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Abstract

Transforming growth factor p-induced protein (TGFBIp), as an extracellular matrix protein, is expressed TGF-f} in some types
of cells. Experimental sepsis is mediated by expressed and released TGFBIp in primary human umbilical vein endothelial
cells (HUVECs). Cornuside (CNS) is a bisiridoid glucoside compound found in the fruit of Cornus officinalis SIEB. et
ZUCC. Based on the known functions of CNS, such as the immunomodulatory and anti-inflammatory activities, we tested
whether TGFBIp-mediated septic responses were suppressed by CNS in human endothelial cells and mice and investigated
the underlying anti-septic mechanisms of CNS. Data showed that the secretion of TGFBIp by lipopolysaccharide (LPS) and
severe septic responses by TGFBIp were effectively inhibited by CNS. And, TGFBIp-mediated sepsis lethality and pulmonary
injury were reduced by CNS. Therefore, the suppression of TGFBIp-mediated septic responses by CNS suggested that CNS
may be used as a potential therapeutic agent for several vascular inflammatory diseases, with the inhibition of the TGFBIp
signaling pathway as the mechanism of action.
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Introduction

Transforming growth factor f-induced protein (TGFBIp),
as an extracellular matrix protein, contains the N-termi-
nal secretion signal peptide, followed by a cysteine-rich
domain, four internal homologous repeats (FAS1 domain),
and a C-terminal Arg—Gly—Asp (RGD) motif [1]. Previ-
ous reports showed the biological functions of TGFBIp
such as cell growth, cell differentiation, wound heal-
ing, tumorigenesis, and apoptosis [2—4]. We previously
reported that TGFBIp is a promising therapeutic target
for the treatment of sepsis [5, 6] and that the blood lev-
els of acetylated 676th lysine TGFBIp (TGFBIp K676Ac)
was elevated in patients with the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pneumonia [7].
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Fig.1 Structures of collismycin C (CNS) and its effects on the
release of TGFBIp and expression of receptors. A Structures of CNS.
B HUVECs were treated with the indicated concentrations of CNS
for 6 h after stimulation with LPS (100 ng/ml, 1 h), and TGFBIp
release was measured by ELISA. C Male C57BL/6 mice that under-
went CLP were intravenously administered CNS at 0.08-0.8 mg/kg
12 h after CLP (n=5). Mice were euthanized 24 h after CLP. Serum
TGFBIp levels were measured by ELISA. D The same procedure as
in (B) except that real-time qRT-PCR analysis was performed using
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In addition, TGFBIp acts as a lethal mediator in sepsis
conditions in which serum TGFBIP levels are significantly
elevated, and blocking TGFBIp even after the onset of
infection has been shown to rescue mice from lethal [5, 6].

Cornuside (CNS, Fig. 1A), a secoiridoid glucoside,
is found in the fruit of Cornus officinalis Sieb. et Zucc.,
which has been used as a traditional herbal medicine to treat
inflammatory diseases and activate blood circulation. The
crude extract of fruit of C. officinalis has various pharmaco-
logical actions, such as anti-neoplastic, anti-inflammatory,
hepatoprotective, and anti-diabetic nephropathy [8, 9].
Studies also showed that the CNS inhibits the expression
of cytokine-induced infectious and adhesion molecules in
human endothelial cells and protects cultured murine corti-
cal cells from damage due to oxygen—glucose deprivation [8,

500

B
o
o

300
200
100

0
S[EBM| D 20 0 1 2 5

LPS = - + + + +

2 TGFBIp (ng/mL)

10 20
+ +

D

» (-]
*

TGFBIp mRNA
(Fold Increase)
N

0
CNS[UM]D 20 0 1 2

LPS - - + + +

(3]

10 20
+ +

+

-
W O O N
©O O ©O ©o o
M

D 10 20 50 100
CNS [uM]

Relative Cell Viability (%)

specific primers for TGFBIp and actin, as described in the materials
and methods section. E Confluent HUVECs were activated with LPS
(100 ng/ml, 3 h), followed by incubation with CNS for 6 h. Expres-
sion of av B3 (white column) and av PS5 (black column) was deter-
mined by cell-based ELISA. F Effect of CNS on cellular viability
was measured by the MTT assay. D=0.2% DMSO (vehicle control).
Results are expressed as the means+SD of at least 3 independent
experiments (n=>5/group). *p <0.05 relative to DMSO (E left), LPS
(B, D, E right) or CLP (C), one-way ANOVA
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9]. Based on previous potential functions of TGFBIp on the
vascular inflammatory response [2, 5-7] and the known ben-
eficial effects of the CNS [8, 9], we hypothesized that treat-
ment with the CNS would be effective in inhibiting TGF-
Blp- or cecal ligation and puncture (CLP)-induced septic
responses, respectively. To investigate the effects of the CNS
on TGFBIp protein secretion and TGFBIp mRNA expres-
sion, human umbilical vein endothelial cells (HUVECS)
were exposed to lipopolysaccharide (LPS) was used and to
investigate the effects of CNS in TGFBIp-mediated septic
responses, we assessed hyperpermeability, expression of cell
adhesion molecules (CAMs), and adhesion and migration of
leukocytes to the HUVECs. For the in vivo evaluation, after
intravenous injection of TGFBIp into male C57BL/6 mice,
the effects of CNS on leukocyte migration, mortality and
lung injury were measured.

