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Sepsis-induced endothelial acute respiratory distress syndrome is related to microvascular endothelial
dysfunction caused by endothelial glycocalyx disruption. Recently, recombinant antithrombin (rAT) was
reported to protect the endothelial glycocalyx from septic vasculitis; however, the underlying mecha-
nism remains unknown. Here, we investigated the effect of rAT administration on vascular endothelial
injury under endotoxemia. Lipopolysaccharide (LPS; 20 mg/kg) was injected intraperitoneally into 10-
week-old male C57BL/6 mice, and saline or rAT was administered intraperitoneally at 3 and 24 hours
after LPS administration. Subsequently, serum and/or pulmonary tissues were examined for inflam-
mation and cell proliferation and differentiation by histologic, ultrastructural, and microarray analyses.
The survival rate was significantly higher in rAT-treated mice than in control mice 48 hours after LPS
injection (75% versus 20%; P < 0.05). Serum interleukin-1b was increased but to a lesser extent in
response to LPS injection in rAT-treated mice than in control mice. Lectin staining and ultrastructural
studies showed a notable attenuation of injury to the endothelial glycocalyx after rAT treatment.
Microarray analysis further showed an up-regulation of gene sets corresponding to DNA repair, such as
genes involved in DNA helicase activity, regulation of telomere maintenance, DNA-dependent ATPase
activity, and ciliary plasm, after rAT treatment. Thus, rAT treatment may promote DNA repair, attenuate
inflammation, and promote ciliogenesis, thereby attenuating the acute respiratory distress syndrome
caused by endothelial injury. (Am J Pathol 2021, 191: 1526e1536; https://doi.org/10.1016/
j.ajpath.2021.05.015)
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The diagnostic criteria for sepsis include organ failure
caused by several factors, including endothelial cell injury.1

Endothelial cells are coated by the vascular endothelial
glycocalyx present on the surface of endothelial cells, which
plays a pivotal role in the maintenance of vascular homeo-
stasis.2 In the healthy state, the glycocalyx is a critical
determinant of vascular permeability.3,4

Endothelial glycocalyx disruption causes injury to the
microcirculation system, which functions to maintain blood
flow and tissue perfusion, and thus, affects blood pressure and
responses to inflammation. Disruption of the endothelial
stigative Pathology. Published by Elsevier Inc
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glycocalyx is also associated with lung injury and neutrophil
adhesion during sepsis-induced acute respiratory distress
.
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Antithrombin Reduces Lung Injury
syndrome.5 Furthermore, lipopolysaccharide (LPS)-induced
degradation of the endothelial glycocalyx is causally associ-
atedwithmicrovascular endothelial dysfunction.6 Because an
intact glycocalyx potentially protects against endothelial
disorders,7e10 protection of the endothelial glycocalyx could
represent a novel therapeutic strategy to prevent the endo-
thelial injuryeinduced organ failure that occurs during sepsis.
However, thus far, no clinical strategies have been established
for treating sepsis through endothelial glycocalyx protection.
Although corticosteroids11 and heparinoids12 have been
suggested to protect the endothelial glycocalyx, definitive
evidence of the clinical utility of these compounds for the
treatment of sepsis is lacking.

Antithrombin (AT)da small protein molecule that in-
activates several enzymes of the coagulation systemdis a
physiological serine-protease inhibitor that plays a crucial role
in blood coagulation.13 AT inhibits the interaction between
thrombin and activated coagulation factors and has been re-
ported to account for 75% to 80% of the inhibitory activity
directed toward thrombin.14 Similarly, AT binds to heparin
sulfate on endothelial cells and to syndecan-4 on neutrophils
to subsequently attenuate inflammation by more than 120% of
the level activated by LPS.15 AT also has been reported to
attenuate endothelial glycocalyx injury caused by LPS
administration,16 and a nonfucosylated recombinant AT (rAT)
was found to maintain vascular structure.17 However, the
mechanisms underlying these effects are unknown. Therefore,
our aim was to assess the state of the pulmonary endothelial
glycocalyx after LPS injection in rAT-treated mice.

