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Abstract

Sepsis syndrome is the leading cause of mortality in critically ill patients admitted to intensive care. However, current
therapies for sepsis treatment are unsatisfactory, and the mortality rate is still high. The main pathological characteristics
observed during sepsis syndrome and endotoxemia include hypotension, tachycardia, multiple organ dysfunction syndrome
(MODS), tissue damage, and cytokine and oxidative bursts. These conditions severely decrease the survival rates of
endotoxemic patients. As a consequence of endotoxemia, large amounts of endotoxin circulate in the bloodstream
throughout the vascular system and interact directly with endothelial cells that cover the inner wall of blood vessels.
Endothelial cells exposed to lipopolysaccharides exhibit conversion to activated fibroblasts. By means of endotoxin-induced
endothelial fibrosis, endothelial cells downregulate the expression of endothelial proteins and express fibrotic and ECM
markers throughout endothelial protein expression reprogramming. Although endotoxin-induced endothelial fibrosis should,
in theory, be detrimental to endothelial vascular function, the role of endothelial fibrosis in sepsis syndrome or endotoxemia
is not known. Therefore, we employed a rat model to investigate whether the inhibition of endotoxin-induced endothelial
fibrosis protects against endotoxemia and whether this inhibition increases survival. Our results show that the inhibition of
endotoxin-induced endothelial fibrosis reduced both hypotension and tachycardia. Endotoxemia-induced MODS was also
decreased when endothelial fibrosis was inhibited; treated rats showed normal kidney and liver function, inhibition of muscle
mass wasting and normal glycemia. Liver and kidney histology was preserved, and organ fibrosis and fibrotic protein
expression were reduced. Furthermore, pro-inflammatory cytokine secretion and NOX-2-mediated oxidative stress bursts
were decreased when endothelial fibrosis was inhibited. Remarkably, the risk of death associated with sepsis syndrome at
early and late time points was decreased when endotoxemia-induced endothelial fibrosis was inhibited, and a significant
increase in survival was observed. These results reveal a potential novel treatment strategy to protect against sepsis syndrome
and endotoxemia.

Introduction

Sepsis syndrome is a major cause of mortality in critically
ill patients admitted to intensive care units [1, 2]. Sepsis is
characterized by uncontrolled activation of the immune
system; activation of several types of immune cells involved
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the bloodstream [2, 3, 5]. During endotoxemia, LPS circu-
lates throughout the vascular system, unavoidably interact-
ing with the endothelial cells that cover the inner wall of
blood vessels. Substantial efforts have been directed toward
improving current therapies against these inflammatory
pathologies. However, existing therapies for treating sepsis
are insufficient, and the mortality rate is still high [6, 7].

Several deleterious features observed during sepsis syn-
drome and endotoxemia include decreased blood pressure,
which is especially serious when it is resistant to treatment
[3, 8, 9]. Hypotension is frequently treated with the
administration of vasoconstrictors and the incorporation of
fluid resuscitation to maintain stable blood pressure [10-
16]. However, this therapeutic strategy frequently fails to
return the blood pressure to normal levels during septic
shock, presumably because of endothelial and smooth
muscle dysfunction, excessive nitric oxide (NO) secretion
by vascular endothelial cells, and sympathetic vascular
overstimulation, among other causes [10-17]. Some studies
suggest that sepsis-induced hypotension generates severe
hypoperfusion, which disturbs normal oxygen and glucose
delivery to organs and decreases the clearance of carbon
dioxide and waste molecules from tissues [18, 19]. This
condition is critically enhanced by the increased vascular
permeability mediated by endothelial dysfunction, which
generates extensive edema and vascular fluid leak [20, 21].
The consequence of these pathological events is to generate
appropriate conditions that induce multiple organ dysfunc-
tion (MOD), which significantly enhances the sepsis mor-
tality rate [22, 23]. MOD syndrome (MODS) is a terminal
stage of sepsis syndrome that alters the function of several
crucial organs [19, 23, 24].

During the last decade, we and other groups have
reported that endothelial cells exposed to inflammatory
stimuli, such as endotoxin, pro-inflammatory cytokines,
oxidative stress, and tumor growth factor-beta 1 and 2
(TGF-B1 and 2), alter the endothelial expression pattern that
converts endothelial cells into activated fibroblasts [25-32].
Endothelial cells exposed to endotoxin downregulate the
expression of the endothelial proteins VE-cadherin and
platelet-endothelial cell adhesion molecule 1 (PECAM-I,
also called CD-31), whereas the fibroblast-specific genes o-
smooth muscle actin (a-SMA) and fibroblast-specific pro-
tein 1 (FSP-1) are upregulated [26, 27]. These results
indicated that endotoxin induces an endothelial protein
expression reprogramming by which endothelial cells lose
endothelial proteins and gain fibroblast-like characteristics.

The mechanism that mediates endotoxin-induced endo-
thelial fibrosis is widely understood. Endotoxin induces the
synthesis and secretion of TGF-f1 and TGF-f2 via the Toll-
like Receptor 4/ NAD(P)H Oxidase/Nuclear Factor-xB
(TLR4/NOX/NF-xB) pathway [25-27, 32, 33]. Endotoxin-
induced TGF-p isoform generation requires binding the
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TGF-f receptor type II (TPRII), which recruits TPRI or
activin receptor-like kinase 5 (ALKS). Subsequently, ALKS
phosphorylates smad-2/3, which then binds smad-4 to reg-
ulate target gene transcription and promote fibrosis [25, 32,
34, 35]. Thus, endotoxin-induced endothelial fibrosis is
completely dependent on TGF-f secretion and ALKS acti-
vation. In fact, the inhibition of ALKS activity is effective at
completely abolishing the endothelial fibrosis induced by
endotoxin, suggesting that the inhibition of ALKS activa-
tion is a useful approach to inhibit endotoxin-induced
endothelial fibrosis [25, 32].

To date, despite findings suggesting that endotoxin-
induced endothelial fibrosis is detrimental to endothelial
vascular function, the contribution of endothelial fibrosis
to sepsis syndrome or endotoxemia is not known.
Therefore, this study aimed to investigate, in a rat model,
whether inhibition of endotoxin-induced endothelial fibrosis
plays a protective role during endotoxemia by affecting the
main characteristics of sepsis, such as hypotension, tachy-
cardia, oxidative stress burst, pro-inflammatory cytokine
secretion, tissue architecture, organ fibrosis, MODS,
and survival.

The results obtained herein show for the first time that
inhibition of endotoxin-induced endothelial fibrosis is pro-
tective against endotoxemia. Inhibition of endotoxin-
induced endothelial fibrosis reduced both the decreased
systolic blood pressure and increased the heart rate to nearly
normal levels. Endotoxemia-induced MODS was also
decreased in endothelial cells when fibrosis was inhibited
and treated animals showed normal kidney and liver func-
tion values, inhibition of muscle mass wasting and normal
glycemic maintenance. Liver and kidney histology was
preserved, and organ fibrosis was reduced. Furthermore,
endotoxin-induced endothelial fibrosis inhibition decreased
both pro-inflammatory cytokine secretion and oxidative
stress bursts. Remarkably, endothelial fibrosis inhibition
decreased the risk of death associated with sepsis syndrome
at early and late stages after endotoxemia induction, thus
increasing survival.

These results show a potential novel strategy to protect
against sepsis syndrome and deleterious endotoxemia
actions, opening novel possibilities in sepsis treatment.

Materials and methods
Animals, experimental groups, and basic procedures

Male Sprague—Dawley rats weighing from 100 to 120 g
were used. Experimental protocols were approved by the
Commission of Bioethics and Biosafety of the Universidad
Andres Bello. Rats were separated into four groups: Group
1: vehicle-treated/saline-treated group; rats were subjected
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to GW-788388 vehicle solution administrated by gavage
(vehicle-treated rats) and challenged with sham endotox-
emia 1 day later (rats injected with saline solution) for 24 h
(N = 8). Group 2: GW-788388-treated/saline-treated group;
rats were subjected to the oral administration of GW-
788388 (5 mg/kg) daily for 2 days by means of gavage [36].
After 24h of GW-788388 administration, the rats were
challenged with sham endotoxemia (saline solution) for
24 h and simultaneously administered the second GW-788388
dose (N = 6). Thus, GW-788388 was administered by gavage
24 h before and during endotoxemia. GW-788388 was pre-
pared in a vehicle solution containing 4% dimethyl sulfoxide
(DMSO) and 96% solution A (solution: 0.5% Hydroxypropyl
Methylcellulose (HPMC), 5% Tween 20, 20% HCI 1 M in
NaH,PO,4 0.1 M) [37]. Group 3: vehicle-treated/endotoxemic
group; rats were subjected to GW-788388 vehicle solution
administrated by gavage (vehicle-treated rats). Endotoxemia
was produced 24 h later by the IP injection of 20 mg/kg
LPS (endotoxemic rats) for 24 h, and the rats were simul-
taneously administered the second vehicle dose (N =6).
Group 4: GW-788388-treated/endotoxemic group; rats
were subjected to the oral administration of GW-788388
(5 mg/kg) daily for 2 days by means of gavage [36]. After
24 h of GW-788388 administration, endotoxemia was pro-
duced by the IP injection of 20 mg/kg LPS (endotoxemic
rats) for 24 h and simultaneously administered the second
dose of GW-788388 (N=6). The rats were housed in
individual cages. The peak of endotoxin-induced inflam-
mation lasted by 12-24 h, but signs of inflammation are
observed until 72-96 h.