Results

Effects of CNS on LPS- and CLP-mediated release
of TGFBIp

Our previous study showed the stimulation of TGFBIp
release by LPS in HUVECs and showed that 100 ng/ml
LPS was sufficient to induce TGFBIp release [5, 6], which
was consistent to in this study (Fig. 1B). To investigate
the effect of CNS on LPS-mediated secretion of TGFBIp,
HUVECs were stimulated with 100 ng/ml LPS for 1 h and
then treated with increasing CNS concentration for 6 h. As
shown in Fig. 1B, CNS inhibited the release of TGFBIp
from HUVECs, and the optimal effective concentration
was > 5 uM. Also, in the absence of LPS pretreatment, CNS
had no effect on TGFBIp release (Fig. 1B). To confirm this
effect in vivo, CLP-induced septic mice was applied. As
shown in Fig. 1C, treatment with CNS resulted in marked

inhibition of CLP-induced TGFBIp release. Because the
mean circulating blood volume of mice was 72 ml/kg [10],
the mean body weight of mice used in the study was 27 g,
and the average blood volume was 2 ml in each mouse, the
amount of injected CNS (0.08, 0.2, 0.4 or 0.8 mg/kg) yield a
maximum concentration of 2, 5, 10, and 20 pM, respectively,
in the peripheral blood.

To determine the molecular mechanism by which CNS
inhibits LPS-mediated release of TGFBIp, we tested the
effect of the CNS on the transcriptional regulation of TGF-
BIp by LPS in HUVECs. Therefore, real-time qRT-PCR was
used to measure the effect of CNS on LPS-induced TGF-
BIp mRNA levels. As shown in Fig. 1D, LPS induced an
increase in the expression levels of TGFBIp mRNA, and
treatment with CNS resulted in decreased expression levels
of LPS-induced TGFBIp mRNA. Next, we investigated the
effects of CNS on the expression of the TGFBIp receptors
integrins av p3 and av f5 in HUVECs. Data showed that
LPS induced an increase in the expression level of TGFBIp
mRNA, and treatment with CNS resulted in a decrease in the
expression level of LPS-induced TGFBIp mRNA (Fig. 1D).
Next, the effects of the CNS on TGFBIp receptors (integrins
av B3 and av PS) expression were investigated. As shown in
Fig. 1E, treatment with LPS increased the expression of av
5 more than fourfold but not av 3 in HUVECsS, and treat-
ment with CNS significantly suppressed expression of av 85,
indicating that the inhibitory effect of the CNS on the release
of TGFBIp was mediated by the inhibition of the TGFBIp
receptor (integrin av f5). To evaluate CNS cytotoxicity, cell
viability assays were performed on CNS-treated HUVECs
for 6 h (Fig. 1F). At concentrations up to 100 pM, the CNS
had no effect on cell viability (Fig. 1F).
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Fig.2 Effects of CNS on TGFBIp-mediated permeability in vitro and
in vivo. The effects of post-treatment with different concentrations of
CNS for 6 h on the barrier disruptions caused by TGFBIp (A, 5 pg/
ml, 6 h) were monitored by measuring the flux of Evans blue-bound
albumin across HUVECs. B The effects of CNS at 0.08-0.8 mg/kg on
TGFBIp-induced (0.1 mg/kg, iv.) vascular permeability in mice were
examined by measuring the amount of Evans blue in peritoneal wash-

ings (expressed pg/mouse, n=>5/group). C HUVECs were activated
with TGFBIp (5 pg/ml, 6 h), followed by treatment with different
concentrations of CNS for 6 h. The effects of CNS on the TGFBIp-
mediated expression of phospho-p38 were determined by ELISA.
Results are expressed as the means+SD of at least 3 independent
experiments (n=>5/group). *p<0.05 relative to TGFBIp, one-way
ANOVA

