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Urinary Trypsin Inhibitor Protects Tight Junctions
of Septic Pulmonary Capillary Endothelial Cells by
Regulating the Functions of Macrophages
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Background: Our previous study found that urinary trypsin inhibitor (ulinastatin, UTI)
protected tight junctions (TJs) of lung endothelia via TNF-a inhibition, thereby alleviating
pulmonary capillary permeability in septic rats. As the activated macrophage is the main
source of TNF-a in sepsis, we speculate that UTI may exert the above effects by regulating
the functions of macrophages.

Methods: Bone-marrow derived macrophages (BMDM) were divided into control, lipopo-
lysaccharide (LPS), UTI+LPS and UTI groups. TNF-a, TGF-, IL-10, CD86, CD206 and
MCP-1 expression were assessed by Western blot. The phagocytosis and migration of
BMDM were detected. Pulmonary microvascular endothelial cells (PMVECs) were cultured
with the conditioned medium (CM) from each group of BMDM above. Sprague-Dawley rats
were divided into sham, cecal ligation and puncture (CLP), and UTI+CLP groups. Western
blot and immunofluorescence were used to detected zonula occludens-1 (ZO-1), occludin and
claudin-5 expression in PMVECs, as well as TNF-a, TGF-B, iNOS, CD86 and CD206
expression in lungs. Pulmonary capillary permeability was assessed by extravasated Evans
blue, lung injury score (LIS), wet-to-dry weight ratio and electron microscope.

Results: TNF-o and CD86 expression were increased in LPS-treated BMDM, but were
reversed by UTI pretreatment. TGF-B, IL-10 and CD206 expression were the opposite. UTI
markedly decreased phagocytosis and migration of LPS-treated BMDM. ZO-1, occludin and
claudin-5 expression were markedly decreased in PMVECs of the CM-LPS group, but
significantly increased in the CM-UTI+LPS group. TNF-a, iNOS and CD86 expression
were increased in the lungs of CLP-rats but decreased with UTI pretreatment, while TGF-
B and CD206 expression were the opposite. UTI markedly ameliorated the lung EB leakage,
improved LIS, reduced the wet-to-dry ratio and revised the damaged TJs of PMVECs in
CLP-rats.

Conclusion: UTI effectively inhibits the conversion of M1 macrophage but increases M2,
reduces the phagocytosis and migration, which helps to protect endothelia TJs and reduce
pulmonary capillary permeability during sepsis.

Keywords: ulinastatin, sepsis, macrophage, pulmonary capillary endothelial cells, tight

junctions

Introduction

At present, sepsis continues to be one of the most frequent conditions encountered
in intensive care units,' and lung injury is one of the most frequent consequences of
sepsis.” Acute respiratory distress syndrome (ARDS) is the most severe form of
lung injury caused by sepsis, characterized by lung epithelial and endothelial cell
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injury. Generally, pulmonary microvascular endothelial
cells (PMVECs:) line the luminal surface of the vasculature
and are tightly held, providing a translucent membrane
between alveolar tissue and circulating blood. Due to over-
whelmed inflammatory response in sepsis, the disrupted
endothelial barrier can lead to increased permeability of
pulmonary tissue and result in neutrophil influx and alveo-
lar flooding,® which contributes to acute pulmonary edema
and leads to high mortality.*

Tight junctions (TJs) between the endothelium play an
important role in the acellular permeability of the endothe-
lial barrier.” The TJs in endothelial cells are composed of
occludin, claudins and zonula occludens (ZO-1, ZO-2, and
Z0-3),° which interact to seal the intercellular space and
maintain vascular homeostasis.” A lot of evidence supports
the fact that TJs of endothelial cells decrease in sepsis and
result in increased paracellular permeability in the brain
and umbilical veins.®

Urinary trypsin inhibitor (ulinastatin, UTI), which is
isolated and purified from human urine,” was proven to
have a protective role against sepsis-induced multi-organ
injuries, such as septic ARDS.' Our previous study
demonstrated that UTI could attenuate the permeability
of pulmonary capillary endothelial cells in sepsis via pro-
tecting the TJs between the endothelium, which attributed
to inhibition of the release of tumor necrosis factor-o
(TNF-a)."!

TNF-a initiated inflammatory cascade and destroyed
the alveolar  capillary  barrier,'*  leading to
increased endothelial barrier permeability and pulmonary
edema. As we know, the pro-inflammatory cytokines, such
as TNF-a, are mainly derived from macrophage but not
endothelial cells in septic lungs. Whether UTI exerts its
effects by regulating the function of macrophages is worth
considering. Macrophages are monocytes derived from
innate immune cells, which exist in most human body
tissues and display high plasticity and function as regulat-
ing tissue homeostasis and adaptive responses. Generally,
there are two types of macrophage: proinflammatory (M1)
and anti-inflammatory (M2)."? As reported, the ratio of
M1 to M2 macrophage is highly regulated in normal
tissues.'"* The expression profile of M1 macrophages is
that they characteristically release high levels of TNF-a,
interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1) and inducible nitric oxide synthase (iNOS). M2
macrophages express high levels of arginase and IL-10,
which play an important role in tissue remodeling and

. 15,1
repair.'>'°

In this study, LPS-stimulated primary macrophages of
mice, conditioned medium from bone-marrow derived
macrophages (BMDM), PMVECs and cecal ligation and
puncture (CLP)-induced sepsis model in rats were adopted
to demonstrate that UTI ameliorates pulmonary capillary
leakage in sepsis through regulating the transformation of
M1 macrophage to M2, as well as the functions of
macrophages.