Systolic blood pressure and heart rate

To confirm the effectiveness of the generation of endotox-
emia and detect changes in them as a consequence of GW-
788388 treatment, we measured systolic blood pressure (Ps)
and instantaneous heart rate (fy) in conscious animals for up
to 72 h after saline or endotoxin treatment with a physio-
logical recording acquisition system and a pressure tail cuff
for noninvasive blood pressure recording system for rats
(ML125/R), coupled with a MLT125/R pulse transducer
(AD Instruments, Castle Hill, Australia). To perform the
recordings of Pg and fy, animals were conscious and placed
in a supine position. Tidal volume (Vt) and instantaneous
respiratory frequency (fgr) were measured by transiently
introducing (1 min) the rat head into a plastic mask con-
nected to a respiratory flow head (MLT1L, AD Instruments)
that measured the ventilatory flow (8V/dt), which was
converted into V through a volumetric differential pressure
transducer. All transducers were connected to a PowerLab®
8/30 (AD Instruments), and physiological variables were
instantaneously displayed through Chart® software (AD
Instruments).

Primary rat mesenteric endothelial cells culture

Rat mesenteric endothelial cells (RMECs) were isolated
from Sprague-Dawley rats in all experimental groups. The
mesenteric artery was occluded close to the right kidney by
tying it up, and then cannulated with a polyethylene tubing
connected to a 21 gauge syringe. The mesentery was surgi-
cally removed and washed with sterile phosphate-buffered
saline (PBS). For the enzymatic isolation of RMEC, each
mesenteric artery was slowly perfused in a culture hood for
5 min with 5 mL of M-199 medium supplemented with 40 pL.
Pen/Strept (10,000 U/mL/10,000 pg/mL), 20 uL Fungizone
(250 pg/mL), and 12.5mg collagenase type II. The cell
suspension was centrifuged at 3000 rpm for 7 min; the pellet
was reconstituted on 3 mL of M-199 medium supplemented
with 8 mL/L  Pen/Strept (10,000 U/mL/10,000 ug/mL),
4 mL/L Fungizone (250 pg/mL), 10% fetal bovine serum
(FBS), and 10% cosmic calf serum (CCS), and then plated
on gelatin-coated wells in a six-well plate. Cells were
allowed to attach to the gel matrix for 4 h, then rinsed once
with sterile PBS and finally cultured on M-199 medium
supplemented with 8 mL/L Pen/Strept (10,000 U/mL/
10,000 pg/mL), 4 mL/L Fungizone (250 pg/mL), 10% FBS,
and 10% CCS. The primary culture was grown at 37 °Cin a
5% CO, incubator for three days. For all experiments,
passages used were 2—4 and confluency of cells was 70—
90%. Experiments were performed in serum-reduced media
(1% FBS) and cells were cultured in 1% FBS 24-h before
experiments.

Endothelial cell line culture

Human umbilical vein endothelial cell (HUVEC)-derived
endothelial cell line EAhy926 was cultured at 37 °C in a
59%:95% COj:air atmosphere in Dulbecco’s modified
Eagle’s medium-low glucose (GIBCO, USA) supplemented
with 10% FBS, 2 mM glutamine, and 50 U/mL penicillin—
streptomycin (Sigma). For all experiments, passages used
were 8—10 and confluency of cells was 70-90%. Experi-
ments were performed in serum-reduced media (1% FBS)
and cells were cultured in 1% FBS 24-h before experiments.
For GW-788388 treatment, cultured cells were treated with
Sug/mL. GW-788388 1h before and during endotoxin
treatment.

Primary cell culture

HUVEC were isolated by collagenase (0.25 mg/mL)
digestion from freshly obtained umbilical cord veins from
normal pregnancies, after patient’s informed consent. The
investigation conforms with the principles outlined in the
Declaration of Helsinki. The Commission of Bioethics and
Biosafety of Universidad Andres Bello also approved all
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experimental protocols. Cells were grown in gelatin-coated
dishes at 37 °C in a 5%:95% CO,:air atmosphere in medium
199 (Sigma, MO), containing 100 ug/mL endothelial cell
growth supplement (ECGS) (Sigma), 100 ug/mL heparin, 5
mM D-glucose, 3.2 mM L-glutamine, 10% FBS (GIBCO,
NY), and 50U/mL penicillin—streptomycin (Sigma).
HUVECs were used between the 3rd and 5th in vitro pas-
sage and always before the 10th day in culture, and 25-30
different batches of HUVECs were used.

Histological analysis using hematoxylin/eosin and
picroSirius red staining

The kidneys and livers were extracted from each experi-
mental group 24h after the challenge. Formalin-fixed,
paraffin-embedded samples were sectioned and subjected to
hematoxylin/eosin and picroSirius red staining. For hema-
toxylin/eosin staining, liver and kidney tissue damages were
blindly analyzed and recorded using a tissue damage score
according to the following grading scale: normal =0,
minimal = 1, mild =2, moderate =3, marked =4, and
severe =5. The analysis criteria included the following
tissue damage characteristics: liver, morphological changes,
cytoplasmic vacuolation, neutrophil/polymorphonuclear
infiltration and erythrocyte accumulation; and kidney,
enhanced swelling of renal cells, glomerular structure
alteration and swelling, vacuolar degeneration and tubular
cell necrosis. For picroSirius red staining, liver and kidney
(glomerular and interstitial regions) analyses were per-
formed using Image] software. Fibrosis was quantified by
selecting 10 observation fields from at least three different
tissues under the experimental conditions. The images were
divided into the red, green and blue (RGB) channels and
converted to grayscale. The green channel was selected, and
its threshold was calculated manually, representing the
fibrotic area of the tissue.

Plasma measurements of MOD markers, antioxidant
molecules, oxidative stress, and pro-inflammatory
cytokines

Twenty-four hours after saline or endotoxin administration,
cardiac puncture was performed for blood extraction into
lithium heparin-containing tubes. The blood was immedi-
ately centrifuged at 4000 rpm for 10 min at 4 °C to separate
the plasma, which was then used to measure the markers of
MOD, oxidative stress, glutathione (GSH), a-tocopherol
and cytokines TNF-a, IL-1p, IL-6, IL-10, IL-12, and IL-4.
Plasma cytokines were measured at 12, 24, 48, 72 h after
endotoxin administration. Plasma ROS were measured in
peripheral blood mononuclear cell (PBMC) fractions using
the ROS-sensitive probe 2,7-dichlorofluorescin diacetate
(DCFH-DA). DCFH-DA is a stable, non-fluorescent, and

SPRINGER NATURE

cell-permeable molecule that is hydrolyzed by intracellular
esterases into the non-fluorescent 2,7-dichlorofluorescin
(DCFH), which is oxidized in the presence of peroxides into
the highly fluorescent 2,7-dichlorofluorescein (DCF), which
is detected at 488 nm. We also used the probe dihy-
droethidium (DHE), which is fluorescent (570 nm) and
preferentially interacts with the superoxide anion. Reduced
GSH levels were measured from 0.2ml of the plasma
fraction mixed with 2.25ml of 0.1 mol/L K-phosphate
buffer (pH 8.0) and 25 puL of Ellman’s reagent (10 mmol/L
dithionitrobenzoic acid in methanol). After 1 min, the assay
absorbance was measured at 412 nm. a-Tocopherol levels
were measured from 0.5 mL of the plasma fraction mixed
with 1 mL of n-heptane. Then, after centrifugation, the
heptane phase was collected for high performance liquid
chromatography (HPLC) analysis. A Supercosil-LC-Si
column (Supelco, Bellefonte, PA) was used, and a 298 nm
excitation was used to detect the fluorescence. TNF-«, IL-
1B, IL-6, IL-10, IL-12, and IL-4 were measured with an
enzyme-linked immunosorbent assay (ELISA) according to
the manufacturers’ instructions (R&D Systems Inc., MN,
USA). To measure markers of MOD, we measured plasma
levels of aspartate aminotransferase (AST), alanine amino-
transferase (ALT), total bilirubin (TBIL), and gamma-
glutamyl transferase (GGT) for the liver; creatinine (CRE)
and blood urea nitrogen (BUN) for the kidney; creatine
kinase (CK) for muscle mass wasting; and glycemia (GLY)
for metabolic function. MOD markers were measured with
the Piccolo Xpress Chemistry Analyzer (MetLyte and
General Chemistry, 13 panel) (Abaxis, CA, USA) and the
iSTAT System (CG4 + cartridge) (Abbott Laboratories, IL,
USA), according to the manufacturer's instructions.