Materials and Methods

In Vivo Animal Studies

The present study conformed to the NIH’s Guide for the Care
and Use of Laboratory Animals and was approved by the
Institutional Animal Research Committee of Gifu University
(30-190, Gifu, Japan).18 Ten-week-old, male C57BL/6 mice
were obtained from Chubu Kagaku Shizai, Co., Ltd. (Nagoya,
Japan). After a 16-hour starvation period, the mice were
injected intraperitoneally with LPS (20 mg/kg; Milli-
poreSigma, Burlington, MA) and with rAT (750 IU/kg;
Kyowa Kirin, Co., Ltd., Tokyo, Japan) for certain assays at 3
and 24 hours after LPS injection. The survival rate was
evaluated every 12 hours after LPS administration; the mice
that survived were euthanized, and lung specimens were ob-
tained. There was no significant difference in the survival rate
between male and female mice in a preliminary study.
Therefore, male mice were used for this experiment.

Serum Preparation for Enzyme-Linked Immunosorbent
Assay

Blood samples were prepared as described previously.19

Serum was collected to quantify IL-1b and IL-6 concen-
trations using Enzyme-Linked Immunosorbent Assay
The American Journal of Pathology - ajp.amjpathol.org
Quantitation Kits for mouse IL-1b (MLB00C; R&D Sys-
tems, Minneapolis, MN), and mouse IL-6 (M6000B; R&D
Systems), respectively.

Histopathologic Examination

The clinical scoring of lung was performed as described
previously.19,20 These experiments were performed in a
blinded manner to avoid bias (H.Okad., H.T, and T.T.).

Scoring of Lectin-Staining Intensity

For the quantitative analysis of glycocalyx injury, scoring of
wheat germ agglutinin (WGA) (B-1025-5; Vector Labora-
tories, Burlingame, CA) staining intensity was performed
using a confocal fluorescence microscope (BZ-X810; Key-
ence, Osaka, Japan) and ImageJ software version 1.51j8 (NIH,
Bethesda, MD; http://imagej.nih.gov/ij) as described
previously.19 WGA (100 mL), which allows good visualiza-
tion of the endothelial glycocalyx,21 was injected into the
jugular vein 10 minutes before sacrifice. The lung of each
mouse was embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek, Tokyo, Japan) and frozen with liquid nitro-
gen. The frozen blocks were stored at �80�C. Sections of
frozen tissues (5- to 7-mm thick) were prepared with a cryo-
stat. The intensity of WGA was scored manually in 10 high-
power fields per sample (nZ 6 per sample) in the focal plane.

Immunohistochemistry

Deparaffinized sections (4-mm thick) were incubated with
primary antibodies against Ki-67 (ab16667; Abcam, Cam-
bridge, UK), the endothelial cell marker thrombomodulin
(ab6980; Abcam), proliferating cell nuclear antigen (PCNA)
(M0879; Dako, Santa Clara, CA), phosphorylated g-H2A.X
(S139. ab11174; Abcam), and ARL13B (17711-1-AP;
Proteintech, Rosemond, IL). The localization of the target
proteins was visualized using the VECTASTAIN Elite ABC
system (Vector Laboratories) or Alexa Fluor 488e/
568econjugated secondary antibodies (Invitrogen, Carls-
bad, CA); Hoechst staining was used to visualize nuclei.

Electron Microscopy

Electron microscopic analysis of the endothelial glycocalyx
was performed as described previously.22 Because it is
difficult to distinguish between the glycocalyx and
nonspecific staining by osmium when the glycocalyx is
visualized using lanthanum nitrate, osmium was not used in
transmission electron microscopy imaging without
lanthanum nitrate during glycocalyx visualization.