Materials and Methods
Isolation of BMDM

The tibias and femurs of 6 C57Bl/6 mice were used to
isolate BMDM, according to standard protocols,'”'® that
is, using a syringe containing the medium and a 21G
needle to flush bone marrow from bone cavity. The med-
ium was composed of Roswell Park Memorial Institute
(RPIM) 1640 liquid medium and contained 10% fatal
bovine serum (FBS, Gibco, Life Technologies, United
States, 10099-141). Primary macrophages were seeded
onto 25 cm? plate. They were cultured for 7 days with
RPMI-1640 medium, which contained macrophage col-
ony-stimulating factor (100 ng/mL, Abcam, United
Kingdom, ab129146).

Cell Culture

Primary mouse BMDM were cultured in 25 cm? culture
flasks with an RPMI-1640 medium containing 10% fetal
bovine serum (FBS, Gibco, Life Technologies, United
States, 10099—141) at 37°C in humidified 5% CO,/95%
air. The medium was partially changed every 48
h. Primary rat PMVECs (Bena Culture Collection,
Suzhou, China, BNCC338210) were cultured in a 25 cm?
plate with the complete medium at 37°C in humidified 5%
CO,/95% air. There were 3 components in the complete
medium: Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Thermo Fisher Scientific, United States,
C11995500BT), 1% antibiotic (Gibco, Life Technologies,
United States, 15140-122) and 10% fetal bovine serum
(FBS). The medium was partially changed every 48 h.

Cell Viability Assay

The viability of BMDM was assessed by Cell Counting
kit-8 (CCK-8, Beyotime, C0038). To determine the cyto-
toxic effect of UTI and LPS, BMDM were cultured in
96-well microplates (10° cells/well), treated with lipopo-
lysaccharide (LPS, Sigma, United States, L-2880) (ranging
from 0.01 to 2 pg/mL), UTI (Ulinastatin for Injection,
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Techpool, Guangdong, China) (ranging from 500 to 10* U/
mL) for Oh, 3h, 6h and h in triplicates. After removing
the medium and adding 90 pL of new basic medium and
10 uL CCK8 solution to each well, the plate was incubated
for another 3 hours. The optical density at 450 nm was
then read with a microplate reader. The experiment was
performed 3 times.

BMDM Groups and Treatments

The BMDM (6.5x10° cells/well) were divided randomly
into four groups: control, LPS, UTI+LPS and UTI. It was
reported that 5000U/mL UTI was used on BMDM'® and
10*U/mL on PMVECs."” We used 10* U/mL UTI for the
in vitro experiments in this study. In the control, BMDM
were cultured with basic a medium (RPIM-1640) for 8 h,
whereas the cells in the UTI group were treated with UTI
(10* U/mL) for 2 h and then cultivated with a new basic
medium for 6 h. In the UTI+LPS group, cells were pre-
treated with UTI (10* U/mL) for 2 h and then treated with
LPS (1pg/mL) for 6 h, while BMDM in LPS were incu-
bated to LPS (1pg/mL) for 6 h. The cells in the 6-well
plates were then collected for immunofluorescence and
protein extraction.

Preparation of BMDM Conditioned
Medium

Three kinds of conditioned medium were prepared at
24 h after BMDM (6.5x10° cells/well) seeded in 6-well
plates: (1) BMDM conditioned medium (CM): BMDM
were incubated with 2 mL basic medium (DMEM med-
ium) for 8 h; (2) BMDM conditioned medium + LPS (CM-
LPS): BMDM were cultured with 2 mL basic medium
containing 1pug/mL LPS for 6 h; (3) BMDM conditioned
medium with UTI pretreatment + LPS (CM-UTI+LPS):
BMDM were pretreated with 2 mL medium with UTI (10*
U/mL) for 2 h, then the supernatant was discarded and it
was cultured with 1pg/mL LPS for 6 h. Before use, the 3
conditioned mediums should be collected and filtered with
a 0.22 mm syringe filter.

Treatment of PMVECs with BMDM
Conditioned Medium

PMVECs were seeded on coverslips in 6-well plates
(3.5%10° cells/well) with the complete medium (DMEM
containing 10% FBS) for 10-14 days until they were
confluent. Every 48 h, the medium was partially replaced.
PMVECs were divided into 3 groups: CM, CM-LPS, CM-

UTI+LPS. Then PMVECs were cultured in the corre-
sponding conditioned medium of BMDM for 48 hours.

