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a b s t r a c t

The screening of bioactive compound libraries can be an effective approach for repositioning FDA-
approved drugs or discovering new treatments for human diseases. Transforming growth factor b-
induced protein (TGFBIp) is an extracellular matrix protein whose expression in several cell types is
greatly increased by TGF-b. TGFBIp is released by human umbilical vein endothelial cells (HUVECs), and
functions as a mediator of experimental sepsis. Here, we investigated the anti-septic effects and un-
derlying mechanisms of methylthiouracil (MTU), used as antithyroid drug, against TGFBIp-mediated
septic responses in HUVECs and mice. The anti-inflammatory activities of MTU were determined by
measuring permeability, human neutrophils adhesion and migration, and activation of pro-inflammatory
proteins in TGFBIp-activated HUVECs and mice. According to the results, MTU effectively inhibited
lipopolysaccharide-induced release of TGFBIp, and suppressed TGFBIp-mediated septic responses, such
as hyperpermeability, adhesion and migration of leukocytes, and expression of cell adhesion molecules.
In addition, MTU suppressed CLP-induced sepsis lethality and pulmonary injury. Collectively, these re-
sults indicate that MTU could be a potential therapeutic agent for treatment of various severe vascular
inflammatory diseases via inhibition of the TGFBIp signaling pathway.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Discoveries about the molecular basis of disease provide un-
precedented opportunities to translate research findings into new
medicines. However, developing a brand-new drug takes an enor-
mous amount of time, money and effort, mainly because of bottle-
necks in the therapeutic development process [1]. “Repositioning”
generally refers to studying a compound or biologic (referred to as
agents) to treat one disease or condition to see if it is safe and
effective for treating other diseases [2,3]. Many agents approved for
other uses already have been tested in humans, so detailed infor-
mation is available on their pharmacology, formulation and poten-
tial toxicity. Because repositioning builds upon previous research
and development efforts, new candidate therapies could be ready
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for clinical trials quickly, speeding their review by the FDA and, if
approved, integration into health care [2,3].

Transforming growth factor b-induced protein (TGFBIp) is an
extracellular matrix protein that can be highly expressed in various
cell types [4e6]. TGFBIp contains an N-terminal secretory signal
peptide, followed by a cysteine-rich domain, four internal homol-
ogous repeats (FAS1 domain), and a C-terminal tripeptide Arg-Gly-
Asp (RGD) motif [4]. Several studies suggest TGFBIp is involved in
cell growth, cell differentiation, wound healing, tumorigenesis,
wound healing, and apoptosis [5e7]. Very recently, we reported
that TGFBIp is a promising therapeutic target for the treatment of
severe vascular inflammatory diseases, such as sepsis and septic
shock [6,8]. In fact, the blockade of TGFBIp, even at later times after
the onset of infection, has been shown to rescue mice from lethal
sepsis [8]. TGFBIp also acts as a lethal mediator in conditions such
as sepsis, in which serum TGFBIp levels are substantially increased
[6,8]. Once released into the extracellular milieu, TGFBIp can bind
to cell surface receptors, such as integrins avb3 and avb5 in human
endothelial cells [9].

In our search for repositioning FDA-approved drugs (total 1163),
327 drugswere selectedwhich are related to vascular inflammation
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and infection. Among selected drugs, high contents screening sys-
tem (PerkinElmer Operetta, Waltham, MA) was used to select the
compounds which modulate TGFBIp-mediated vascular endothe-
lium disruption, and we found that methylthiouracil (MTU, used as
an antithyroid drug) had anti-septic effects on TGFBIp-mediated
severe inflammatory responses. Together with our previous re-
ports, which demonstrated the potential effects of TGFBIp on
vascular inflammatory responses [6,8], this study was conducted in
an effort to understand the mechanism of the anti-septic action of
MTU by investigating their anti-septic effect on TGFBIp- or CLP-
induced septic responses in human endothelial cells and mice.
2. Materials and methods

2.1. Reagents

Methylthiouracil (MTU) was purchased from Abcam (Cam-
bridge, MA). Evans blue, and crystal violet were obtained from
Sigma (St. Louis, MO). Vybrant DiD (used at 5 mM) was obtained
from Invitrogen (Carlsbad, CA). TGFBIp protein was purified as
described previously [9].
2.2. Cell culture

Primary HUVECs were obtained from Cambrex Bio Science
(Charles City, IA) and maintained as described previously [9e11].
Briefly, the cells were cultured to confluency at 37 �C and 5% CO2 in
EBM-2 basal media supplemented with growth supplements
(Cambrex Bio Science). All experiments were carried out with
HUVEC at passage 3e5. Human neutrophils were freshly isolated
from whole blood (15 mL) obtained by venipuncture from five
healthy volunteers, and maintained as previously described [12].
2.3. ELISA for TGFBIp

