of eGCX components and increas-
ing the expression of anti-inflammatory substances. rTM
effects on excessive NETs include the inhibition of his-
tone citrullination by binding to the Mac-1 receptor on
neutrophils [30], direct neutralization to histones and
HMGB-1 [31], and indirect effects by suppressing inflam-
matory cytokines. These effects reduce organ damage
and mortality. Increases in TNF-a and HMGB-1 levels
and neutrophil infiltration, which were rTM targets, were
observed in our study (Fig. 2). These results suggest that
rTM mitigates lung injury by suppressing eGCX injury
and NET formation. The effects of rAT on eGCX and
NETs were comparable to those of rTM in this study. A
previous study reported that rAT attenuated lung injury
and reduced eGCX injury by promoting DNA repair [10]
and NET formation by suppressing CXCL2 and HMGB-1
expression, inhibiting neutrophil accumulation [12].
From the results of this study and previous reports, rAT
could have suppressed eGCX injury and NETs by par-
tially similar and partially different mechanisms by rTM.
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The combination of rTM and rAT in our VILI model
effectively attenuated eGCX injury, NET formation
and lung injury; however, there was negligible differ-
ence between combination therapy and monotherapy.
No synergistic effects of monotherapy were observed in
combination therapy. Few studies have investigated the
combination therapy of rTM and rAT in vivo. A report
claimed that leukocyte adhesion to the endothelium and
HMGB-1 levels was significantly reduced by combination
therapy, whereas no difference in the markers of organ
damage was observed between monotherapy and combi-
nation therapy [32]. However, mortality was reduced by
combination therapy [33], or organ damage, histone H3
levels, and ds-DNA levels were reduced by combination
therapy [34]. In clinical trials, some reports showed no
difference in the treatment of septic disseminated intra-
vascular coagulation with the combination compared
with antithrombin alone [35], whereas others reported
that the combination improved patient prognosis [36].
In the present study, combination therapy did not differ
from monotherapy with respect to eGCX or lung injury.
Only BALF ds-DNA levels were lower in the rTMAT
group than in the rTM group (Fig. 7A); however, the area
of NETs was the same (Fig. 7B-D). The efficacy of mono-
therapy or combination therapy may vary depending on
disease severity, drug dosage, and timing of drug injec-
tion. These factors may explain the lack of significant dif-
ferences observed in this study.

This study has several limitations. First, using a sup-
raphysiological tidal volume (20 mL/kg) may not be
directly applicable to critically ill patients in clinical prac-
tice. There is a large heterogeneity of high tidal volume
in the VILI model, ranging from 12 to 47 mL/kg [37].
However, our model induced inflammatory responses
and lung injuries with a tidal volume of 20 mL/kg, indi-
cating certain quantifiable characteristics. Second, only
male mice were used in this study. Although the effect
of sex hormones on inflammation may have influenced
the results, it has been reported that there was little
sex-specific difference in the susceptibility to VILI [38].
Our model of VILI in male mice is considered appro-
priate for testing the hypothesis of this study. Third, we
did not assess parameters such as pH, partial pressure of
arterial oxygen, or lactate levels, which could impact the
results. Fourth, the efficacies of r'TM, rAT, and rTMAT
were primarily studied in models of sepsis [32-34],
ARDS [9, 10], or ischemia-reperfusion injury [11, 31], not
in models of VILI. Therefore, it was difficult to directly
apply these results to the VILI model. Conversely, sep-
sis and VILI share pathophysiological similarities in
terms of organ dysfunction syndrome and inflammation-
induced vascular endothelial injury. In our VILI model,
endothelial injury (eGCX injury and NET formation)
occurred. Given the effect of rTM, rAT, and rTMAT on
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vascular endothelial injury based on previous reports [9,
10, 32], they may also be effective in treating VILL. Our
results showed that rTM and/or rAT effectively reduced
biotrauma. Finally, while this study did not establish
a direct relationship between eGCX and NET forma-
tion, increased MPO and extracellular DNA, as well as
their reduction with therapeutics, indirectly suggests
that NETs induced by VILI interfere with eGCX. Future
research should investigate eGCX injury and NET for-
mation with varying tidal volumes and the therapeutic
effects of rTM or rAT to address these limitations. Addi-
tionally, a comprehensive evaluation of lung function in
VILI is warranted.

Conclusions

VILI was induced by HTV and LPS. eGCX was degraded,
and NET formation increased in VILI. r'TM and rAT par-
tially prevented systemic and pulmonary inflammation,
lung injury, eGCX degradation, and NET formation in
VILL. However, neither affected dynamic lung compli-
ance. There was no synergistic effect when using the rTM
and rAT combination compared to when rTM or rAT
was used alone.
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