Microarray Analysis

Lung tissues used for microarray analysis were obtained
from saline- or rAT-treated mice at 30 hours after LPS
1527
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Figure 1 Recombinant antithrombin (rAT) treatment ameliorated pulmonary injury via lipopolysaccharide (LPS) administration. A: KaplaneMeier survival
curves measured for saline-injected mice (n Z 50) and rAT-injected mice (n Z 32) after LPS injection. B and C: Serum IL-1b (B) and serum IL-6 (C)
concentrations in mice measured using enzyme-linked immunosorbent assay. D: Hematoxylin and eosinestained lung tissues, with arrows indicating edema.
Boxed areas in the top row are shown at higher magnification in the bottom row. E: Graph showing the histologic scoring of lung injury caused by pulmonary
edema. F: Hematoxylin and eosinestained pulmonary tissues, with arrows indicating neutrophil infiltration. Boxed areas in the top row are shown at higher
magnification in the bottom row. G: Graph showing the histologic scoring of lung injury caused by pulmonary infiltration. *P < 0.05 versus saline-injected
mice; yP < 0.05 versus sham-operated mice. Scale bars: 50 mm (D and F).
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administration, and total RNA was extracted as described
previously.19 Gene expression analysis was performed by
the Life Science Research Center, Gifu University (Gifu,
Japan), using Agilent Expression Arrays (SurePrint G3
Mouse GE 8 � 60K microarray; Agilent, Tokyo, Japan).
The obtained data were analyzed and visualized as
described previously.19 All microarray data were deposited
in the Gene Expression Omnibus database (https://www.
ncbi.nlm.nih.gov/geo; accession number GSE160929).

Statistical Analysis

Data are presented as the means � SEM. A two-tailed t-test
was used for comparing two groups, and survival data were
analyzed using the log-rank test; P < 0.05 was considered
1528
significant. All calculations were performed using GraphPad
Prism (La Jolla, CA).

Results

rAT Treatment Enhances Survival after LPS
Administration

To produce an experimental endotoxemia model, LPS (20
mg/kg) was injected intraperitoneally into 10-week-old
C57BL/6 male mice. At 48 hours after LPS administration,
the survival rate of rAT-treated mice (75%; 24 of 32) was
significantly higher than that of control mice (20%; 10 of
50) (Figure 1A). To confirm the adverse effects of rAT, it
was injected into the mice without LPS (n Z 20). The
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Recombinant antithrombin (rAT)-
ameliorated lipopolysaccharide (LPS)-induced
endothelial glycocalyx injury. AeC: Endothelial
glycocalyx-associated glycoproteins were stained
with the lectin wheat germ agglutinin (WGA)
after sham treatment or LPS treatment plus saline
or rAT administration. D: WGA staining intensity
of mouse lung tissues after sham treatment and
after saline or rAT injection with LPS adminis-
tration. n Z 6 in each group (D). *P < 0.05
versus sham mice, yP < 0.05 versus mice treated
with saline after LPS administration. Scale
bars Z 100 mm (AeC).

Antithrombin Reduces Lung Injury
survival rate of the rAT-injected mice was 100% at 48 hours
after injection. However, adverse effects of rAT, including
hemorrhage and infusion site reaction, were not
documented.

In the serum of control mice, the inflammatory cytokine
IL-1b reached concentrations of 290.0 � 31.6 ng/mL and
211.8 � 29.8 ng/mL at 6 and 12 hours after LPS injection,
respectively, and then decreased to 37.1 � 10.7 ng/mL at 48
hours after injection (Figure 1B). However, in rAT-treated
mice, the IL-1b concentration was significantly lower at 6
hours after LPS administration (186.3 � 32.8 ng/mL). Also,
in rAT treated group, the IL-6 concentration (109.3 � 54.6
ng/mL) was siginificantly lower at 12 hours after LPS
administration compared with saline injected mice (261.9 �
39.1 ng/mL) (Figure 1C).

Also, in rAT treated group, the IL-6 concentration (109.3�
54.6 ng/mL) was significantly lower at 12 hours after LPS
administration compared with saline injected mice (261.9 �
39.1 ng/mL) (Figure 1C). Next, pulmonary injury was
assessed at 48 hours after LPS injection using a clinical scoring
system.20,23 Pulmonary edema and neutrophil infiltration were
caused by LPS injection (Figure 1, DeG). However, at 48
hours after LPS administration, pulmonary edema was atten-
uated in the rAT-treated mice relative to that in the saline-
injected mice (Figure 1, D and E), and neutrophil infiltration
also was decreased significantly in the rAT-treated mice
compared with that in the saline-injected mice (Figure 1, F and
G). These results suggest that rAT treatment attenuated the
pulmonary injury that occurs after LPS administration.
Pulmonary Endothelial Glycocalyx Injury Is Attenuated
in rAT-Treated Mice