Endothelial and fibrotic protein detection in
cultured endothelial cells and fresh primary RMECs

Cultured endothelial cells (EAhy926) [38] were cultured in
serum-reduced media (1% FBS) 24 h before and during
experiments. Then, cells were treated with GW-788388
(5 ug/mL) for 1h before 24 h endotoxin (20 ug/mL) or
vehicle exposure. Cultured endothelial cells (EAhy926)
[38] and rat primary mesenteric endothelial cells were lysed
in cold lysis buffer [150 mM NaCl, 1 mM EGTA, 50 mM
Tris, pH 7.4, 1% glycerol, 1% Triton X-100, 10 mM NaF,
1 mM sodium orthovanadate 20 mM NaPi, and protease
inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA)],
centrifuged (10,000 g for 15 min at 4 °C) and the proteins
were then extracted. Supernatants were collected and stored
in the same lysis buffer. The protein extract and supernatant
were subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE), and resolved proteins
were transferred to a nitrocellulose or polyvinylidene
difluoride (PVDF) membrane. The blocked membrane was
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incubated with the appropriate primary antibody, washed
twice, and incubated with a secondary antibody. Bands
were revealed using a peroxidase-conjugated IgG antibody.
Peroxidase activity was detected through enhanced chemi-
luminescence (Bio-Rad, CA), and images were acquired
using Fotodyne FOTO/Analyst Luminary Workstations
Systems (Fotodyne, Inc., Hartland, WI). Protein content
was determined by densitometric scanning of immunor-
eactive bands, and intensity values were obtained by den-
sitometry of individual bands normalized against tubulin.
For measurement of smad-2 phosphorylation, the anti-p-
smad-2 primary antibody bands were normalized against
total smad-2. RMECs were isolated from rats of the four
experimental groups described above. Animals were anes-
thetized with isofluorane and subjected to surgery. The
mesenteric artery was occluded close to the right kidney by
tying it up followed by cannulation with polyethylene
tubing connected to a 21 gauge syringe. The mesentery was
surgically removed and washed with sterile PBS. The cell
suspension was centrifuged at 3000 rpm for 7 min; the pellet
was subjected to protein extraction as described above. For
a detailed list of antibodies used in western blot experi-
ments, see Supplementary Table S1.

Fluorescent immunocytochemistry and
immunohistochemistry in primary endothelial cells
and fresh rat blood vessels

Fluorescent immunocytochemistry: confluent primary
HUVEC cells were washed twice with PBS and fixed with
3.7% paraformaldehyde (PFA) for 30 min at room tem-
perature (RT) before being permeabilized with 0.1% Triton
X-100 in PBS for 30 min at RT and then blocked for 2 h at
RT with 3% bovine serum albumin (BSA) in PBS. The cells
were subsequently washed again and incubated with the
primary antibodies to detect endothelial and fibrotic pro-
teins. Then, the cells were washed twice and incubated with
the secondary antibodies. Samples were mounted with
ProLong Gold antifade mounting medium with 4',6-diami-
dino-2-phenylindole (DAPI) (Invitrogen Life Technologies,
Carlsbad, CA, USA). For a detailed list of the antibodies
used, see Supplementary Table S2. For the quantification of
fluorescence of VE-cadherin (red channel) and a-SMA
(green channel) in the endothelium of HUVECsS, areas of
interest were selected and subjected to analysis using the
Image J software. Fluorescence quantification was normal-
ized against control condition (vehicle-treated cells).
Fluorescent immunohistochemistry: mesenteric artery,
aorta artery, and renal vein were obtained from rats of all
four experimental groups described above. The animals
were anesthetized with isofluorane and subjected to surgery.
Vessels were extracted, fixed with PFA 3.7% for 1 h at RT,
permeabilized with 0.1% Triton X-100 in PBS for 30 min at

RT, blocked for 3h at RT with 3% BSA in PBS, and
incubated at RT for 20 min in 50 mM NH4CI in PBS. The
samples were subsequently washed and incubated with the
primary antibodies to detect endothelial and fibrotic pro-
teins. Then, the cells were washed twice and incubated with
the secondary antibodies. Nuclei were stained with Hoechst
(Sigma). For a detailed list of the antibodies used, see
Supplementary Table S2. For the quantification of fluores-
cence of VE-cadherin (red channel) and fibronectin (FN;
green channel) in the endothelium of mesenteric artery,
aorta artery, and renal vein images, areas of interest were
selected and subjected to analysis using the Image J soft-
ware. Fluorescence quantification was normalized against
control condition (vehicle-treated/saline-treated).

Cell viability determination

Cell viability was determined using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) col-
orimetric assay (Invitrogen Life Technologies, Carslbad,
CA, USA), in which cell viability was quantified by the
amount of MTT reduction. After GW-788388 treatment was
performed, endothelial cells were co-incubated with anhy-
drous MTT 4h and then solubilized with an isopropanol/
DMSO solution. The optical density value was measured at
540 nm.

RNA isolation and RT-qPCR

Quantitative reverse transcription PCR (RT-qPCR) experi-
ments were performed to measure tissue factor (TF) and von
Willebrand factor (vWF), NAD(P)H Oxidase-1 (NOX-1),
NOX-2, NOX-4 mRNA levels in primary RMEC. Total
RNA was extracted with Trizol according to the manu-
facturer’s protocol (Invitrogen, Carlsbad, CA). DNAse I-
treated RNA was used for reverse transcription using the
Super Script II Kit (Invitrogen, Carlsbad, CA). Equal
amounts of RNA were used as templates in each reaction.
Q-PCR was performed using the SYBR Green PCR Master
Mix (AB Applied Biosystems, Foster City, CA). Assays
were run using a Rotor-gene system (Corbet Research)
instrument. Data are presented as relative mRNA levels of
the gene of interest normalized to relative levels of 28S
mRNA.

Reagents

LPS from Escherichia coli (serotype 0127:B8) and Hoechst
were purchased from Sigma-Aldrich. GW-788388 was
purchased from MedChemExpress, NJ, USA. Anti-p-smad-
2 and total anti-smad-2 were purchased from Cell Signaling
Technology (Beverly, MA.USA), Buffers and salts were
purchased from Merck Biosciences. DCFH-DA and DHE
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were purchased from Invitrogen Life Technologies (Carsl-
bad, CA, USA).

Statistical analysis

All results are presented as the mean + SD or mean + 95%
confidence interval (CI) for the relative risk. Differences
were considered significant at p <0.05 and p < 0.01. Sig-
nificant differences in systolic blood pressure recording
experiments were assessed by one-way analysis of variance
(ANOVA) followed by Dunnett’s post-test to compare them
with basal recordings and by two-way ANOVA followed by
the Bonferroni post-test to compare the vehicle-treated/
endotoxemic group with the GW-treated/endotoxemic
group recordings (see the figure legends for detailed
explanations). Plasma measurements were performed by
one-way ANOVA (Kruskall-Wallis) followed by Dunn’s
post-test. Contingency analyses with Fisher’s exact test
were used to assess the relative risk of death. Kaplan—Meier
curves, the log-rank, and Gehan—Breslow—Wilcoxon tests
were used to determine survival rates.

Results

Endotoxemia-induced endothelial fibrosis inhibition
improves hypotension and tachycardia during
endotoxemia

To investigate whether endothelial fibrosis induced by
endotoxemia promotes detrimental actions on the control of
both blood pressure and heart rate, we performed experi-
ments in endotoxemic rats subjected to endothelial fibrosis
inhibition, in which Pg and fy were recorded.

In order to generate in vivo inhibition of endothelial
fibrosis, rats were treated with the widely used ALKS
in vivo inhibitor, GW-788388 (5 mg/kg) administrated
orally by gavage, twice a day before and during endotox-
emia [36, 37, 39, 40]. After 24 h of GW-788388 adminis-
tration, endotoxemia was produced by IP injection of LPS
(20 mg/kg). Endotoxemia was followed by the next 24 h
and GW-788388 was administered throughout the experi-
ment to maintain the endothelial fibrosis inhibition condi-
tion. Despite, GW-788388 is a well-accepted ALKS
signaling in vivo inhibitor [36, 37, 39, 40], we performed
several experiments to demonstrate that under our experi-
mental conditions GW-788388 treatment was effective to
inhibit endotoxemia-induced endothelial fibrosis.