Ethical Use of Animals

The use and handling of rats for CLP or isolated for
BMDM all followed the ethical guidelines stated in the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Animal use and experimental proto-
cols were approved by the approval authority at Jinan
University (No. 20180225016). We made our best effort
to reduce the number of rats and their suffering.

Animals and Treatments

Fifty adult male Sprague-Dawley rats (Table 1) weighing
220-280 g were obtained from the Animal Experiment
Center of Jinan University. They were fed with water
adlibitum and a standard laboratory diet. The rats were
randomly divided into 3 groups: sham, CLP and UTI
+CLP. We used the CLP method to construct a sepsis rat
model according to our previous experiment: in brief, after
intraperitoneal injection of 3% sodium pentobarbital
(30 mg/kg) anesthesia, the abdominal cavity was opened
to expose the cecum and then, using an 18G needle in the
middle part with 3—0 silk thread ligation, it was perforated
5 times (exposing a small amount of feces). After the
cecum was reset, the abdomen was sutured with 2-0 silk
The then
a subcutaneous injection of saline (5 mL/100 g; 37°C).

suture. rats were resuscitated  using
The health and general condition (hair, mobility, weight,
posture, alertness and startle reflex) of the rats were eval-
uated every 8 h after CLP surgery. In the sham operation
group, the rats underwent a similar operation, but the
cecum was neither ligated nor perforated. For the purpose
of minimizing the differences among the experiments,

CLP surgery was performed by the same researcher.

Table | Number of Animals Used in Various Treatments

Journal of Inflammation Research 2021:14

Usage Sham CLP UTI
+CLP

Mouse | Isolation of BMDM N=6

Rat EB (died in 48 h) N=3 N=4(I) N=3
TEM (died in 48 h) N=3 N=4(I) N=3
Lung pathology, WB and N=3 N=6(2) N=6(I)
W/D
Immunofluorescence N=3 N=6(3) N=6(2)
(died in 48 h)

Total N=18 | N=20(7) | N=18(3)
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Within 48 h after the CLP procedure, all 18 rats in the
sham group survived; in the CLP group, 13 rats were
successfully modeled and 7 rats died; and in the UTI
+CLP group, 15 rats were successfully modeled and 3
rats died. The daily dose range of UTI was 10°~10°U/
day for patients in the clinic.*® To find the corresponding
dose range in rats, the body surface areca of a human
should be converted to that of a rat. The ratio of a rat’s
(200g) body surface area to a human's (70kg) is 1/56,'
thus the calculation formula for the dose of a 200g rat is as
follows: 10°~10°Ux0.018/0.2kg=0.9~9x10* U/kg. In this
study, we treated SD rats with 5x10* U/kg UTI for vivo
experiment, as reported in other studies.”

Rats in the UTI+CLP group were given UTI dissolved
in 2 mL 09% saline (China Guangdong Dexing
Biochemical Pharmaceutical Co, Ltd.) (5x10* U/kg) via
an indwelling vein needle (24G, BD) every 24 h, at 72
h before the CLP procedure. In the CLP group, the rats
were injected with saline, while the rats in the sham group
received no treatment. All rats were euthanized at 48
h after CLP.

Western Blotting

For different groups of BMDM, after discarding the med-
ium, the cells were washed with 1xPBS more than twice;
a lysis buffer was used to lyse cells. Then a rubber scraper
was used to scrap off the cells, and cell debris were
centrifuged at 15,000 rpm for 15 min to collect the super-
natant. For a different group of PMVECs, after being
incubated with the conditioned medium for 48 h, the old
medium was discarded and the same treatment with
BMDM was performed. For different groups of rats, the
left lung was stored in liquid nitrogen at —80°C. The total
proteins were extracted with protein extraction reagents
(Pierce; Thermo Fisher Scientific, Bloomingdale, Illinois,
USA) that contain protease inhibitors.

The protein concentration of BMDM, PMVECs and
tissues was assessed by the Pierce TM BCA protein
assay kit (Thermo Fisher Scientific, United States,
Product # 23227). After that, samples of 40 pg protein
were heated to 100°C for 10 min. Then they were sepa-
rated on 10% gels using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The protein bands were
electrically attracted to the polyvinylidene fluoride
(PVDF) membrane. Subsequently, the membrane was
blocked with 5% milk at room temperature for 1 h.