WGA staining was performed to quantify endothelial
glycocalyx injury, which enables the visualization of the
The American Journal of Pathology - ajp.amjpathol.org
endothelial glycocalyx,21 and measures the staining in-
tensity. WGA staining was weaker in saline-injected mice
after LPS administration than in mice not injected with
LPS (sham mice) (Figure 2, A and B); however, in rAT-
treated mice, the WGA staining intensity after LPS in-
jection was increased relative to that in the saline-treated
mice (Figure 2, C and D). These results suggest that
rAT treatment attenuated endothelial glycocalyx injury in
lung capillaries.
rAT Maintains Endothelial Glycocalyx Structure under
Endotoxemic Conditions

Pulmonary capillaries are classified as continuous capil-
laries, which are characterized by an uninterrupted endo-
thelium and a continuous basal lamina, as observed by
scanning electron microscopy (SEM) imaging (Figure 3, A
and D). After LPS administration, granulocytes were
detected in the pulmonary capillary lumen along with
induced vasculitis, which subsequently led to the injury of
the inner surface of the vascular endothelium (Figure 3, B
and E). However, rAT administration ameliorated this injury
(Figure 3, C and F).

Next, to visualize the endothelial glycocalyx, SEM
analysis was performed after lanthanum nitrate staining. The
endothelial glycocalyx structure appeared thin and formed a
continuous structure, and it covered the inner surface of the
vascular endothelium in sham mice (Figure 3, G and J).
After LPS injection, the endothelial glycocalyx was injured
and its continuous structure was disrupted in saline-treated
mice (Figure 3, H and K), whereas the continuous struc-
ture was retained in rAT-treated mice (Figure 3, I and L).

In conventional transmission electron microscopy imag-
ing, the inner surface of pulmonary capillaries appeared
smooth and the endothelial capillary wall appeared thin in
1529
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Figure 3 Recombinant antithrombin (rAT) inhibits pulmonary endothelial injury: scanning electron microscopy (SEM) analysis. Both pulmonary endo-
thelium and endothelial glycocalyx injury were ameliorated morphologically to a greater extent via rAT treatment. AeF: Conventional SEM imaging (without
lanthanum nitrate) of the pulmonary endothelium in sham mice (A and D) and in mice injected with saline (B and E) or rAT (C and F) after lipopolysaccharide
(LPS) administration. DeF: Magnified images of boxed areas in panels AeC. GeL: SEM imaging (with lanthanum nitrate) of the glycocalyx in sham mice (G
and J) and in mice injected with saline (H and K) or rAT (I and L) after LPS administration. JeL: Magnified images of boxed areas in panels GeI. White
arrows indicate lanthanum nitrateestained endothelial glycocalyx. Scale bars Z 2 mm (AeC and GeI).
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sham mice (Figure 4, A and D). After LPS administration,
the inner surface of the vascular endothelium changed and
showed a rough appearance and the endothelial wall became
edematous in saline-treated mice (Figure 4, B and E),
whereas LPS-induced endothelial edema was attenuated in
rAT-treated mice (Figure 4, C and F).

Transmission electron microscopy analyses further indi-
cated that the endothelial glycocalyx forms a continuous
structure and covers the inner surface of the vascular
endothelium (Figure 4, G and J), as also observed in SEM
imaging. After LPS injection, the endothelial glycocalyx
was degraded, and, thus, the continuous structure was
damaged in saline-treated mice (Figure 4, H and K). How-
ever, in rAT-treated mice, the continuous structure was
1530
retained and the endothelial glycocalyx injury was amelio-
rated (Figure 4, I and L). These results show that rAT
treatment ameliorated endothelial glycocalyx injury under
endotoxemia.