First, endothelial cell line cultures exposed to endotoxin
showed significantly decreased expression of the endothe-
lial marker VE-cadherin, whereas the expression levels of
both the fibrotic protein a-SMA and the ECM protein FN
(Fig. la—c) were increased. However, endotoxin-exposed
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endothelial cells in the presence of GW-788388 failed to
change the levels of the endothelial marker VE-Cadherin
(Fig. 1a), as well as those of the fibrotic proteins a-SMA
(Fig. 1b) and FN (Fig. 1c), demonstrating that GW-788388
inhibited endotoxin-induced endothelial fibrosis in this
in vitro model. In addition, GW-788388 did not affect cell
viability in the range of concentrations used in this study
(Fig. 1d). Furthermore, immunocytochemistry experiments
were performed to evaluate whether GW-788388 inhibits
endotoxin-induced endothelial fibrosis. To that end, primary
human endothelial cells extracted from umbilical vein
(primary HUVEC) were used. HUVECs exposed to vehicle
exhibited VE-cadherin labeling localized predominantly at
the plasma membrane, whereas a-SMA was virtually not
detected (Fig. le). In contrast, endothelial cells exposed to
endotoxin showed reduced VE-cadherin levels and
increased o-SMA labeling as fibrotic-like stress fibers
(Fig. 1f). Importantly, GW-treated endothelial cells exposed
to endotoxin were resistant to the endotoxin-mediated
change and showed VE-cadherin and o-SMA labeling
(Fig. 1g) similar to those depicted in cells in the presence of
vehicle or GW alone (Fig. le, h, respectively). Con-
cordantly, immunocytochemistry quantification performed
in HUVEC:s exposed to endotoxin showed that VE-cadherin
(Fig. 1i, left panel) and FN (Fig. 1i, right panel) fluores-
cence levels were decreased and increased, respectively,
compared with control conditions. However, GW-treated
HUVECs exposed to endotoxin failed to change VE-
cadherin and FN fluorescence levels (Fig. 1i). Considering
that ALKS intracellular signaling induces smad-2 phos-
phorylation, we were prompted to assess whether GW-
788388 inhibits endotoxin-induced smad-2 phosphoryla-
tion. Endotoxin-treated endothelial cells in the presence of
GW-788388 failed to increase p-smad-2, whereas in the
absence of GW, smad-2 phosphorylation was strong
(Fig. 1j). Similar results are obtained when TGF-§ was used
as an ALKS inducer (data not shown).

Next, we tested the effectiveness of GW-788388 to
inhibit endotoxemia-induced endothelial fibrosis in vivo
in a model of endotoxemia induced by LPS administra-
tion. To that end, rats were treated with vehicle (vehicle-
treated rats) or GW-788388 (GW-treated rats), and then
challenged with IP endotoxin injection (endotoxic rats) or
sham endotoxemia (rats injected with saline solution).
After procedure, mesenteric artery (Fig. 1lk-n), aorta
(Fig. 1o-r), and renal vein (Fig. 1s—v) were extracted and
subjected immediately to immunohistochemistry.
Vehicle-treated rats subjected to the saline solution IP
injection (vehicle-treated/saline-treated group) showed
high VE-cadherin labeling and nearly no detectable FN
expression (Fig. 1k, o, s). As expected, vehicle-treated
rats subjected to endotoxemia (vehicle-treated/endo-
toxemic group) showed a decreased VE-cadherin
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expression and an strongly increased FN expression  GW-788388-treated rats subjected to endotoxemia (GW-
(Fig. 11, p, t). These changes were concordant with  treated/endotoxemic  group)  were  resistant to
endothelial fibrosis induced by endotoxemia. In contrast, endotoxemia-induced endothelial fibrosis, showing
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<« Fig. 1 GW-788388 inhibits endothelial fibrosis both in vitro and

in vivo at 24 and 72h, respectively. Representative images (upper
panels) and densitometric analyses (lower panels) from western blot
experiments performed for the detection of VE-Cadherin (a), a-SMA
(b), and fibronectin (c) in cultured endothelial cells treated with GW-
788388 (5 ug/mL) in the presence or absence endotoxin (20 ug/mL)
after 24 h of exposure. Protein levels were normalized against tubulin
and expressed relative to vehicle-treated condition in the absence of
endotoxin. Values are expressed as the meanz+SD. **p<0.05,
assessed by two-way ANOVA and the Bonferroni post-test (N =4). d
Cell viability assay in cultured endothelial cells treated with GW-
788388 (0, 0.5, 5, 50, and 100 pug/mL) for 0, 12, 24, 48, 72, 96 h.
Values are expressed as the mean = SD. *p <0.05; **p <0.01. Every
GW-788388 concentration was compared with the vehicle-treated
condition at every time by two-way ANOVA and the Bonferroni post-
test (N =4). Representative images from fluorescence immunocy-
tochemistry experiments performed for the detection of VE-Cadherin
and a-SMA in endothelial cells cultured in the following conditions:
vehicle-treated (e), endotoxin-treated (f), GW-788388-treated/endo-
toxin-treated (g), and GW-788388-treated (h). Scale bar represents 40
um. (N = 4). i Fluorescence quantification of VE-Cadherin (left panel)
and a-SMA (right panel) was performed from experiments (N =4) as
showed in e-h. Values are expressed as the mean + SD. *p <0.05; **p
<0.01, assessed by two-way ANOVA and the Bonferroni post-test. (N
=4). Representative images (upper panels) and densitometric analyses
(lower panels) from western blot experiments performed for the
detection of p-smad-2 and total smad-2 in cultured endothelial cells
treated with GW-788388 (5 ug/mL) in the presence or absence endo-
toxin (20 ug/mL) after 6 h of exposure (j). p-smad-2 protein levels
were normalized to those of total smad-2 and expressed relative to
those in the vehicle-treated condition in the absence of endotoxin.
Values are expressed as the mean +SD. ***p <0.001, assessed by
two-way ANOVA and the Bonferroni post-test (N = 3). Representa-
tive images from fluorescence immunohistochemistry experiments
performed for the detection of VE-Cadherin and Fibronectin in
mesenteric artery (k-n), aorta artery (o-r) and renal vein (s—v)
extracted from rats subjected to the following conditions: vehicle-
treated/saline-treated (Vehicle/Saline) (k: mesenteric artery, o:
aorta artery, s: renal vein), vehicle-treated/endotoxemic (Vehicle/
Endo) (I: mesenteric artery, p: aorta artery, t: renal vein), GW-788388-
treated/endotoxemic (GW/Endo) (m: mesenteric artery, q: aorta artery,
u: renal vein), and GW-788388-treated/saline-treated (GW/Saline) (n:
mesenteric artery, r: aorta artery, v: renal vein). Scale bar represents
50 um. (N =5). w Fluorescence quantification of VE-Cadherin (upper
panels) and fibronectin (lower panels) was performed from several
experiments as showed in mesenteric artery, aorta artery and renal
vein. Values are expressed as the mean = SD. *p <0.05; **p <0.01,
assessed by two-way ANOVA and the Bonferroni post-test. (N =15).
Representative images (upper panels) and densitometric analyses
(lower panels) from western blot experiments performed for the
detection of VE-Cadherin (x), a-SMA (y), and fibronectin (z) in
mesenteric primary endothelial cells (RMEC) extracted from rats
subjected to the following conditions: vehicle-treated/saline-treated
(Veh/Sal), vehicle-treated/endotoxemic (Veh/Endo), GW-788388-
treated/endotoxemic (GW/Endo), and GW-788388-treated/saline-trea-
ted (GW/Sal). GW-788388 was administered by gavage (5 mg/kg a
day) 24 h before and during endotoxemia. Endotoxemia was induced
by the IP injection of LPS (20 mg/kg) for 72 h. Values are expressed as
the mean + SD. *p <0.05; **p <0.01, assessed by two-way ANOVA
and the Bonferroni post-test. (N = 3)

normal VE-cadherin expression and no FN expression
increase (Fig. Im, g, u), similar to the observations in the
vehicle-treated/endotoxemic group. GW-788388-treated
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rats subjected to saline solution IP injection (GW-treated/
saline-treated group) showed results similar to those in the
vehicle-treated/saline-treated group (Fig In, r, v), indi-
cating that GW-788388 treatment does not generate side
effects.

Concordantly, fluorescence quantification of immunohis-
tochemistry showed above indicated that VE-cadherin
(Fig. 1w, upper panel) and FN (Fig. 1w, lower panel) fluor-
escence level were decreased and increased, respectively,
compared with control conditions in mesenteric artery
(Fig. 1w, left panel), aorta artery (Fig. 1w, middle panel), and
renal vein (Fig. 1w, right panel) from endotoxemic rats
(vehicle-treated/endotoxemic group). However, blood vessels
extracted from GW-788388-treated rats subjected to endo-
toxemia (GW-treated/endotoxemic group) failed to change
VE-cadherin and FN fluorescence level (Fig. 1w).