The membranes were incubated with TNF-o (Abcam,
United Kingdom, ab66579), iNOS (Abcam, United

Kingdom, ab49999), MCP-1 (Abcam, United Kingdom,
ab25124), IL-10 (Abcam, United Kingdom, ab9969), f3-
Actin (13E5) rabbit mAb (Cell Signaling Technology,
United States, #4970S), as well as rabbit anti-mannose
receptor antibody (Abcam, United Kingdom, ab125028),
TGF-f (Abcam, United Kingdom, ab31013), ZO-1
(Thermo Fisher Scientific, United States, #40-2200), clau-
din-5 (Thermo Fisher Scientific, United States, #35-2500),
occludin (Thermo Fisher Scientific, United States, #71-
1500), and CD86 antibody (Thermo Fisher Scientific,
United States, #MA5-32078). Primary antibodies were
diluted in 5% milk or 5% BSA overnight at 4°C. Then
the membranes were incubated with secondary antibodies,
such as anti-mouse IgG, HRP-linked antibody (Cell
Signaling Technology, United States, 7076S) or anti-
rabbit IgG, HRP-linked antibody (Cell Signaling
Technology, United States, 7074S). A SuleLumia ECL
kit (Abbkine, USA, K22020) was used to detect immuno-
blots. Image J software was used to quantify band inten-
sity. Details of antibodies used are given in Table 2. The
experiment was performed at least 3 times.

Phagocytosis Assay

BMDM were incubated in a 96-well plate and then treated
with a phagocytosis assay kit (Abcam, United Kingdom,
ab234053). Cells were treated as described previously.
After S5uL of Zymosan slurry was added to all wells, the
plate was incubated at 37°C and 5% CO, for 2 h. After
that, the plate was washed 3 times with an ice cold pha-
gocytosis assay buffer. The plate was imaged using
a fluorescence microscope. The experiment was performed
at least 3 times.

Cell Migration Assay

BMDM was placed in a 24-well plate. Transwell™ perme-
able support polycarbonate membrane inserts (8.0 um pore
size; Costar, USA) were used to assess the effect of LPS
and UTI on BMDM migration. First, 200uL of cell sus-
pension (10% cells) was added to the inside of the insert.
Second, the cells were processed as described previously.
Third, after washing the cells with PBS 2 or 3 times,
500uL of the serum-free medium was added to the upper
chamber and 500puL of the complete medium was added to
the lower chamber. After incubating at 37°C and 5% CO,
for 24 h, the old medium was discarded and the remaining
cells in the insert were carefully removed. Subsequently,
the cells were fixed with 100% methanol and stained with
0.5% of crystal violet. The cells were washed with
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Table 2 Antibodies Used for Western Blotting and Immunofluorescence

Antibody Host Source Catalog Dilution for Dilution for
Number Staining Western Blot

Occludin Rabbit polyclonal Thermo Fisher Scientific, United States | 71-1500 1:100 1:1000
Claudin5 Mouse monoclonal | Thermo Fisher Scientific, United States | 35-2500 1:100 1:1000

ZO-1 Rabbit polyclonal Thermo Fisher Scientific, United States | 40-2200 1:100 1:1000
TNF-a Rabbit polyclonal Abcam, United Kingdom ab66579 1:1000

IL-10 Rabbit polyclonal Abcam, United Kingdom ab9969 1:1000
TGF-B Mouse monoclonal | Abcam, United Kingdom ab31013 1:1000

iNOS Rabbit polyclonal Abcam, United Kingdom ab4999 1:1000
MCP-I Rabbit polyclonal Abcam, United Kingdom ab25124 1:1000
B-actin Rabbit polyclonal Cell Signaling Technology, United States | 4970S 1:1000
Anti-Mannose Rabbit polyclonal Abcam, United Kingdom ab125028 1:1000
CD86 Rabbit polyclonal Thermo Fisher Scientific, United States | MA5-32078 1:1000

CD3lI Mouse monoclonal | Abcam, United Kingdom ab64543 1:100

1gG-HRP Mouse monoclonal | Thermo Fisher Scientific, United States | 70765 1:100

1gG-HRP Rabbit polyclonal Thermo Fisher Scientific, United States | 7074S 1:100

Secondary Antibody | Donkey polyclonal | Thermo Fisher Scientific, United States | A-31572 1:200

Secondary Antibody | Donkey polyclonal | Thermo Fisher Scientific, United States | A-21202 1:200

distilled water to remove the excess dye. The migrated
cells were imaged using a microscope and ImagelJ soft-
ware was used to count the cells in the five fields of each
insert. The experiment was performed at least three times.

Scratch Wound Assay

BMDM were incubated in 6-well plates with the complete
medium. When they grew to confluence, a 200-pL pipette
tip was used to form a scratch of the same width through
the entire well. Subsequently, BMDM were washed care-
fully with PBS to remove cell debris. Then cells were
cultured with a basic medium at 37°C in humidified 5%
C0O,/95% air. After 24 h, the migration of BMDM into the
wound area was observed. The experiment was performed
at least 3 times.

Double Immunofluorescence

After different treatments with the conditioned medium for
48 h, PMVECs were fixed in 4% paraformaldehyde and
0.1 M PBS for 15 min at room temperature. Then the cells
were blocked with 10% donkey serum for 1 h, and each
washed with 1xPBS 3 times for 5 min. Subsequently, the
cells on the coverslips were incubated overnight with the
corresponding primary antibodies at 4°C. Next, the cells
were incubated with FITC/Cy3-conjugated secondary anti-
bodies in the dark for 1 h at room temperature. The cover-
slips were each washed with 1xPBS 3 times for 5 min.
DAPI was used to mount the coverslips. The images were

captured at a magnification of 200x. The experiment was
performed at least 3 times.