TGFBIp concentrations in cell culture media or mouse serum
were determined by competitive ELISA, as described previously
[6,9].
2.4. In vivo permeability and leukocyte migration assay

For in vivo study, male mice were anesthetized with 2% iso-
flurane (Forane, JW pharmaceutical, South Korea) in oxygen
delivered via a small rodent gas anesthesiamachine (RC2, Vetequip,
Pleasanton, CA), first in a breathing chamber and then via a face-
mask. They were allowed to breath spontaneously during the
procedure. Mice were treated with TGFBIp (0.1 mg/kg, i.v.) for 6 h
followed by treatment with MTU (142 or 284 mg/kg) for 6 h.

For in vivo permeability assay, 1% Evans blue dye solution in
normal saline was injected intravenously into each mouse. Thirty
minutes later, mice were euthanized and peritoneal exudates were
collected by washing cavities with 5 mL of normal saline and
centrifuging at 200 g for 10 min. Absorbance of supernatants was
read at 650 nm. Vascular permeabilities are expressed as mg of dye/
mouse that leaked into the peritoneal cavity, and were determined
using a standard curve, as previously described [13,14].

For assessment of leukocyte migration, mice were euthanized
after 6 h and peritoneal cavities were washed with 5 mL of normal
saline. Samples (20 ml) of peritoneal fluids obtained were mixed
with 0.38 mL of Turk's solution (0.01% crystal violet in 3% acetic
acid) and numbers of leukocytes were counted under a light
microscope.
2.5. Statistical analysis

All experiments were performed independently at least three
times. Values are expressed as mean ± standard error of the mean
(SEM). The statistical significance of differences between test groups
was evaluated byone-wayanalysis of variance (ANOVA) and Tukey's
post-hoc test. KaplaneMeier survival analysis was performed for
evaluation of overall survival rates. SPSS for Windows, version 16.0
(SPSS, Chicago, IL) was used to perform statistical analysis, and
statistical significance was accepted for p values < 0.05.

* The online supplement provides more information regarding
methods.

3. Results and discussion

Recently the issue of repositioning FDA-approved drugs for new
indications has gained significant attention as a result of the time
and cost necessary in bringing a novel drug into clinical use [2,3,15].
Herewe report the results of MTU, as antithyroid drug, on release of
TGFBIp and TGFBIp-mediated vascular barrier disruptive response
were determined in vitro and in vivo.

3.1. Effects of MTU on LPS and CLP-mediated release of TGFBIp

Our previous study have demonstrated stimulation of TGFBIp
release by LPS from human endothelial cells, and 100 ng/mL LPS is
sufficient to induce release of TGFBIp [8,9]. Similarly, in the current
study, 100 ng/mL LPS stimulated release of TGFBIp by HUVECs
(Fig. 1A). To investigate the effects of MTU on LPS-mediated release
of TGFBIp, HUVECs were stimulated with 100 ng/mL LPS for 1 h,
followed by treated with increasing concentrations of MTU for 6 h.
As shown in Fig. 1A, MTU inhibited release of TGFBIp in HUVECs,
with an optimal effective concentration >5 mM. However, in the
absence of LPS pretreatment, MTU did not affect TGFBIp release
(Fig. 1A). In order to confirm these effects in vivo, CLP-induced
septic mice were used, because this model more closely re-
sembles human sepsis than LPS-induced endotoxemia [16]. As
shown in Fig.1B, treatment withMTU resulted inmarked inhibition
of CLP-induced release of TGFBIp. The average circulating blood
volume for mice is 72 mL/kg [17]. Because the average weight of
used mouse is 27 g, and the average blood volume is 2 mL, the
amount of MUT (142 or 284 mg/kg) injected yielded a maximum
concentration of 10 or 20 mM in the peripheral blood. To determine
the molecular mechanism by which MTU inhibited the release of
LPS-mediated TGFBIp, we tested the effects of MTU on the tran-
scriptional regulation of TGFBIp by LPS in HUVECs. Thus, we
measured the effect of MTU on LPS-induced TGFBIp mRNA levels
using real time qRT-PCR. As shown in Fig. 1C, LPS induced an in-
crease in the expression levels of TGFBIp mRNA and treatment with
MTU resulted in decreased expression levels of LPS-induced TGFBIp
mRNA.

Next, we investigated the effects of MTU on expression of the
TGFBIp receptors, integrin avb3 and avb5 in HUVECs [9]. As shown
in Fig. 1C, treatment with LPS resulted in over four fold increase in
expression of avb5 in HUVECs, and treatment with MTU resulted in
significantly inhibited expression of avb5. However, consistent to
previous report [9], the expression of integrin avb3 was not
changed by LPS [9] nor MTU (Fig. 1D). Therefore, the inhibitory
effects of MTU on release of TGFBIp were mediated by suppression
of TGFBIp receptor (integrin avb5).