In addition to this, fluorescent immunohistochemistry
experiments were performed to determine the capacity of
GW-788388 treatment to inhibit smad-2 phosphorylation as
a measure of ALKS activity inhibition. Vehicle-treated/
saline-treated and GW-treated/saline-treated groups showed
almost not detectable p-smad-2 staining. Vehicle-treated/
endotoxemic group showed increased p-smad-2 labeling,
however, = GW-treated/endotoxemic = group  showed
decreased p-smad-2 staining (Supplementary Figure S1A—
D), denoting that GW-788388 is effective to inhibit ALK5
activity in our in vivo study model.

In addition, primary mesenteric endothelial cells
(RMEC) were extracted from rats of all the experimental
groups mentioned above to study the ability of GW-788388
to inhibit the protein expression change associated with
endotoxemia-induced endothelial fibrosis. The vehicle-
treated/endotoxemic  condition showed a significant
decrease in the expression of the endothelial marker VE-
cadherin and increased expression of both the fibrotic pro-
tein a-SMA and FN (Fig. 1x-z, respectively), compared
with the vehicle-treated/saline-treated and GW-treated/sal-
ine-treated group conditions. However, the GW-treated/
endotoxemic group failed to exhibit both decreased VE-
cadherin levels (Fig. 1x) and increased levels of the fibrotic
proteins a-SMA (Fig. ly) and FN (Fig. 1z). Furthermore,
RMECs were extracted from rats of all the experimental
groups mentioned above to determine the capacity of GW-
788388 treatment to inhibit smad-2 phosphorylation as a
measure of ALKS activity inhibition. Our results indicated
that vehicle-treated/saline-treated and GW-treated/saline-
treated groups showed almost not detectable p-smad-2
levels. As we expected, vehicle-treated/endotoxemic group
showed increased p-smad-2 level. In contrast, GW-treated/
endotoxemic group did not show p-smad-2 increased level
(Supplementary Figure S1E, F), indicating that GW-788388
is effective to inhibit ALKS activity in our in vivo study
model.
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All these results show that GW-788388 treatment is
effective at inhibiting in vivo endotoxemia-induced endo-
thelial fibrosis.

To demonstrate that endotoxin administration to rats is
effective at inducing cardiovascular changes concordant
with the accepted criteria for the diagnosis of severe sepsis
in humans, which is characterized by hypotension, tachy-
cardia, and tachypnea [41, 42], we recorded the Pg, fy, tidal
volume (Vr), respiratory frequency (fr), and minute venti-
latory volume (Vg: Vr X fR) in rats IP injected with saline
solution or endotoxin after 24h of treatment. The rats
subjected to endotoxemia showed decreased systolic blood
pressure (hypotension), tachycardia, and tachypnea com-
pared with saline-treated rats, indicating that the treatment
produced hemodynamic alterations concordant with severe
sepsis (Supplementary Table S3).

Once our in vivo models of both GW-788388 treatment
to inhibit endotoxemia-induced endothelial fibrosis and
endotoxemia induction in rats were established, we pro-
ceeded to investigate the effects of endothelial fibrosis
inhibition on Pg and fy during endotoxemia. To that end, we
measured variables after endotoxemia induction for up to
72 h.

Rats were treated with the GW-788388 vehicle solution
and subjected to sham endotoxemia (vehicle-treated/saline-
treated group) 24 h later. These animals did not show
changes in Pg and fy compared with the GW-788388-
treated rats that were injected with saline solution (GW-
treated/saline-treated group) (Fig. 2a, b, respectively).
However, vehicle-treated rats subjected to endotoxemia
(vehicle-treated/endotoxemic group) showed significantly
decreased Pg values (Fig. 2a) and increased fy values
(Fig. 2b) at 24 h after endotoxemia challenge. These chan-
ges were concordant with the induction of endotoxemia.
Notably, the GW-788388-treated rats subjected to endo-
toxemia (GW-treated/endotoxemic group) were resistant to
changes in Pg and fy levels, showing values equal to those
in vehicle-treated/saline-treated rats (Fig. 2a, b, respec-
tively). These results suggest that the inhibition of
endotoxemia-induced endothelial fibrosis by GW-788388
treatment generates a protective action to maintain normal
Ps and fy levels during endotoxemia.

Endotoxemia-induced endothelial fibrosis inhibition
protects endotoxemic rats against MODS and
hypoglycemia

MODS is a major morbidity factor underlying severe sepsis
and affects the function of several organs, including the
liver, kidneys, and muscles. Furthermore, metabolic func-
tion is altered, producing severe hypoglycemia after 12 h of
sepsis induction. To investigate whether the inhibition of
endothelial fibrosis during endotoxemia is beneficial for
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Fig. 2 GW-induced endothelial fibrosis inhibition improves hypoten-
sion and tachycardia in 72-h endotoxemic rats. Systolic blood pressure
(Ps) (a) and heart rate (fy) (b) variables in vehicle-treated/saline-
treated rats (open circles, N = 8), GW-treated/saline-treated rats (dark
gray circles, N = 8), vehicle-treated/endotoxemic rats (closed circles,
N =8), and GW-treated/endotoxemic rats (gray circles, N =8). GW-
788388 was administrated by gavage (5 mg/kg a day) 24 h before and
during 72-h endotoxemia. After 1 day of GW-788388 administration,
endotoxemia was produced by IP injection of 20 mg/kg LPS. Animals
were recorded 12 h in basal condition (basal) and then 24 h with GW-
788388 or vehicle administration (GW treatment). Next, animals were
challenged with LPS or saline solution for 72 h. Values are expressed
as the mean=SD. *p<0.05, vehicle-treated/endotoxemic group
compared with basal, assessed by ANOVA and Dunnett’s post-test. *p
< 0.05, vehicle-treated/endotoxemic group compared with GW-treated/
endotoxemic group, assessed by two-way ANOVA and the Bonferroni
post-test. ip <0.05, vehicle-treated/endotoxemic group compared with
vehicle-treated/saline-treated group, assessed by two-way ANOVA
and the Bonferroni post-test. *p <0.05, vehicle-treated/endotoxemic
group compared with GW-treated/saline-treated group, assessed by
two-way ANOVA and the Bonferroni post-test. N =8
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preserving normal liver and kidney function during endo-
toxemia, we measured the serum markers of liver and kid-
ney dysfunction in GW-788388-treated endotoxemic rats
after 24 h of endotoxemia induction.

The vehicle-treated/saline-treated and GW-treated/saline-
treated rats showed no significant differences in their
plasma levels; the levels of the liver dysfunction markers

SPRINGER NATURE

<« Fig. 3 GW-induced endothelial fibrosis inhibition improves MODS in

24-h endotoxemic rats. Alanine aminotransferase (a), aspartate ami-
notransferase (b), total bilirubin (c), and gamma-glutamyl transferase
(d) for the liver function and blood urea nitrogen (e) and creatinine (f)
for the kidney function were measured in vehicle-treated/saline-treated
rats (open bars, N = 8), vehicle-treated/endotoxemic rats (dashed bars,
N =38), GW-treated/endotoxemic rats (closed bars, N=38), and GW-
treated/saline-treated rats (dark gray bars, N =38). GW-788388 was
administrated by gavage (5 mg/kg a day) 24 h before and during 24-h
endotoxemia. Values are expressed as the mean + SD. *p <0.05; **p
<0.01, assessed by one-way ANOVA (Kruskal-Wallis) and Dunn’s
post-test. N =38

ALT, AST, TBIL, or GGT; or in the levels of kidney
dysfunction markers CRE and BUN (Fig. 3a—f). Saline-
treated/endotoxemic rats show increased ALT, AST, TBIL,
GGT, CRE, and BUN levels, denoting endotoxemia-
induced dysfunction generation in the liver and kidney
(Fig. 3a-f). Notably, the GW-treated/endotoxemic rats
showed normal levels of liver and kidney marker dysfunc-
tion, showing similar values for ALT, AST, TBIL, GGT,
CRE, and BUN compared with those in the vehicle-treated/
saline-treated and GW-treated/saline-treated  groups
(Fig. 3a—f).

Histopathological examination performed by hematox-
ylin and eosin staining corroborated that GW treatment had
positive effects on liver and kidney function during endo-
toxemia. After endotoxemia induction, liver tissue sections
showed morphological changes, apparition of cytoplasmic
vacuoles, erythrocyte accumulation, and polymorpho-
nuclear infiltration (Fig. 4b, b') compared with those in the
control condition (Fig. 4a). Interestingly, endotoxemia-
induced signs of damage were decreased in GW-treated
animals (Fig. 4c, c¢'), as indicated by a blindly scored
grading scale for liver damage (Fig. 4e). Similarly, kidney
samples showed enhanced renal cell swelling, glomerular
structure alteration and swelling, vacuolar degeneration and
tubular cell necrosis (Fig. 4g, g'). These observed detri-
mental features of renal endotoxemia-induced damage were
decreased when endothelial fibrosis inhibition was induced
(Fig. 4h, h'), as indicated by a blindly scored grading scale
for kidney damage (Fig. 4j).