@ Springer



454

Journal of Natural Medicines (2022) 76:451-461

Effect of CNS on TGFBIp-mediated vascular barrier
disruption

Permeability tests were performed to determine the effect
of the CNS on the barrier integrity of HUVECs. Treat-
ment with only 20 pM CNS did not alter barrier integrity
(Fig. 2A). In contrast, treatment with CNS resulted in a
dose-dependent decrease in TGFBIp-mediated barrier integ-
rity (Fig. 2A). To confirm this vascular barrier protective
effect of CNS in vivo, TGFBIp-mediated vascular perme-
ability was evaluated in mice. As shown in Fig. 2B, treat-
ment with CNS markedly inhibited TGFBIp-induced peri-
toneal leakage of dye. It is known that sepsis inducers such
as high mobility group box 1 (HMGB1) and LPS induce an
anti-inflammatory response by promoting phosphorylation
of p38 mitogen-activated protein kinase (MAPK) [11-15].
Therefore, we investigated whether TGFBIp can promote
phosphorylation of P38 MAPK and, if so, whether the
CNS inhibits TGFBIp-induced activation of P38 MAPK
in HUVECs. As shown in Fig. 2C, TGFBIp induced the
activation of P38 MAPK, which was significantly inhibited
by treatment by the CNS. These findings demonstrate the
inhibition of TGFBIp-mediated endothelial destruction by
CNS and maintenance of human endothelial barrier integrity
in TGFBIp-treated mice.

Effects of CNS on TGFBIp-mediated cell adhesion
molecules (CAMs) expression, neutrophil adhesion,
and migration

Next, we tested whether CNS could inhibit the surface
expression of vascular cell adhesion molecule (VCAM),
intercellular adhesion molecule-1 (ICAM), and E-selectin
induced by TGFBIp. Data showed that TGFBIp-induced
upregulation of the surface expression of VCAM (Fig. 3A),
ICAM (Fig. 3B), and E-selectin (Fig. 3C), which was inhib-
ited by CNS. In addition, treatment with CNS resulted in
downregulation of human neutrophil adsorption and sub-
sequent migration through activated endothelial cells in a
concentration-dependent manner (Figs. 3D, E). To confirm
these effects in vivo, we investigated the TGFBIp-induced
migration of leukocytes in mice. TGFBIp was found to
stimulate migration of leukocytes into the peritoneal cav-
ity of mice, and treatment with CNS markedly reduced the
peritoneal leukocyte count (Fig. 3F).

Effects of CNS on TGFBIp-stimulated activation
of nuclear factor (NF)-kB and extracellular regulated
kinase (ERK)

To understand the mechanism of inhibition of CNS on TGF-
Blp-mediated sepsis, the effect of CNS on TGFBIp-induced

Fig. 3 Effects of CNS on TGF- -
Blp-mediated proinflammatory D% 0.6
responses. A—C, HUVECs were s () 04
stimulated with TGFBIp (5 pg/ <5
ml) for 6 h, followed by treat- g @ 0.2
ment with CNS for 6 h. TGF- 96’_
Blp-mediated A expression of X 0.0

VCAM (white column), ICAM
(gray column), and E-selectin
(black column) in HUVECs, B
adherence of human neutrophils

D TGFBlp 5
TGFBIp + CNS [uM]

o o
> o

ve)
*

ICAM
Expression (ODgg)
o
)
*

o
=)

10 20 D TGFBIp § 10 20

TGFBIp + CNS [uM]

to HUVEC monolayers, and C
migration of human neutrophils
through HUVEC monolayers
were analyzed. D The effects
of post-treatment with CNS at
0.08-0.8 mg/kg on leukocyte
migration into the peritoneal
cavities of mice caused by

© o o
N A O
(@]

*

E-Selectin
Expression (ODgg)
o
o

D TGFBIp §

120
< 100
@ 80
* £ 60
* (g
S 40
2 2
0
10 20 CNS[UWM]D 20 0 1 2 5 10 20

TGFBIp (0.1 mg/kg, i.v.) were TGFBIp + CNS [uM] TGFBlp - - + + + + + +
analyzed. Results are expressed
as the means + SD of at least 3 300 z 8 F
independent experiments (n=>5/ s 250 E 6 *
group). *p <0.05 relative to E 200 * o x
TGFBIp, one-way ANOVA £ 150 o 8 *
£ 100 * g2
S S
2 50 20
= 0 = D 08 0 008 02 04 038
CNS[uM] D 20 0 1 5 10 20 g _
TGFBIp - - + + + + + + [ CNS TGFBIp +
[ma/kg] CNS [mg/kg]

@ Springer



Journal of Natural Medicines (2022) 76:451-461 455
A
CNS [uM] - - 5 10 20 ® 10
TGFBIp - + + + + £ 8
o }
z 6
— NF-<B (Active) S 4
;é 2
< 0
— — NF-xB (Total) D TGFBIp 5 10 20
TGFBIp + CNS [uM]
——— | ERK1/2(Active) ¢ 10
T s |C ERK 1/2
oo | 6 %*
el
g 4 .
ERK 1/2 (Total) £ , *
K]
[
< 0