Gene Set Enrichment Analysis of rAT Treatment in
Lungs

Gene set enrichment analysis was performed on saline-
treated (control) and rAT-treated mice. In gene ontology and
Kyoto Encyclopedia of Genes and Genomes analyses of
gene set enrichment analysis, a significant up-regulation of
gene sets related to DNA helicase activity (Figure 5A) was
observed, along with regulation of telomere maintenance
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Recombinant antithrombin (rAT) treatment attenuates pulmonary endothelial injury: transmission electron microscopy (TEM) analysis. Both
pulmonary endothelium and endothelial glycocalyx injury were ameliorated morphologically to a greater extent via rAT treatment. AeF: Conventional TEM
imaging (without lanthanum nitrate) of pulmonary endothelium in sham mice (A and D) and in mice injected with saline (B and E) or rAT (C and F) after
lipopolysaccharide (LPS) administration. DeF: Magnified images of boxed areas in panels AeC. GeL: TEM imaging (with lanthanum nitrate) of the glycocalyx
in sham mice (G and J) and in mice injected with saline (H and K) or rAT (I and L) after LPS administration. JeL: Magnified images of boxed areas in panels
GeI. Black arrows indicate residue of the glycocalyx. Scale bars Z 2 mm (AeC and GeI).

Antithrombin Reduces Lung Injury
(Figure 5B), DNA-dependent ATPase activity (Figure 5C),
and ciliary plasm (Figure 5D) in rAT-treated mice (P < 0.01
versus control). Collectively, these results indicate that rAT
treatment against LPS-induced vasculitis functionally
influenced DNA repair.

DNA Repair in Pulmonary Capillaries

Ki-67 expression was examined because the gene set
enrichment analysis results indicated that rAT treatment
could affect cell proliferation/differentiation. Ki-67 was
The American Journal of Pathology - ajp.amjpathol.org
expressed at a higher level in rAT-treated mice after LPS
injection than in saline-treated mice after LPS administra-
tion and in sham mice (Figure 6, AeD) and was detected in
several types of cells such as inflammatory cells, alveolar
macrophages, and endothelial cells. Therefore, for further
confirmation, double immunostaining for Ki-67 and
thrombomodulin, a marker of endothelial cells, was per-
formed, which showed colocalization of Ki-67 and throm-
bomodulin expression in rAT-treated mice (Figure 6E).

To further confirm the DNA repair, immunofluorescence
assays were performed with staining for PCNA and
1531
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Figure 5 Gene set enrichment analysis. Enrichment plots and leading-edge gene lists. A: DNA helicase activity. B: Regulation of telomere maintenance. C:
DNA-dependent ATPase activity. D: Ciliary plasm. Red circles indicate leading edge genes. NES, normalized enrichment score; rAT, recombinant antithrombin.

Okamoto et al
phosphorylated g-H2A.X. PCNA is a protein participating in
the replication and repair of DNA, and the adjustment of the
cell cycle.24 Phosphorylated g-H2A.X is related to the acti-
vation of the local DNA damage repair pathway.25 PCNA-
positive cell numbers in rAT-treated mice were larger
compared with those in the saline-treated group (Figure 7, A
and B). Furthermore, in rAT-treated mice, phosphorylated g-
H2A.Xepositive cell numbers were much larger than those in
the saline group (Figure 7, C and D). PCNA-positive cells
and especially phosphorylated g-H2A.Xepositive cells
include several types of cells, not only endothelial cells,
which show flat nuclei (Figure 7, AeD).

Lastly, ARL13B immunostaining was performed to
assess the gene set related to ciliary proteins. Immuno-
histochemical staining with an ARL13B-specific antibody
showed that ARL13B expression was localized to tracheal
epithelial cells (Figure 7E). After LPS injection, in rAT-
treated mice, the cilia (ARL13B-positive) existed contin-
uously on tracheal cells, whereas the structure of the cilia
layer was injured and eroded (Figure 7E) in the saline-
treated group. These results showed that rAT treatment
attenuated cilial injury on tracheal cells after LPS
injection.
1532
Discussion

This study showed that compared with saline treatment,
rAT treatment ameliorated pulmonary endothelial glyco-
calyx injury in mice after LPS injection. Although previ-
ous studies have shown that rAT shows anti-inflammatory
effects,16,17 the novel insight of the present study is that
rAT administration causes the acceleration of DNA repair
via enhancement of DNA helicase activity, regulation of
telomere maintenance, and DNA-dependent ATPase
activity.