To assess the impact of inhibiting endotoxemia-induced
endothelial fibrosis in liver and kidney fibrogenesis during
endotoxemia, liver and kidney sections were stained with
picroSirius red to detect collagen depositions. Liver tissue
from endotoxemic rats exhibited high fibrosis, showing
marked collagen fiber deposition and loss of hepatic
architecture (Fig. 5b, b') compared with tissues in the con-
trol condition (Fig. 5a). Hepatic fibrosis induced by endo-
toxemia was severely decreased in GW-treated animals
(Fig. 5c, c'), showing significant GW-induced protection
(Fig. 5e). Similarly, endotoxemia-induced kidney fibrosis
(Fig. 5g, g") was significantly decreased when rats were
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Fig. 4 GW-induced endothelial fibrosis inhibition decreases liver and
kidney tissue damage in 24-h endotoxemic rats. Representative images
of hematoxylin/eosin-stained liver (a—d) and kidney (f-i) sections
from vehicle-treated/saline-treated rats (a, f), vehicle-treated/endo-
toxemic rats (b, g), GW-treated/endotoxemic rats (c, h), and GW-
treated/saline-treated rats (d, i), after 24 h. GW-788388 was admini-
strated by gavage (5mg/kg a day) 24h before and during 24-h

treated with GW-788388 (Fig. 5h, h'). Quantification ana-
lysis showed that GW treatment decreased glomerular
(Fig. 5j) and interstitial (Fig. 5k) fibrosis during
endotoxemia.

To investigate the actions of endotoxemia-induced
endothelial fibrosis inhibition, we determine the liver and
kidney fibrosis induced by endotoxemia and its protection
by GW-788388. To that end, portions of liver and kidney
were extracted from rats of all the experimental groups to

-

Kidney damage score
(Normalizaed intensity)

endotoxemia. Images were subjected to blind analysis of tissue liver
(e) and kidney (j) damage using the following grading scale for tissue
damage: normal = 0, minimal = 1, mild = 2, moderate = 3, marked =
4, and severe =5. Values are expressed as the mean + SD. *p <0.05,
**p<0.01, assessed by one-way ANOVA (Kruskal-Wallis) and
Dunn’s post-test. N=8

study the expression changes of the fibrosis markers col-
lagen III (col IIT) and FN and to determine the effect of GW-
788388. Representative portions of liver and kidney were
extracted and subjected to analysis immediately after
treatment.

Our results indicated that liver and kidney samples from
vehicle-treated/saline-treated and GW-treated/saline-treated
groups showed similar levels Col III and FN (Fig. 51-s, for
liver and kidney, respectively). In contrast, vehicle-treated/

SPRINGER NATURE
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endotoxemic group showed increased levels of col IIl and  increase (Fig. Sl-s, for liver and kidney, respectively).
FN. Interestingly, GW-treated endotoxic animals (GW-  These results showed that GW-788388 is effective to inhibit
treated/endotoxemic group) were resistant to col IIl and FN ~ the endotoxemia-induced col III and FN increase,
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Fig. 5 GW-induced endothelial fibrosis inhibition decreases liver and
kidney tissue fibrosis in 24-h endotoxemic rats. Representative images
of picroSirius red stained liver (a—d) and kidney (f-1) sections from
vehicle-treated/saline-treated rats (a, f), vehicle-treated/endotoxemic
rats (b, g), GW-treated/endotoxemic rats (c, h) and GW-treated/saline-
treated rats (d, i), after 24 h. GW-788388 was administrated by gavage
(5 mg/kg a day) 24 h before and during 24-h endotoxemia. Images
were subjected to analysis of tissue fibrosis in liver (e) and kidney
(glomerular, j and interstitial, k). Values are expressed as the mean +
SD. *p<0.05, **p<0.01, assessed by one-way ANOVA (Kruskal-
Wallis) and Dunn’s post-test. N = 8. Representative images (I, n, p, r)
and densitometric analyses (m, o, q, s) from western blot experiments
performed for the detection of collagen III (I, m, p, q) and fibronectin
(n, o, 1, s) protein levels in liver (I, m, n, o) and kidney (p, q, r, S).
Values are expressed as the mean + SD. **p <0.01, assessed by one-
way ANOVA (Kruskal-Wallis) and Dunn’s post-test. N =6
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Fig. 6 GW-induced endothelial fibrosis inhibition improves mass
muscle wasting and hypoglycemia in 24-h endotoxemic rats. Creatine
kinase (a) for muscle mass wasting and glycemia (b) for glycemia
control were measured in vehicle-treated/saline-treated rats (open bars,
N =38), vehicle-treated/endotoxemic rats (dashed bars, N=38), GW-
treated/endotoxemic rats (closed bars, N = 8), and GW-treated/saline-
treated rats (dark gray bars, N = 8). GW-788388 was administrated by
gavage (5mg/kg a day) 24 h before and during 24-h endotoxemia.
Values are expressed as the mean + SD. **p <0.01, assessed by one-
way ANOVA (Kruskal-Wallis) and Dunn’s post-test. N =8

suggesting that GW-788388 treatment is able to inhibit the
endotoxemia-induced fibrosis.

Muscle mass is severely diminished during severe sepsis
and endotoxemia via cachexia. Therefore, we evaluated
whether GW-788388 treatment protected against muscle
mass wasting during endotoxemia. The vehicle-treated/sal-
ine-treated and GW-treated/saline-treated rats showed no
changes in their plasma levels of CK (Fig. 6a), whereas
vehicle-treated/endotoxemic rats showed increased CK
serum levels (Fig. 6a), indicating cachexia. However, GW-
treated/endotoxemic rats exhibited CK levels similar to
those observed in the vehicle-treated/saline-treated and
GW-treated/saline-treated groups (Fig. 6a), indicating that

GW-788388 treatment protects endotoxemic rats against
muscle mass wasting.

Hypoglycemia occurs in severe sepsis. Thus, we inves-
tigated  whether ~GW-788388  treatment improves
endotoxemia-induced hypoglycemia. The vehicle-treated/
saline-treated and GW-treated/saline-treated rats showed no
changes in their GLY levels (Fig. 6b). In contrast, severe
hypoglycemia was observed in the vehicle-treated/endo-
toxemic rats group, which was in agreement with previously
published data [43-45] (Fig. 6b). Remarkably, the GW-
treated/endotoxemic rats showed GLY levels similar to
those in the vehicle-treated/saline-treated and GW-treated/
saline-treated groups (Fig. 6b), indicating that GW-788388
treatment maintains normal blood glucose levels during
endotoxemia.

These results indicate that GW-788388 treatment pro-
tects against MODS, avoiding liver and kidney dysfunction,
muscle mass wasting, and hypoglycemia during
endotoxemia.

Endotoxemia-induced endothelial fibrosis inhibition
decreases endothelial dysfunction protein
expression

When the endothelium is exposed to endotoxin, it enters in
an activated state [2—4]. Endothelial activation leads to an
increase in the expression of adhesion molecules, such as
vWF, which promotes binding of platelets or leukocytes
and TF, which is the initiator of the extrinsic coagulation
pathway [10-21]. To determine whether endotoxemia-
induced endothelial fibrosis inhibition mediated by GW-
788388 modulates activation of endothelial cells, TF and
vWF were measured in RMEC extracted from treated ani-
mals. Our results indicated that vehicle-treated/saline-trea-
ted and GW-treated/saline-treated groups showed similar
mRNA (Fig. 7a, b) and protein (Fig. 7c—f) levels of TF and
vWE. When, rats were subjected to endotoxemia (vehicle-
treated/endotoxemic group), mRNA and protein levels of
TF and vWF were strongly increased (Fig. 7). In contrast,
GW-treated/endotoxemic group did not show increased
mRNA and protein levels of TF and vWF (Fig. 7). These
results showed that GW-788388 is effective to inhibit the
endotoxemia-induced TF and vWF increase expression at
mRNA and protein level, suggesting that GW-788388
inhibits the endothelial activation induced by endotoxemia.