D TGFBIp 5 10 20
TGFBIp + CNS [uM]

Arbitrary Units
(Active/Total)
O N A~ O
Arbitrary Units
(Active/Total)
O N A~ O ®

DTGFBIp 5 10 20
TGFBIp + CNS [uM]

Fig.4 Effects of CNS on TGFBIp-stimulated activation of NF-kB
and ERK 1/2. A Confluent HUVECs were activated with TGFBIp
(5 pg/ml) for 6 h, incubated with CNS for 6 h, and then analyzed by
western blotting for TGFBIp-mediated activation of phospho-NF-kB
p65, total NF-xkB p65, phospho-ERK1/2, or total ERK1/2. The
images are representative of 3 separate experiments conducted on dif-
ferent days with similar results. B The graph shows the densitometric

activation of NF-xB and ERK 1/2 was evaluated. HUVECs
were activated with TGFBIp for 6 h, and then incubated with
CNS for 6 h. TGFBIp enhanced the activation of NF-kB and
ERK 1/2, and these increases were significantly reduced by
treatment with CNS (Fig. 4A—C). The Raf-MAPK kinase
(MEK)-ERK signaling cascade and downstream c-Jun-
N-terminal kinase (JNK) activation have been previously
characterized in response to the inflammatory response [16].
Therefore, we next measured the effect of CNS on TGFBIp-
induced JNK, Raf, and MEK activation. The data show that
TGFBIp enhanced the activation of JNK, Raf, and MEK,
which was significantly reduced by treatment with CNS
(Fig. 4D-F). Therefore, these results and Fig. 2C show that
CNS inhibits the Raf-MEK-ERK-JNK signaling pathway
after TGFBIp challenge.

Protective effect of CNS in TGFBIp-induced septic
mortality

Based on the findings of the study described above, we
hypothesized that treatment with CNS would reduce mor-
tality in the TGFBIp-induced sepsis mouse model. To
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intensities of phospho-NF-kB p65 and phospho-ERK1/2 normalized
to total NF-xB and total ERK1/2 (n=3 blots). C The same as (A)
except that the activation of JNK, Raf, and MEK was measured by
ELISA. The level of phosphorylation in each treatment was normal-
ized to its total protein. Results are expressed as the means+SD of
at least 3 independent experiments (n=3/group). *p <0.05 relative to
TGFBIp, one-way ANOVA (B-F)

investigate whether CNS protects the TGFBIp-induced
sepsis-induced lethality, CNS was administered to mice
after TGBIp injection. 24 h after surgery, the mice showed
signs of sepsis, shivering, hair bristles, and debilitating
sepsis. In animals, administration of CNS (0.4 or 0.8 mg/
kg) 12 h after TGFBIp injection did not prevent TGFBIp-
induced death (data not shown). Therefore, the survival
rate was 40-60% after two doses (12 h after TGFBIp injec-
tion, 50 h after TGFBIp injection) (p <0.0001, Fig. SA).
The significant survival benefit achieved by CNS adminis-
tration suggests that inhibiting TGFBIp release and TGF-
BIp-mediated inflammatory response may be a therapeutic
strategy for the management of sepsis and septic shock.

Protective effect of CNS against TGFBIp-induced
pulmonary injury

To confirm the protective effect of CNS against death by
TGFBIp injection, the effect of the CNS on lung damage,
which is one of the major organs damaged by sepsis, was
measured. There were no significant differences between

@ Springer
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Fig.5 Effects of CNS on lethality or pulmonary injury after TGF-
Blp injection. A Male C57BL/6 mice (n=20) were administered
CNS at 12 h and 50 h after TGFBIp (0.1 mg/kg, iv.) injection. Ani-
mal survival was monitored every 6 h after TGFBIp injection for
132 h. TGFBIp injection mice (filled circle) and sham mice (unfilled
circle) were administered sterile saline (n=20/group). The Kaplan—
Meier survival analysis was used for determination of overall survival
rates versus TGFBIp-injected mice. B The same procedure as in (A)
except that mice were euthanized 96 h after TGFBIp injection. His-

sham lung and sham lung + CNS mice in microscopic light
observation (data not shown). In the TGFBIp-injected
group, interstitial edema with massive infiltration of
inflammatory cells into the interstitial and alveolar spaces
was observed and the lung structures were severely dam-
aged (Fig. 5B, C). These morphological changes were less
pronounced in the TGFBIp + CNS group (Fig. 5B, C).