A total of 15 rats were used for double immunofluor-
escence labeling. They were anesthetized with 3% pen-
tobarbital sodium (30 mg/kg) at 48 h after the CLP
procedure. Then the rats were sacrificed using 2% par-
aformaldehyde. After gradient dehydration, the lung tis-
sue was embedded with OCT and sectioned at 7um
2165;
Bensheim, Germany). Tissue sections were blocked

thickness on a microtome (Model: Leica,
with 5% normal goat serum for 1 h at room temperature
and then incubated with primary antibodies at 4°C over-
night. After 3 rinses with PBS, the sections were incu-
bated with fluorescent secondary antibody at room
temperature for 1 h. After washing in PBS, the sections
were mounted with DAPI. The images were captured at
a magnification of 400x. The experiment was performed

at least 3 times.

Assessment of Pulmonary Capillary
Leakage

Extravasated Evans blue (EB) was used to assess pulmon-
ary capillary permeability. In brief, rats were anesthetized
with 3% pentobarbital sodium (30 mg/kg) at 48 h after the
CLP procedure. They were injected with 2.5% EB dis-
solved in 2 mL 0.9% saline (20 mg/kg) via the tail vein.
After the EB injection, the rats were euthanized at 30 min.
Next, the right lung tissue was weighed, homogenized and

Journal of Inflammation Research 2021:14
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treated with formamide (4 mL/g [wet tissue]) at room
temperature for 24 h. The samples were centrifuged for
30 min at 4000 g. A microplate reader (620 nm) was then
used to detect dye absorbance values. The concentration of
Evans blue was calculated from the absorbance according
to a standard curve.

Transmission Electron Microscopy (TEM)
A total of 10 rats were subjected to TEM. The rat tissue was
removed on ice, cut into 1 mm® pieces and immersed in 2.5%
glutaraldehyde. Then the tissue was subjected to the following
procedures. First, 1% oxidizing fixative was used to fix it.
Second, it was stained with 1% uranyl acetate. Finally, the
tissue was dehydrated and immersed in a gradient acetone
solution. The tissue was imaged using a transmission electron
microscope. The experiments were repeated at least 3 times.

Histological Examination and Lung Injury
Score (LIS)

A total of 15 rats rats were anesthetized with 3% pen-
tobarbital sodium (30 mg/kg) at 48 h after the CLP
procedure. The right tissue was isolated and fixed in
4% paraformaldehyde, embedded in paraffin and then
cut into 4um slices. The sections were routine-stained
with hematoxylin-eosin (H&E). As shown in Table 3,
the lung injury score (LIS) was quantified in a blinded
manner.”?

Table 3 Histological lung injury results

Parameter* Score per Field

0 | 2
A. Neutrophils in the alveolar space None 1-5 >5
B. Neutrophils in the interstitial space None 1-5 >5
C. Hyaline membranes None | >|
D. Proteinaceous debris filling the airspaces | None | >|
E. Alveolar septal thickening <2x | 2x-4x | >4x
F. Alveolar congestion None 1-5 >5

Notes: *Lung injury scoring system adapted with permission of the American Thoracic
Society. Copyright © 2021 American Thoracic Society. All rights reserved.Matute-Bello
G, Downey G, Moore BB et al. An official American Thoracic Society workshop report:
features and measurements of experimental acute lung injury in animals. Am J Respir Cell
Mol Biol. 201 |;44(5):725—738.23 The American Journal of Respiratory Cell and Molecular
Biology is an official journal of the American Thoracic Society. Readers are encouraged to
read the entire article for the correct context at https://www.atsjournals.org/doi/ | 0.
1165/rcmb.2009-0210ST?url_ver=739.88-2003&rfr_id=ori%3Arid%3Acrossref.
org&rfr_dat=cr_pub++0pubmed&] The authors, editors, and The American Thoracic
Society are not responsible for errors or omissions in adaptations. This table is repro-
duced with permission from Puig F, Herrero R, Guillamat-Prats R, et al. A new experi-
mental model of acid- and endotoxin-induced acute lung injury in rats. Am J Physiol Lung
Cell Mol Physiol. 2016;31 |(2):L7.29-L237.39 Reproduced with permission of the American
Physiological Society. Copyright © 2016 The American Physiological Society.

Measurement of Lung Wet-to-Dry (W/D)

Weight Ratio

The right lungs were weighed and then dried at 65°C for
72 h until their weight did not change. The ratio of dry-to-
wet weight was calculated.

Statistical Analysis

All statistical analyses were performed using SPSS 16.0
statistical software. Data were presented as means + SD.
After the homogeneity test of variances, one-way analysis
of variance (ANOVA) followed by multi-factor compari-
son of Tukey’s test were used to determine the statistical
significance between different groups. All experiments
were conducted at least 3 times with different groups.
Differences were considered statistically significant when
p < 0.05.