Endotoxemia-induced endothelial fibrosis inhibition
prevents increased pro-inflammatory cytokine

expression and oxidative stress

As endotoxemia is characterized by an uncontrolled
inflammatory response, we investigated whether GW-
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Fig. 7 GW-induced endothelial fibrosis inhibition decreases mRNA
and protein expression of TF and vWF in 24-h endotoxemic rats.
Tissue factor (TF) and von Willebrand Factor (vWF) were measured in
vehicle-treated/saline-treated rats (open bars, N = 6), vehicle-treated/
endotoxemic rats (closed bars, N =6), GW-treated/endotoxemic rats
(gray bars, N = 6), and GW-treated/saline-treated rats (dark gray bars,
N =6). GW-788388 was administrated by gavage (5 mg/kg a day) 24
h before and during 24-h endotoxemia. TF (a) and vWF (b) mRNA
levels were measured. Representative images (¢, d) and densitometric
analyses (e, f) from western blot experiments performed for the
detection of TF (c, e) and vVWF (d, f) protein levels. Values are
expressed as the mean+SD. **p<0.01, assessed by one-way
ANOVA (Kruskal-Wallis) and Dunn’s post-test. N =06

788388 treatment can prevent increases in pro-inflammatory

cytokine secretion and oxidative stress burst.
GW-treated/saline-treated rats showed no changes in

their TNF-a, IL-1p, IL-6, IL-12, IL-4, and IL-10 blood
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levels compared with those in the vehicle-treated/saline-
treated rats at 12, 24, 48, and 72 h (Fig. 8a—f, respectively).
However, vehicle-treated/endotoxemic rats showed strongly
increased TNF-a, IL-1p, IL-6, and IL-12 pro-inflammatory
cytokines measured at 12 and 24 h, denoting a severe
inflammatory response evoked by endotoxemia (Fig. 8a—d,
respectively). For TNF-a, a minor but still significant
increase was observed at 72 h. In addition to this, the levels
of the anti-inflammatory cytokines IL-4 and IL-10 did not
change at 12, 24, and 48 h, but their levels were increased at
72 h after endotoxin challenge. (Fig. 8e, f, respectively).
Interestingly, the GW-treated rats subjected to endotoxemia
failed to exhibit changes in pro- and anti-inflammatory
cytokine levels at any time point measured, and instead
showed values that did not differ from those in vehicle-
treated/saline-treated and GW-treated/saline-treated rats.
(Fig. 8a—f, respectively),

Furthermore, GW-788388 treatment was able to
decreased oxidative stress generation during endotoxemia.
GW-treated/saline-treated rats showed no changes in their
blood ROS levels compared with those in vehicle-treated/
saline-treated rats as measured using the ROS-sensitive dye
dichlorodihydrofluorescein (DCF) (Fig. 9a) and diacetate
DHE, a probe mostly selective to detect superoxide anions
(Fig. 9b). Concordant with the oxidative burst observed
during sepsis, vehicle-treated/endotoxemic rats showed
strongly increased ROS levels, indicating that endotoxemia
generates a severe oxidative stress environment (Fig. 9a, b,
respectively). However, the GW-treated/endotoxemic rats
were resistant to ROS increases (Fig. 9a, b, respectively),
showing values equal to those in the vehicle-treated/saline-
treated and GW-treated/saline-treated rats. In addition, the
endogenous antioxidant agents reduced GSH and o-
tocopherol were also modulated by GW-788388 treat-
ment. GW-treated/saline-treated rats showed no differences
in their GSH and a-tocopherol blood levels compared with
those in the vehicle-treated/saline-treated rats (Fig. 9c, d,
respectively), whereas the vehicle-treated/endotoxemic rats
showed decreased GSH and a-tocopherol levels, indicating
that endotoxemia generates a lessened antioxidant condi-
tion. However, GW-treated/endotoxemic rats showed GSH
and a-tocopherol levels similar to those in the vehicle-
treated/saline-treated and GW-treated/saline-treated rats
(Fig. 9c, d, respectively).

Considering that NAD(P)H oxidase is an important
source of intracellular ROS, we tested the participation of
the endothelial isoforms of NOX; NOX-1, NOX-2, and
NOX-4 [4, 46, 47]. To that end, RMECs were extracted
from rats of all the experimental groups, to study the mRNA
expression changes of NOX-1, NOX-2, and NOX-4.
RMECs were extracted and subjected to RT-qPCR experi-
ments immediately after treatment. Our results indicated
that GW-treated/saline-treated groups showed similar levels
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Fig. 8 GW-induced endothelial fibrosis inhibition decreases pro-
inflammatory cytokines secretion in 72-h endotoxemic rats. Plasma
levels of TNF-a (a), IL-1p (b), IL-6 (c), IL-12 (d), IL-4 (e), and IL-10
(f) were measured at 12, 24, 48, 72 h, in vehicle-treated/saline-treated
rats (open bars, N = 8), vehicle-treated/endotoxemic rats (dashed bars,
N=28), GW-treated/endotoxemic rats (closed bars, N=38), and

of NOX-1, NOX-2, and NOX-4 mRNA levels compared
with vehicle-treated/saline-treated group (Fig. 9e-g). In
contrast, vehicle-treated/endotoxemic  group showed
increased mRNA levels of NOX-2 (Fig. 9f), whereas NOX-
1 and NOX-4 did not show any change (Fig. 9e, g). Inter-
estingly, GW-treated/endotoxemic group did not show
increased levels of NOX-2 (Fig. 9e—g).

These results showed that GW-788388 is effective to
inhibit the endotoxemia-induced NOX-2 mRNA expression

increase, suggesting that GW-788388 inhibits the

B

w
J

*

*

24 h 48 h 72h

*
*

IL-18 (ng/mL)

_—| R
»[H =
|:I-'

\\\\\\\\\V

1 ki 1k

\“ \("% \c’ $\<<, Q\\c’ \‘(9 \"”b % "\\%‘\ \"P
900 v 4«
12h 24 h 48 h 72h
_EI 600 A *%
>
&
o
i 300 A i i
- O
o §\ X S5 OSRGOS oy
1200 - *
12h 24 h 48 h 72h

900 -

\

‘\\‘7

IL-10 (ng/mL)
o
o
o

w

o

o
L

0
w\"” v\"\ i“\‘v ¥ \~\°’ \A\‘v ¥

GW-treated/saline-treated rats (dark gray bars, N =28). GW-788388
was administrated by gavage (5 mg/kg a day) 24 h before and during
72-h endotoxemia. Values are expressed as the mean+SD. *p<
0.05, **p < 0.01, assessed by one-way ANOVA (Kruskal-Wallis) and
Dunn’s post-test

endotoxemia-induced oxidative stress burst by the inhibi-
tion of the specific NOX-2 isoforms.

Endotoxemia-induced endothelial fibrosis inhibition
decreases the relative risk of death during
endotoxemia

Concordant with the high mortality observed with sepsis
syndrome, contingency analysis performed using a Fisher’s

exact test showed that GW-788388 treatment decreased the

SPRINGER NATURE
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Fig. 9 GW-induced endothelial
fibrosis inhibition decreases
oxidative burst in 24-h
endotoxemic rats. Plasma levels
of oxidative stress measured as
DCF (a) and DHE (b)
fluorescence, reduced
glutathione content (c), and o-
tocopherol content (d) were
measured in vehicle-treated/
saline-treated rats (open bars,

N = 8), vehicle-treated/
endotoxemic rats (dashed bars,
N =38), GW-treated/
endotoxemic rats (closed bars,
N =8), and GW-treated/saline-
treated rats (dark gray bars, N =
8). GW-788388 was
administrated by gavage

(5 mg/kg a day) 24 h before and
during 24-h endotoxemia.
Values are expressed as the
mean + SD. *p <0.05; **p <
0.01, assessed by one-way
ANOVA (Kruskal-Wallis) and
Dunn’s post-test. Endotoxemia-
induced endothelial NOX
isoform mRNA expression
(NOX-1 (e), NOX-2 (f), and
NOX-4 (g)) was determined in
vehicle-treated/saline-treated
rats (open bars, N =5), vehicle-
treated/endotoxemic rats (dashed
bars, N =15), GW-treated/
endotoxemic rats (closed bars,
N =15), and GW-treated/saline-
treated rats (dark gray bars, N =
5). GW-788388 was
administrated by gavage