Discussion

In this study, we established the following hypotheses:
Treatment with CNS will inhibit TGFBIp-induced sepsis
response in human endothelial cells and CLP-induced sep-
sis in mice. Data showed that CNS inhibited LPS-induced
secretion and mRNA expression of TGFBIp or CLP-induced
TGFBIp secretion, inhibited TGFBIp-mediated hyperperme-
ability, p38, NF-kB, Raf-MEK-ERK-JNK signaling cascade
activation, upregulation of CAM expression, leukocytes of
HUVECSs were inhibited. Finally, CNS was protected from

@ Springer

topathological scores of the lung tissue were recorded as described
in the materials and methods section. Results are expressed as the
means+SD of at least 3 independent experiments (n=>5/group).
*p<0.05 relative to TGFBIp, one-way ANOVA. C Photomicro-
graphs of lung tissues (H&E staining, %200). Sham group (grade
1), TGFBIp group (grade 4), TGFBIp+CNS (0.4 mg/kg) (grade 2),
and TGFBIp+CNS (0.8 mg/kg) (grade 1). Arrows indicate leukocyte
infiltration. The illustrations are representative images from 3 inde-
pendent experiments

TGFBIp-induced lethality and lung injury in vivo. All these
results are consistent with our hypothesis.

The anti-septic functions of CNS on TGFBIp-mediated
sepsis could be mediated by inhibition of TGFBIp release
and inhibition of TGFBIp mRNA transcription (Fig. 1B-D),
and TGFBIp-mediated hyperpermeability (Fig. 2A, B) via
suppression of p38 activation (Fig. 2C). Noting that the
LPS-induced transcriptional expression (Fig. 1D) and trans-
lational (Fig. 1B) levels of TGFBIp were repressed by CNS,
the transcriptional stability of TGFBIp mRNA was main-
tained by LPS, which was repressed by CNS. Also, as shown
in Fig. 1E, the LPS-induced expression of integrin av 5 was
suppressed by CNS. These results indicated that integrin av
5 is an important regulator of the vascular endothelial leak-
age response in sepsis, suggesting that a function-blocking
antibody against integrin av 5 prevented the development
of pulmonary vascular permeability and animal acute pul-
monary disease models [6, 17, 18]. In addition, noting that
high plasma concentrations of TGFBIp in sepsis patients
correlate with the severity of sepsis [6], and pharmacologi-
cal inhibition of TGFBIp improves survival in sepsis animal
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models [5], the prevention of CLP-induced release of TGF-
BIp by the CNS (Fig. 2) indicates the potential utility of
the CNS in the treatment of vascular inflammatory diseases.

Several studies have reported that TGFBIp enhanced the
expression of CAMs, such as VCAM, ICAM, and E-selectin,
on the surfaces of human cells, thereby promoting adhesion
and migration of leukocytes across the endothelium to sites
of inflammation [2, 6, 19, 20]. And, previous studies have
reported that TGFBIp enhances the expression of CAMs
such as VCAM, ICAM, and E-selectin on the human cell
surface, promoting leukocyte adhesion and migration across
the endothelium to sites of inflammation [2, 6, 19, 20].
According to the current findings, TGFBIp-induced upreg-
ulation of the surface expression of VCAM, ICAM, and
E-selectin, which was suppressed by CNS suggesting that
the inhibitory effects of CNS on the expression of CAMs are
mediated through attenuation of the TGFBIp signaling path-
way by CNS. And, increased CAMs expression enhances
binding of human neutrophils to TGFBIp-activated endothe-
lial cells and subsequent migration. These results suggest
that CNS not only inhibits the release of endotoxin-mediated
TGFBIp from endothelial cells, but also downregulates the
proinflammatory signaling effect caused by the release of
TGFBIp, thereby inhibiting the expansion of inflammatory
pathways by nuclear cytokines. Experiments on CAM have
been extensively performed in vitro to study the regulation
of interactions between leukocytes and endothelial cells
[21, 22]. In this study, TGFBIp-induced levels of VCAM,
ICAM, and E-selectin were down-regulated by CNS treat-
ment, which was shown to inhibit adhesion and migration of
leukocytes to the inflammatory endothelium.

Consistent with previous reports of interfering with TGF-
Blp, it is essential for leukocyte adhesion and migration
through interaction with integrin av 5 [23, 24]. In addi-
tion, the inhibitory effect of CNS on the interaction between
leukocytes and endothelial cells is mediated by the suppres-
sion of the expression of CAMs such as VCAM, ICAM,
and E-selection (Fig. 3). The underlying mechanism of the
anti-inflammatory effects of CNS was downregulation acti-
vation of the inflammatory transcription factors NF-xB and
Raf-MEK-ERK-JNK signaling cascades (Fig. 4). A possible
major target of CNS in TGFBIp-mediated sepsis may be the
interaction between released TGFBIp and its receptor (inte-
grin av B5). This is because the binding of the ligand TGF-
BIp to the receptor mediates a severe downstream vascular
inflammatory response towards the leukocyte terminal [5, 6].