Results
Effects of UTI and LPS on Viability of
BMDM

The MTS assay was used to obtain the cytotoxicity data
for the effects of LPS and UTI on BMDM. When BMDM
were treated with UTI at the concentration of 500—-10* U/
mL for 9 h (Figure 1B), and with LPS (10-2000 ng/mL)
for 9 h (Figure 1A), cell viability remained relatively
unchanged. Therefore, we used UTI (10* U/mL) for
2 h and LPS (1pg/mL) for 6 h for all subsequent in vitro
analysis.

LPS Increased M| Macrophages but
Decreased by UTI

Western blot showed that markers of M1 macrophage
CD86 (Figure 1C) and inflammatory factors TNF-a
(Figure 1D) increased in the BMDM of the LPS group
in comparison with the control group, while they
decreased in response to UTI pretreatment. Markers of
M2 macrophage CD206 (Figure 1E) and anti-
inflammatory cytokines TGF-B and IL-10 (Figures IF
and 1G) decreased in the LPS group but increased in the
UTI+LPS group.

LPS Increased the Phagocytosis of BMDM

but UTI Reversed It
The phagocytosis of BMDM was significantly increased in

the LPS group compared with the control group but
decreased in the UTI+LPS group (Figure 2).
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1980 "o Journal of Inflammation Research 2021:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dovepress

Wang et al

A

CON
315
F

LPS 3 LI * & Fedk Fk
S 1.0
£ e 1B 1E
(1]

UTI+LPS £0.5-

=
c
3
= 0.0-

uTl P A

mm CON == LPS mm UTI+LPS = UTI
MCP-1

31.5 - * * *

8 [

CON LPS UTI+LPS UTI £1.0 —
Boactin  — ——— >
® 0.0
CON LPS UTI+LPS UTI
c CON LPS UTI+LPS uTl

o

Relative Migration Celis

CON LPS UTIHLPS UTI

Figure 3 UTI markedly decreased the migration of BMDM caused by LPS. Cell migration ability evaluated by wound healing scratch (A) showed that the area of wound was
noticeably reduced in the LPS group in comparison with the control group at 24 h, 48 h and 72 h; it was reversed in the UTI+LPS group at each time point. The result was analyzed
using Image] software. Protein expression of MCP-1 (B) increased in LPS-treated BMDM and decreased in the UTI+LPS group. As revealed by the Transwell test, the number of
migration cells significantly increased in LPS-treated BMDM in comparison with the control group, but markedly decreased in the UTI+LPS group (C). *p<0.05; *p<0.01.

Journal of Inflammation Research 2021:14 https:/idoi.org/10.2147/JIR.S303577 1981

DovePress


https://www.dovepress.com
https://www.dovepress.com

Wang et al

Dove

UTI Decreased Migration in BMDM

The scratch wound healing assay at time points 0, 24, 48
and 72 h also determined that LPS significantly promoted
the migration of BMDM while UTI effectively inhibited
migration (Figure 3A). Expression of the chemokine
MCP-1 in BMDM significantly increased in the LPS
group compared with the control group but sharply
decreased in the UTI+LPS group (Figure 3B). Transwell
migration assay also showed that migration of BMDM in
the LPS group was markedly increased compared with the
control group, but significantly decreased in the UTI+LPS
group (Figure 3C).

UTI Pretreated Conditioned Medium
Derived from LPS-Treated BMDM
Increased Tight Junctional Protein
Expression in PMVECs

Expression of junctional proteins (claudin-5, ZO-1 and occlu-
din) was assessed in PMVECs incubated with differently
conditioned medium (Figure 4). Western blot showed that
Z0O-1 (Figure 4D) occludin (Figure 4E), claudin-5 (Figure
4F) expression was obviously decreased in the CM-LPS
group in comparison with the CM group; it was significantly
increased in the CM-UTI+LPS group. The immunofluores-
cence intensity of ZO-1 (Figure 4A), occludin (Figure 4B)
and claudin-5 (Figure 4C) in the CM-LPS group was signifi-
cantly decreased compared with the CM group; it was
obviously augmented in the CM-UTI+LPS group.

UTI Increased M2 Macrophages in Lung
Tissue of CLP-Induced Rats

Expression of inflammatory factors was detected in CLP-
induced rat lungs. Immunofluorescence intensity of CD86
(Figure 5A), TNF-a (Figure 5B) and iNOS (Figure 5C)
were increased in the CLP group when compared with the
sham group; it was obviously decreased in the UTI+CLP
group. Immunofluorescence intensity of CD206 (Figure 6A)
and TGF- (Figure 6B) were markedly decreased in the CLP
group compared with the sham group; it was augmented in
the UTI+CLP group. Western blot showed that expression of
the M1 macrophage marker CD86 (Figure 5D), pro-
inflammation cytokines TNF-a (Figure 5E) and iNOS
(Figure 5F) were markedly increased in the CLP group
when compared with the sham group; these were significantly
decreased in the UTI+CLP group. The expression level of

CD206 (Figure 6C) and TGF-B (Figure 6D) decreased in the
CLP group,but reversed following UTI pretreatment.