Anti-Inflammatory Effect of rAT

The results of this study showed that rAT treatment
decreased the levels of the inflammatory cytokine IL-1b and
inhibited neutrophil infiltration in the lung. These findings
are in agreement with those of previous work indicating that
AT ameliorates inflammation by interacting with endothelial
cells and neutrophils.15

Neutrophils play a crucial role in endothelial injury.
Sepsis causes modification of neutrophil entrapment and
neutrophil deformability in pulmonary capillaries, and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Immunohistochemical analysis of Ki-
67. AeC: Representative images of the immuno-
histochemical staining of Ki-67 in the lungs of
sham mice (A) and mice treated with saline (B) or
recombinant antithrombin (rAT) (C) after lipo-
polysaccharide (LPS) administration. Black arrows
indicate Ki-67epositive cells. D: Graph showing
the number of Ki-67epositive cells. E: Double-
immunofluorescence staining of Ki-67 and throm-
bomodulin. Bottom right panel: Expanded view of
the boxed area in the merged image. White ar-
rows indicate colocalization of Ki-67 and throm-
bomodulin expression in endothelial cells, which
show flat nuclei. *P < 0.05 versus sham mice.
Scale bars: 20 mm (B and C); 50 mm (E). HPF, high-
power field.

Antithrombin Reduces Lung Injury
neutrophil entrapment is followed by hyperpermeability of
the lung capillaries and edema formation.26,27 Moreover, in
acute respiratory distress syndrome, a pathologic alteration
secondary to sepsis is the recruitment of neutrophils in the
lung.28 Conversely, neutrophil disruption ameliorates organ
failure by attenuating endothelial injury under septic con-
ditions.29,30 Although the endothelial glycocalyx is present
on healthy endothelial cells and plays a critical role in
vascular homeostasis,2,22,31e35 neutrophils and secreted
cytokines injure the endothelial glycocalyx and subse-
quently cause organ failure. A previous study also indicated
that disruption of the endothelial glycocalyx affects the
pathogenesis of acute respiratory distress syndrome.5

Prostacyclin-2 production from endothelial cells is
promoted through binding with AT and heparan sulfate
on endothelial cells. Prostacyclin-2 inhibits inflammatory
The American Journal of Pathology - ajp.amjpathol.org
cytokine secretion and binding to endothelial cells and
neutrophils. Furthermore, AT binds to syndecan-4 on the
surface of neutrophils and subsequently inhibits neutro-
phil migration.13,15 Similarly, AT was reported to inhibit
the secretion of IL-6, IL-8, and p-selectin from endo-
thelial cells by acting through protease-activated re-
ceptors. Moreover, AT was found to attenuate acute lung
injury by decreasing high mobility group box 1
production.36

Our study here showed that rAT treatment inhibited the
endothelial glycocalyx injury that occurs with LPS-induced
endotoxemia. Because attenuation of inflammation might
protect the endothelial glycocalyx structure,29,30 the anti-
inflammatory effect of rAT can be regarded as one of the
beneficial effects of rAT treatment targeting LPS-induced
vasculitis.
1533
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Figure 7 Immunohistochemical analysis of proliferating cell nuclear antigen (PCNA), phosphorylated gH2A.X, and ARL13B. A: Representative images of
the immunohistochemical staining of PCNA in the lungs of saline-treated mice (left panel) and mice treated with recombinant antithrombin (rAT) (right
panel) after lipopolysaccharide (LPS) administration. Arrows indicate PCNA-positive cells, which show flat nuclei. These cells are presumed to be endothelial
cells. B: Graph showing the number of PCNA-positive cells. C: Representative images of the immunohistochemical staining of phosphorylated gH2A.X in the
lungs of saline-treated mice (left panel) and mice treated with rAT (right panel) after LPS administration. Arrows indicate gH2A.X-phosphorylated cells,
which show flat nuclei. These cells are presumed to be endothelial cells. D: Graph showing the number of gH2A.X-phosphorylated cells. E: Representative
images of the immunohistochemical staining of ARL13B in the lungs of saline-treated mice (left panel) and mice treated with rAT (right panel) after LPS
administration. Arrows indicate erosion by injury of cilia on the respiratory epithelium covering the respiratory tract. *P < 0.05 versus saline-treated mice.
Scale bars: 50 mm (A and C); 20 mm (E). HPF, high-power field.