The present findings support the potential of CNS as a
treatment for sepsis and septic shock. Although the herbal
drug candidate has the advantage of being cheap in terms of
price, the main limitation of this study was the inability to
determine the pharmacokinetics of CNS. After intravenous
injection by CNS, it undergoes excretion, which accounts for
absorption, distribution, metabolism, and processing of drug

compounds within the organism. All four of these criteria
influence the level, kinetics, and overall performance of the
drug. Therefore, further studies are needed to elucidate the
pharmacokinetic properties of CNS in vivo.

Our results show that CNS inhibits TGFBIp receptor
expression (integin av p5) and TGFBIp-mediated barrier
dysfunction through barrier integrity and inhibition of CAM
expression. Moreover, CNS reduces human neutrophil adhe-
sion and migration to HUVECs. This barrier protective
effect of CNS was confirmed in a mouse model in which
treatment with CNS resulted in a reduction in TGFBIp-
induced mortality. Our findings show that CNS is worthy
of consideration as a potential treatment for severe vascular
inflammatory diseases such as sepsis and septic shock.

Experimental
Reagents

CNS, Evans blue, and crystal violet were obtained from
Sigma (St. Louis, MO). Vybrant DiD (used at 5 pM) was
obtained from Invitrogen (Carlsbad, CA). TGFBIp protein
was purified as described previously [6].

Cell culture

Primary HUVECs were obtained from Cambrex Bio Science
(Charles City, IA) and maintained as described previously
[25-27]. All experiments were performed with HUVECs
in passages 3—5. Human neutrophils were freshly isolated
from whole blood (15 ml) obtained by venipuncture from 5
healthy volunteers and maintained as previously described
[28, 29]. The study protocol (KNUH 2019-01-010) was
approved by the IRB of Kyungpook National University
Hospitals (Daegu, Republic of Korea).

Animals and husbandry

Male C57BL/6 mice (67 weeks old, weight 27 g) were pur-
chased from Orient Bio (Seongnam, Korea) and used after
12 days of adaptation. Animals were housed five per poly-
carbonate cage under temperature (20-25 °C) and humid-
ity (40-45%), 12 h 12 h light:dark cycle. Animals received
normal rodent pellet food and water ad libitum during accli-
matization. Mice were euthanized by CO, anesthesia after
cervical dislocation [30]. All animals were treated in accord-
ance with the Guidelines for the Care and Use of Laboratory
Animals issued by Kyungpook National University (IRB No.
KNU 2016-54).
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In this study, CLP-induced septic mouse model was used
because it is more similar to human sepsis than LPS-induced
endotoxemia, were used [31]. For sepsis induction, male
mice were first anesthetized in a breathing room with 2%
isoflurane (Poran, JW Pharmaceutical, Korea) in oxygen
delivered through a small rodent gas anesthesia machine
(RC2, Vetequip, Pledon, CA), and then through a face mask.
They were able to breathe spontaneously during the opera-
tion. CLP-induced sepsis model was prepared as previously
described [28, 29]. This protocol was approved by the Ani-
mal Care Committee at Kyungpook National University
prior to conducting the study (IRB No. KNU 2016-54).

Cell viability assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma) was used as an indicator of cell viabil-
ity as previously described [26, 28]. Cells were grown to a
density of 5x 10° cells/well in 96-well plates. After 24 h,
the cells were washed with fresh medium and treated with
CNS. After 6 h, the cells were washed and incubated for
4 h after adding 100 pl of MTT (1 mg/ml). Finally, DMSO
(150 pL) was added to dissolve the amount of the resulting
formazan salt. Adjust the optical density (OD) to 540 nm
using a microplate reader (Tecan Austria GmbH, Austria).

Enzyme-linked immunosorbent assay (ELISA)
for TGFBIp

TGFBIp concentrations in cell culture media or mouse
serum were determined by competitive ELISA, as described
previously [2, 6]. 96-well plastic plate microtiter plates
(Corning, NY) were coated with TGFBIp protein in 20 mM
carbonate—bicarbonate buffer (pH 9.6) with 0.02% sodium
azide overnight at 4 °C. Plates were rinsed three times with
phosphate buffered saline (PBS)-0.05% Tween20 (PBS-T)
and then kept at 4 °C. The lyophilized culture medium was
pre-injected with anti-TGFBIp antibody (PBS-T 1:2000 dilu-
tion) in 96-well plastic circular microtiter plates for 90 min
at 37 °C. Pre-incubated samples were transferred to pre-
coated plates and incubated for 30 min at room temperature.
Plates were rinsed 3 times with PBS-T and then incubated
for 90 min with peroxidase-conjugated anti-rabbit IgG anti-
body (PBS-T, diluted 1:2000 min from Amersham Pharma-
cya Biotech) at room temperature. After rinsing the plate 3
times with PBS-T, it was incubated for 60 min at room tem-
perature in the dark with 200 pl substrate solution (100 pg/
ml o-phenylenediamine, 0.003% H,0,). After the reaction
was stopped with 50 pl of 8 N H,SO,, the absorbance was
measured at 490 nm.