UTI Repaired the Endothelial Barrier
Structure and Relieved Pulmonary Capillary
Endothelial Leakage in CLP-Induced Rat
Lungs

The extravasated Evans blue in the CLP group was sig-
nificantly higher than in the other groups, while it was
reduced after UTI treatment (Figure 7A). To detect the
pulmonary capillary endothelial, we analyzed it using
TEM (Figure 7B). In the sham group, it showed tight
connections with a rivet-like structure, while the barrier
structure of CLP-induced rats was severely damaged in the
CLP group, the gap between endothelial cells had
increased. UTI treatment nicely repaired the damage
caused by sepsis as evidenced by the gaps between
endothelial cells being narrower and the barrier structure
reversed in the UTI+CLP group.

UTI Alleviated Histopathological
Alterations, Lung Injury Score and
Reduced W/D Weight Ratio

Lung sections stained with hematoxylin and eosin showed
drastic changes in histopathology in the CLP group. The
main manifestations were obvious thickening of the alveo-
lar septa, infiltration of a large number of lymphocytes and
neutrophils in the interstitium, interstitial hemorrhage,
obvious alveolar collapse and high LIS. But following
UTI treatment, the inflammation and destruction in lung
tissue were reduced (Figures 7C-1 and C-2). The W/D
ratio was significantly increased in the CLP group com-
pared with the sham group. After UTI pretreatment, the
W/D ratio decreased (Figure 7C-3).

Discussion

Our previous research demonstrated that UTI can pro-
tect tight junction proteins of endothelial cells and
reduce TNF-a expression in the lungs of septic rats.!!
When exploring the mechanism in PMVECs, we noticed
that blocking the TNF-a receptor has a similar protec-
tive effect as UTI, which decreases the damage of tight
junction proteins. The results suggested that TNF-o may
be one of the core factors contributing to damage of
tight junction proteins in endothelial cells. It is known
that macrophages are the major source of TNF-a in
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Figure 4 UTI pretreated conditioned medium derived from LPS-treated BMDM reversed tight junctional protein expression of PMVECs. ZO-1 (Aal-3), occludin (Bal-3), and
claudin-5 (Cal-3) expression (red) was intensely labeled in PMVECs (green) of the CM (conditioned medium) group. It was hardly detected in the CM-LPS group (Abl-3, Bbl-3,
Cb1-3). The expression increased sharply in the CM-UTI+LPS group (Ac|-3, BcI-3, Ccl-3). Correspondingly, Western blot showing expression levels of ZO-1 (D), occludin (E),
and claudin-5 (F) was markedly decreased in the CM-LPS group in comparison with the control group; it was significantly increased in the CM-UTI+LPS group. CM group: PMVECs
incubated with BMDM conditioned medium of basic medium for 8 h; CM-LPS group: PMVECs incubated with BMDM conditioned medium of |ug/mL LPS for 6 h; CM-UTI+LPS:
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Figure 6 UTI increased M2 macrophages in lung tissue in CLP-induced rat lungs. CD206, TGF-B expression was labeled (red) in lung tissue. The expression of CD206
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Western blot showing expression of CD206 (C) and TGF-B (D) markedly decreased in the CLP group and reversed in the UTI+CLP group. *p<0.05.

sepsis, thus we put forward a reasonable hypothesis that
UTI participates in the type transformation of macro-
phages, regulate the function of macrophages and
influences endothelial cells.

As CD86, TNF-a and CD206, TGF-B are cell surface
markers which can differentiate M1 and M2 polarization,**
in the present study LPS stimulation increased the expres-
sion of cell surface markers of M1 macrophages, such as
CD86 and TNF-a. Interestingly, UTI significantly reduced
CD86 and TNF-a expression, but increased the expression
of M2 markers, such as CD206 and TGF-B, and anti-in-
flammatory cytokines IL-10. These results indicated that
UTI has a regulatory effect on the polarization of

macrophages, which inhibits the excessive activation of
macrophages to M1 under sepsis conditions, and increases
the proportion of M2. Correspondingly, it reduced pro-
inflammatory cytokine expression induced by LPS and
increased anti-inflammatory cytokine expression. Recent
studies reported that UTI can decrease the gene levels of
pro-inflammatory factors (TNF-o) and M1 macrophage
markers (IL-6, CD68, and ROS) whilst also increasing
the gene levels of anti-inflammatory factors (IL-10) and
M2 macrophage markers (Arg-1, Mgl-1, and CD209) in
bronchoalveolar lavage fluid.>> Thus, UTI played an
important role in reducing the inflammatory response in

sepsis.