Okamoto et al
Endothelial Cell Repair by rAT

The occurrence of accelerated DNA repair after rAT
administration was supported by the results of our gene
ontology analyses, which showed the up-regulation of gene
sets related to DNA helicase activity, regulation of telomere
maintenance, and DNA-dependent ATPase activity in
rAT-treated mice. Ki-67, which is related to the cell cycle,
1534
was expressed at higher levels in pulmonary endothelial
cells in rAT-treated mice than in untreated mice. These
findings suggest that DNA repair was promoted more
strongly in endothelial cells in rAT-treated mice than in
control mice. Endogenous cellular processes cause several
types of DNA damage, including oxidation of bases, gen-
eration of DNA strand interruptions by reactive oxygen
species, hydrolysis of bases, alkylation of bases, and
ajp.amjpathol.org - The American Journal of Pathology
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mismatch of bases. In acute respiratory distress syndrome,
neutrophils migrate to the lungs, secrete reactive oxygen
species and inflammatory cytokines, and, ultimately, cause
pulmonary tissue injury.37 Thus, although the DNA of
endothelial cells is injured under endotoxemia, rAT treat-
ment might promote DNA repair.

PCNA is a protein involved in the replication and repair
of DNA and the adjustment of the cell cycle.24 Phosphor-
ylated g-H2A.X is related to the activation of the local DNA
damage repair pathway.25 rAT treatment increases the
PCNA-positive cell number and g-H2A.X phosphorylation,
along with increasing the levels of Ki-67epositive cells.
Because these molecules are integral to DNA repair, these
results suggest that rAT treatment may accelerate DNA
repair in several cell types in the lungs.

rAT treatment attenuated endothelial glycocalyx injury
caused by septic vasculitis. Because the endothelial glyco-
calyx exists on the surface of endothelial cells and is syn-
thesized by endothelial cells,38 DNA repair of endothelial
cells might be closely associated with endothelial glyco-
calyx synthesis in septic vasculitis.

rAT treatment also up-regulated the gene set related to
ciliary plasm. Cilia are organelles present in eukaryotic cells
that are shaped like slender protuberances and are classified
into two types: motile and nonmotile. Motile cilia exist on
the respiratory epithelium covering the respiratory tract,
where they serve in the mucociliary clearance that sweeps
mucus and dirt out of the lungs.39 The current results
showed that cilia were present on the respiratory epithelium
lining the respiratory tract and that rAT treatment might
affect respiratory epithelial cells and influence the repair of
cilia. Because nonmotile cilia (primary cilia) are present on
almost all types of cells, excluding blood cells, the up-
regulation of the gene set related to ciliary plasm also
could be affected by endothelial primary cilia. However,
clarification of this matter requires further investigation.

Study Limitation

Sepsis is a complex disease compared with the LPS-induced
simple endotoxemia that developed in an experimental
model. The focus of the current study was to investigate the
direct relationship between septic vasculitis and endothelial
glycocalyx injury. Thus, we used an endotoxemia model.
However, this animal model does not mimic certain typical
septic conditions, such as bacterial infection. This represents
a limitation of our study. In addition, because alveolar
epithelial cells, the basement membrane, and endothelial
cells make three tightly bound layers, it is difficult to
completely distinguish them using a light microscope.
Furthermore, we analyzed gene expression using RNA
isolated from total lung. For further confirmation about the
location of the gene expression, future study is required.
This study also did not investigate the adverse effects of
rAT in healthy mice. Because the endothelium appears
normal in healthy mice, it is possible that rAT did not cause
The American Journal of Pathology - ajp.amjpathol.org
adverse effects such as hemorrhage or infusion site
reactions.

Conclusions

Treatment with rAT protects the endothelial glycocalyx
(which is essential for vascular homeostasis) against injury
by both inhibiting the damage caused by several factors
including anti-inflammation and accelerating the restoration
of endothelial cells. Because rAT already is used in clinical
applications, its administration can be regarded as a novel
strategy for the treatment of septic vasculitis.
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