@ Springer

In vitro permeability assay

Permeability was quantified via spectrophotometric meas-
urements of Evans blue-bound albumin flux across func-
tional HUVEC monolayers using a two-sphere chamber
model modified as previously described [28, 29]. Briefly,
HUVECs were plated (5 X 10* cells/well) in Transwells with
a pore size of 3 pm and a diameter of 12 mm for 3 days. The
confluent monolayers were treated with TGFBIp (5 pg/ml
for 6 h) followed by incubation with CNS for 6 h.

Expression of CAMs and receptors

Expression of VCAM, ICAM, and E-selectin on HUVECs
was determined by whole-cell ELISA, as described pre-
viously [28, 29]. Binding monolayers of HUVECs were
treated with TGFBIp (5 pg/ml) for 6 h, followed by CNS
treatment for 6 h. After removing the medium and washing
the cells with PBS, they were fixed with 50 pl of 1% para-
formaldehyde at room temperature for 15 min. After wash-
ing, 100 pl of murine anti-human monoclonal antibodies
(VCAM, ICAM and E-selectin); Temecula, CA; 1:50 each)
was applied. After 1 h (37 °C, 5% CO,), cells were washed 3
times and then 100 pl of 1:2000 peroxidase-conjugated anti-
mouse [gG antibody (Sigma) was administered for 1 h. The
cells were washed again 3 times and developed using O-phe-
nylenediamine substrate (Sigma). Chromaticity analysis was
performed by measuring absorbance at 490 nm. All meas-
urements were performed in 3 wells. The same experimental
procedure was used to monitor the cell surface expression
of av 3 and av PS5 using specific antibodies obtained from
EMD Millipore (MA).

In vitro migration assays

Migration tests were performed in transwell plates with a
diameter of 6.5 mm and a filter pore size of 8 pm. HUVECs
(6% 10*) were cultured for 3 days to obtain fused endothelial
monolayers. Before adding human neutrophils on top, the
cell monolayer was treated with TGFBIp (5 pg/ml for 6 h)
and then treated with CNS for 6 h. Cells on the top of the
filter were aspirated and non-migrating cells were removed
using a cotton swab. Human neutrophils at the bottom of the
filter were fixed with 8% glutaraldehyde and stained with
0.25% crystal violet in 20% methanol (w/v). Each experi-
ment was repeated in duplicate wells, and nine randomly
selected high-power microscope fields (HPF, 200x) were
counted within each well and expressed as a migration index.

Cell-cell adhesion assay

Adherence of human neutrophils to endothelial cells was
evaluated by fluorescent labeling of human neutrophils as
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previously described [28, 29]. Briefly, purified human neu-
trophils (1.5 % 106 cells/ml, 200 pl /well) were labeled with
Vybrant DiD dye and then added to washed and stimulated
HUVECs. HUVEC monolayers were treated with TGFBIp
(5 pg/ml) for 6 h followed by treatment with CNS for 6 h.

In vivo permeability and leukocyte migration assay

For the in vivo study, male mice were first anesthetized in a
breathing room with 2% isoflurane (Forane; JW Pharmaceu-
tical, Korea) in oxygen delivered through a small rodent gas
anesthesia machine (RC2; Vetequip, Prendon, CA), and then
anesthetized through a face mask. Mice were treated with
TGFBIp (0.1 mg/kg, i.v.) for 6 h followed by CNS for 6 h.

For the in vivo permeability assay, each mouse was intra-
venously injected with a 1% Evans blue dye solution in nor-
mal saline. After 30 min, the mice were euthanized, and
the peritoneal exudate was collected by washing the cavities
with 5 ml of normal saline and centrifuging the supernatant
at 200xg for 10 min. The upper peak absorptance was meas-
ured to be 650 nm. Vascular permeability is expressed as ug
of dye/mouse measured using a standard curve as previously
described [28, 29].

For evaluation of leukocyte migration [28, 29], mice were
euthanized after 6 h and peritoneal cavities were washed
with 5 ml of normal saline. A sample (20 pL) of the col-
lected peritoneal fluid was mixed with 0.38 ml of Turk's
solution (3% acetic acid crystal purple 0.01%), and the white
blood cell count was measured under a light microscope.