Journal of Inflammation Research 2021:14

1985

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

>
N

A-1

* *
sham § 2007 I
@
3 150-
CLP £ 100-
)
< 50
4
UTI+CLP -
| 0 -
u sham  CLP  UTI+CLP
B
C-1
100X
200X

=]

£ o

§ ©
> g4
3, =
£ 54 =2
=]

S 2
O 04 30

sham CLP UTI+CLP sham CLP UTI+CLP

Figure 7 UTI repaired the barrier structure and relieved pulmonary capillary endothelial leakage in CLP-induced rat lungs. In the CLP group, EB inundated the lung tissue,
while it was noticeably reduced in theUTI+CLP group (A). Electron microscope (B) showed that the barrier structure of CLP-induced rats was severely damaged (red
arrow) when compared with the sham group; the gaps between endothelial cells were evidently narrowed and the barrier structure was reversed in the UTI+CLP group.
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group, severe pulmonary edema, interstitial hemorrhage, alveolar collapse, a large number of inflammatory cell infiltration (C-1b,e), higher lung injury score (C-2) and W/D
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Abbreviation: W/D, wet to dry.
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The regulation of UTI on macrophage functions needs
to be further explored. Migration is one of the important
functions of macrophages, and it is necessary for activated
macrophages to invade injured or inflamed sites through

2627 and serve a vital role in wound

various substrates
healing and immune responses. In severe sepsis, however,
macrophages and inflammatory cells are activated and
recruited in tissues and expand the inflammatory
response.”®*? It is recognized that an excessive migration
of macrophages and the following inflammatory response
(“cytokine storm”) contributes to tissue damage, tumor
spread and so on.*® A recent study showed that suppressed
macrophage migration induced by miR-25 could decrease
the secretion of pro-inflammatory cytokines in sepsis.*' In
our study, the results of Transwell and scratch wound
assay demonstrated that UTI inhibited migration and inva-
sion of LPS-treated macrophages. In addition, the present
study showed, in comparison with the LPS group, that UTI
pretreatment markedly decreased the phagocytosis rate of
LPS-incubated macrophages, indicating that UTI could
inhibit the phagocytosis of macrophages in sepsis. The
phagocytosis of macrophages is an important component
of innate immunity. Increased phagocytosis is a key fea-
ture of activated macrophages.®> However, excessive pha-
gocytosis may lead to increased tissue damage and
impaired repair.®> It has been reported that anti-
inflammatory agent (Dp44mT) could significantly reduce
the phagocytosis of LPS-treated macrophages.®* Our study
found similar experimental results demonstrating that UTI
can reduce phagocytosis of LPS-activated macrophages.
The above results showed that UTI can not only regulate
macrophage polarization but also its functions, suggesting
the potential therapeutic prospects for UTI in sepsis.
Does the regulation of macrophage function by UTI
directly affect the tight junction of endothelial cells in
sepsis? To answer this question, we used the conditioned
medium of macrophages under different conditions to
cultivate PMVECs. The results showed that ZO-1, clau-
din-5 and occludin expression sharply decreased when
incubated with CM-LPS, but reversed when pretreated
with UTI in UTI-LPS CM. Evidence showed that tight
junction proteins played a crucial role in the integrity of
the alveolar—endothelia barrier and the reduction of TJ
molecules caused by sepsis usually leads to enhanced
pulmonary vascular permeability.>>>® Our findings pro-
vide direct evidence of UTI protecting tight junction pro-
teins in pulmonary capillary endothelial cells by regulating

the function of macrophages. It is reported that

a conditioned medium of M2 type macrophages can upre-

gulate neonatal cardiomyocyte proliferation’” and
a conditioned medium of peritoneal macrophage from CO-
treated rats stimulated endothelial cell proliferation.*®
Such evidence supports the view that macrophages can
interfere with endothelial cells.

In addition, we used septic rat models to verify the
phenotypic transformation of macrophages in vivo and
effects on lung tight junctions. The results showed that
UTI intervention increased the conversion of macrophages
in the lungs to M2 type, ameliorated the destruction of rat
lung endothelial cells, and relieved pulmonary capillary
leakage. The evidence included: in CLP-induced rats, UTI
treatment decreased the Evans blue exudation and W/D
weight ratio of the lung, alleviated histopathological
alterations and reduced the lung injury score. When
observed through electron microscope, the barrier struc-
ture of pulmonary capillary endothelia in the CLP group
was not continuous or even severely damaged but lost its
normal form, while the normal structure could still be
maintained when pretreated with UTI. The experiments
in vivo confirmed the regulatory effect of UTI on macro-
phages, accompanied by structural changes in endothelial
cells, which also corroborated the results of our cell

experiments.

Conclusion

Taken together, the present study provided firm biochem-
ical, morphological and experimental evidence that UTI
protects TJs of pulmonary capillary endothelia through
promoting the transformation of M2 type macrophages,
inhibiting macrophages of pro-inflammatory cytokine
expression, increasing anti-inflammatory cytokine expres-
sion, and reducing the phagocytosis and inhibiting the
migration of macrophages, thereby attenuating the septic
permeability of pulmonary capillaries.
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