(5 mg/kg a day) 24 h before and
during 24-h endotoxemia.
Values are expressed as the
mean + SD. *p <0.05, assessed
by one-way ANOVA (Kruskal—
Wallis) and Dunn’s post-test
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risk of death in endotoxemic rats. Endotoxemic rats (vehi-
cle-treated/endotoxemic) showed an elevated risk of death
compared with those in the vehicle-treated/saline-treated
and GW-treated/saline-treated groups after 72 h of endo-
toxemia induction. Notably, endotoxemic rats treated with
GW-788388  (GW-treated/endotoxemic)  showed a
decreased risk of death, exhibiting significant differences
from the vehicle-treated/endotoxemic rats, whereas no dif-
ferences were observed when compared with the vehicle-
treated/saline-treated and GW-treated/saline-treated rats
after 72 h of endotoxemia (Fig. 10a).
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The risk of death was significantly decreased in the GW-
treated/endotoxemic group when curves were analyzed using
a log-rank test (also called Mantel-Cox test). A comparison of
survival curves from the vehicle-treated/saline-treated and
GW-treated/saline-treated rats showed no differences between
groups. By contrast, significant differences were observed
when these survival curves were compared with the curve
from endotoxemic rats (vehicle-treated/endotoxemic rats).
Remarkably, survival curve analysis of the GW-treated/
endotoxemic group revealed that despite the deaths recorded,
GW-788388 treatment to endotoxemic animals decreased
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Fig. 10 GW-induced endothelial fibrosis inhibition decreases the risk
of death and mortality in 72-h endotoxemic rats. Contingency analyses
(a) and survival (Kaplan—Meier) curves (b) determined in vehicle-
treated/saline-treated rats (open circles, N =38), GW-treated/saline-
treated rats (closed squares, N = 8), vehicle-treated/endotoxemic rats
(closed circles, N=38), and GW-treated/endotoxemic rats (open
squares, N = 8), after 72 h. In (a), values are expressed as the mean +
95% confidence interval (CI). *p =0.0122 (Fisher’s exact test) com-
paring vehicle-treated/endotoxemic rats versus GW-treated/endo-
toxemic group. p=0.0028 when comparing vehicle-treated/
endotoxemic rats versus vehicle-treated/saline-treated group. p =
0.0066 when comparing vehicle-treated/endotoxemic rats versus GW-
treated/saline-treated group. In (b), *p =0.0016, *p =0.0063, *p =
0.0275 (log-rank (Mantel-Cox) test) when comparing vehicle-treated/
endotoxemic rats compared versus vehicle-treated/saline-treated, GW-
treated/saline-treated and GW-treated/endotoxemic rats, respectively

their risk of death. A comparison of the survival curve from
GW-treated/endotoxemic group revealed that this condition
was not different from those in the vehicle-treated/saline-
treated and GW-treated/saline-treated groups, whereas a
comparison versus the vehicle-treated/endotoxemic condition
showed a significant difference, indicating that the relative
risk of death decreased. Giving more weight to deaths at early

time points at the time of analysis (Gehan—Breslow—Wil-
coxon test) showed that GW-788388 treatment also decreased
the risk of death in this early time frame. A comparison of the
GW-treated/endotoxemic group survival curves showed that
neither the vehicle-treated/saline-treated groups nor the GW-
treated/saline-treated groups differed from the GW-treated/
endotoxemic group, whereas the vehicle-treated/endotoxemic
group showed an increased risk of death (Fig. 10b).

Discussion

It is known that endotoxic conditions generate a fibrotic
protein reprogramming in endothelial cells, thus altering
endothelial function; however, whether endotoxemia-
induced endothelial fibrosis is responsible for endotox-
emia pathogenesis and mortality remains unanswered. The
results reported herein suggest that the inhibition of
endotoxemia-induced endothelial fibrosis exerts protective
actions against endotoxemia by maintaining blood pressure
to preserve normal perfusion and lessening both the
immune response and oxidative stress.

Our results show for the first time that the inhibition of
endotoxemia-induced endothelial fibrosis is protective against
endotoxemia. GW-788388 treatment is efficient at reducing
both the hypotension and tachycardia observed during endo-
toxemia, maintaining these parameters to near physiologically
normal levels. In addition, MODS induced by endotoxemia is
decreased by GW-788388 treatment, showing normal func-
tions of the liver and kidney, muscle mass, and GLY levels. In
concordance, the liver and kidney showed normal histology
and reduced signs of fibrosis when endotoxemia-induced
endothelial fibrosis was inhibited in endotoxemic animals.
Furthermore, pro-inflammatory cytokine production, oxidative
stress and antioxidant molecules decreased when endotoxic
animals were treated with GW-788388. Notably,
endotoxemia-induced endothelial fibrosis resulted in sig-
nificantly increased survival against sepsis, decreasing the risk
of death associated with endotoxemia at early and late time
points.

Ten years ago, endothelial cells exposed to TGF-p were
originally reported to undergo a conversion to fibroblasts
via a mechanism mediated by the endothelial-to-
mesenchymal transition (EndMT) process [28, 48]. This
seminal finding of the initial evidence showing EndMT in
adult tissue was confirmed by several others groups
reporting that EndMT was induced by several inflammatory
agents, such as TNF-qa, IL-6, and IL-1p [27-32]. During the
last 5 years, we reported that the conversion of endothelial
cells to activated fibroblasts by EndMT is also induced by
the bacterial LPS, opening a wide debate regarding the roles
of this conversion in the initiation and progression of
inflammatory diseases [25, 26, 33]. From this point of view,
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the most severe infectious inflammatory disease is sepsis,
which is called endotoxemia when caused by an endotoxin
from a Gram-negative bacterial infection. It is well known
that vascular endothelial cells exposed to endotoxin
undergo extensive cell death [4, 49, 50]. However, a sig-
nificant portion of endotoxin-exposed endothelial cells
escape from death and exhibit a conversion to fibroblasts
[26]. Fibrosis progression is possibly the mechanism used
by endothelial cells to acquire resistance to endotoxin-
induced death. However, as a consequence, at least three
deleterious processes are possibly activated: (i) endothelial
cells converted to fibroblasts acquire impaired function, (ii)
fibrosed endothelial cells alter the normal function of the
intact endothelium, and (iii) fibrosed endothelial cells avoid
endothelial turnover by progenitor endothelial cells.

The control of hypotension during sepsis is of primary
importance. For that reason, the results shown herein
demonstrating that the inhibition of endotoxemia-induced
endothelial fibrosis by GW-788388 treatment can improve
hypotension and tachycardia during endotoxemia are of
major relevance. Because hypotension is a key feature of
sepsis syndrome, a usual approach to sepsis treatment is the
administration of vasoconstrictors and inotropic agents to
achieve adequate blood pressure. Unfortunately, in several
cases, this strategy frequently fails to revert low blood
pressure to normal levels [10-16]. An important con-
sequence of hypotension and especially of refractory
hypotension is the insufficient blood perfusion to organs.
Normal blood pressure guarantees sufficient organ perfu-
sion to ensure a suitable provision of nutrients and waste
clearance in accordance with organ requirements [18, 19].
In septic patients, signs of organ hypoperfusion are fre-
quently observed, most likely due to a diminished blood
pressure, which severely alters organ function and increases
the effects of MODS [19, 23, 24].

During sepsis, there is an increased production of the
vasodilator agent NO as a consequence of inducible NO
synthase expression in response to endotoxin and pro-
inflammatory cytokines, which generates increased levels of
NO acting on smooth muscle cells of the microvasculature
[51, 52]. In the same line, the loss of sympathetic action in
septic patients [53] is reported, which suggests a deficient
adrenergic tone to elicit vasoconstriction. In fact, f-
adrenergic inhibition is beneficial for sepsis treatment [54,
55]. However, whether endothelial fibrosis modifies NO
production or the B-adrenergic sympathetic tone during
sepsis to improve vascular reactivity is unknown.

Another factor that induces organ damage during sepsis is
immune system overactivation, which implies increased pro-
inflammatory cytokine secretion and oxidative stress burst.
Pro-inflammatory cytokines, such as TNF-a, extensively
damage parenchymatous organs, which subsequently causes
MODS [56-58]. Our results showed that GW-treated
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endotoxemic animals were resistant to the incremental plasma
concentrations of TNF-a, IL-1f, IL-6, and IL-12. In light of
this, we expected to observe reduced levels of organ damage
biochemical markers in GW-treated septic animals [58, 59].
In fact, GW treatment decreased MODS in endotoxemic rats,
correlating with the decreased plasma concentration of cyto-
kines. In addition, oxidative stress is well known as a key
agent generating MODS during sepsis [60, 61]. In con-
cordance, antioxidants are used to protect against MODS
during sepsis [62-64]. GW treatment is efficient at decreasing
plasma oxidative stress and increasing diminished levels of
endogenous antioxidants. GLY changes during sepsis [41,
42]. Sepsis shows an early hyperglycemic phase followed by
a late hypoglycemic phase. A hyperglycemic phase is
observed in the first 2 h of sepsis, whereas after 24 h, a severe
hypoglycemic phase [43-45] is observed. In concordance,
GLY measurements performed at 24h after endotoxemia
induction showed a hypoglycemic stage. Remarkably, GW-
treated endotoxemic animals showed normal GLY and were
resistant to hypoglycemia.

Inhibition of endotoxemia-induced endothelial fibrosis
increases the survival rate of endotoxemic rats. This pro-
tective action is based on reversing the decreases in blood
pressure associated with MODS, and inhibition of oxidative
bursts and pro-inflammatory cytokine secretion. Notably,
the risk of death was significantly decreased in endotoxemic
animals treated with GW-788388. Since sepsis syndrome is
the main cause of death in critically ill patients, and the
therapy currently employed is unsatisfactory, the evidence
presented herein represents a step forward in preventing
sepsis pathogenesis and highlights a novel target that may
be used to generate therapeutic alternatives that lower the
mortality of septic patients.
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