Hematoxylin and eosin staining and histopathologic
examination

Mice were administered with TGFBIp (0.1 mg/kg, iv.) fol-
lowed by treatment with CNS at 12 h and 50 h (n=35). Mice
were euthanized 96 h after TGFBIp injection. To analyze
phenotypic changes in mouse lungs [26, 28, 29], lung speci-
mens were removed from each mouse, washed three times in
PBS (pH 7.4) to remove residual blood, and 4% in PBS (pH
7.4). It was fixed in formaldehyde solution (Junsei, Tokyo,
Japan) at 4 °C for 20 h. After fixation, the sample was dehy-
drated with a series of ethanol concentrations, embedded in
paraffin, sectioned to a thickness of 4 pm, and placed on a
slide. The slides were deparaffinized in an oven at 60 °C to
rehydrate and stained with hematoxylin. To limit excessive
staining, slides were rapidly dipped in 0.3 % acid alcohol
three times and then counter-painted with eosin (Sigma).
A series of ethanol and xylene were used to remove excess
stain and coverlips were placed on slides. Light microscopic
analysis of lung specimens was performed by blind obser-
vation to evaluate previously defined lung structures, tissue
edema and inflammatory cell infiltration [32]. The results
were classified into 4 grades, grade 1 indicating normal

histopathology, grade 2 minimal neutrophil infiltration,
grade 3 moderate neutrophil infiltration, angioedema for-
mation, partial destruction of lung structures, grade 4 high-
density neutrophil infiltration, in the form of abscession, and
complete destruction of lung structures.

ELISA for phosphorylated p38 MAPK, JNK, Raf,
and MEK

The activity of phosphorylated p38 MAPK (Cell Signal-
ing Technology, Danvers, MA), INK (R&D System, Inc.,
Minneapolis, MN), Raf, and MEK (RayBiotech, Norcross,
GA) were quantified in accordance with the manufacturer’s
instructions using a commercially available ELISA kit. The
values were measured using an ELISA plate reader (Tecan,
Austria GmbH, Austria).

Preparation of nuclear extracts and western
blotting for NF-kB and ERK 1/2

The cells were harvested rapidly by sedimentation, and
nuclear and cytoplasmic extracts were prepared on ice, as
previously described [33]. Briefly, the cells were harvested
and were washed with 1 ml of buffer A (10 mM HEPES,
pH 7.9, 1.5 mM MgCl,, 19 mM KCl) for 5 min at 600xg.
Subsequently, the cells were resuspended in buffer A, cen-
trifuged at 600xg for 3 min, resuspended in 30 pl of buffer
B (20 mM HEPES, pH 7.9, 25% glycerol, 0.42 M NacCl,
1.5 mM MgCl,, 0.2 mM EDTA), rotated for 30 min at 4 °C,
and centrifuged at 13,000xg for 20 min. The supernatant
was the nuclear extract. The nuclear extracts were analyzed
for protein content by the Bradford assay.

For western blotting, nuclear extracts were separated by
electrophoresis in polyacrylamide gels of different percent-
ages, depending on the size of the protein of interest. The
gels were transferred to polyvinylidene difluoride (PVDF)
membranes via semidry electrophoretic transfer at 20 mA
for 2 h. The PVDF membranes were blocked for 2 h at room
temperature in 5% bovine serum albumin (BSA), incubated
overnight at 4 °C with a 1:500 dilution of primary antibody
in Tris-buffered saline/Tween 20 (TBS-T) containing 5%
BSA, and then incubated with a 1:5000 dilution of second-
ary antibody in TBS-T containing 1% BSA at room tempera-
ture for 1 h. After incubation, the membranes were washed
3 times with TBS-T solution, incubated with western blot
enhanced chemiluminescence (ECL) detection reagents
(Amersham, Piscataway, NJ), and exposed to Xomat AR
films (Eastman Kodak, Rochester, NY). For western blot-
ting of NF-kB and ERK 1/2, anti-phospho-ERK1/2, anti-
total ERK1/2, anti-NF-xB p65, and anti-total NF-xB p65
antibodies (Santa Cruz) were used. Densitometry analysis
was performed using the ImageJ Gel Analysis tool (NIH,
Bethesda, MD).
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Statistical analyses

All experiments were independently performed a minimum
of 3 times. Values were expressed as the mean + standard
deviation (SD). The statistical significance of differences
between test groups was evaluated by SPSS for Windows,
version 16.0 (SPSS, Chicago, IL). Statistical relevance was
determined by one-way analysis of variance (ANOVA) and
Tukey’s post-test. Values of p <0.05 were considered to indi-
cate statistical significance. The survival outcomes of TGF-
BIp injection were assessed using Kaplan—Meier analysis.
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