To assess the cytotoxicity of MTU, cell viability assays were
performed in HUVECs treated with MTU for 24 h. At concentrations
up to 50 mM,MTU did not affect cell viability (data not shown). High
plasma concentrations of TGFBIp in patients with sepsis are known



Fig. 1. Effects of MTU on release of TGFBIp and expression of receptors. (A) HUVECs were treated with the indicated concentrations of MTU for 6 h, after stimulated with LPS
(100 ng/mL, 1 h), and TGFBIp release was measured by ELISA. (B) Male C57BL/6 mice that underwent CLP were administered MTU at 10 or 20 mM/mouse each intravenously 12 h
after CLP (black bar, n ¼ 5). Mice were euthanized 24 h after CLP. Serum TGFBIp levels were measured by ELISA. (C) The same as (A) except that real time qRT-PCR analysis was
performed using specific primers for TGFBIp and actin, as described in the materials and methods section. (D) Confluent HUVECs were activated with LPS (100 ng/mL, 3 h), followed
by incubation with MTU for 6 h. Expression of avb3 (white bar) and avb5 (black bar) was determined by cell-based ELISA. D ¼ 0.2% DMSO is the vehicle control. *p < 0.05 versus LPS
alone (A, C, D) or CLP alone (B).
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to be related to the severity of sepsis [9] and pharmacological in-
hibition of TGFBIp is known to improve survival in animal models
of sepsis [8]. Therefore, prevention of CLP-induced release of
TGFBIp by MTU suggests the potential for use of MTU in treatment
of vascular inflammatory diseases.

3.2. Effect of MTU on TGFBIp-mediated vascular barrier disruption

A permeability assay was performed to determine the effects of
MTU on the barrier integrity of HUVECs. Treatment with 20 mM
MTU alone did not alter barrier integrity (Fig. 2A). In contrast,
TGFBIp is known to cause cleavage and disruption of endothelial
barrier integrity [8,9]. Thus, HUVECs were treated with various
concentrations of MTU for 6 h after addition of TGFBIp (5 mg/mL). As
shown in Fig. 2A, treatment with MTU resulted in a dose-
dependent decrease in TGFBIp-mediated disruption of barrier
integrity. TGFBIp-mediated vascular permeability in mice was
assessed in order to confirm this vascular barrier protective effect
in vivo. As shown in Fig. 2B, treatment with MTU resulted in
markedly inhibited peritoneal leakage of dye induced by TGFBIp.

Cytoskeletal proteins are important for the maintenance of cell
integrity and shape [18]. In addition, redistribution of the actin
cytoskeleton, detachment of cells, and loss of cellecell contact due
to cytokine stimulation are all associated with an increased endo-
thelial monolayer permeability [19,20]. Therefore, we next exam-
ined the effects of MTU on actin cytoskeletal arrangement in
HUVECs by immunofluorescence staining of HUVEC monolayers
with F-actin-labeled fluorescein phalloidin. Control HUVECs
exhibited a random distribution of F-actin throughout the cells,
with some localization of actin filament bundles at the cell
boundaries (Fig. 2C). Barrier disruption in HUVECs induced by
TGFBIp treatment (5 mg/mL) was accompanied by the formation of
paracellular gaps (shown by arrows). In addition, treatment with
MTU (10 or 20 mM) inhibited the formation of TGFBIp-induced
paracellular gaps with the formation of dense F-actin rings
(Fig. 2C). These results suggest that MTU treatment inhibited the
TGFBIp-mediated morphological changes and gap formation in
endothelial cells, which are associated with F-actin redistribution,
thereby increasing vascular barrier integrity.

Sepsis induces, such as high mobility group box 1 (HMGB1) and
LPS, are known to induce pro-inflammatory responses by pro-
moting phosphorylation of p38 MAPK [21e24]. Therefore, we
determined whether TGFBIp could also enhance the phosphoryla-
tion of p38 MAPK, if so, determined whether MTU inhibit TGFBIp-
induced activation of p38 MAPK in HUVECs. As shown in Fig. 2D,
TGFBIp induced the activation of p38 MAPK, which was signifi-
cantly inhibited by treatment with MTU. These findings demon-
strate inhibition of TGFBIp-mediated endothelial disruption and
maintenance of human endothelial cell barrier integrity by MTU in
mice treated with TGFBIp.

3.3. Effects of MTU on TGFBIp-mediated CAMs expression,
neutrophils adhesion, and migration

Several studies have report that TGFBIp enhanced the expres-
sion of CAMs, such as ICAM-1, VCAM-1, and E-selectin, on the
surfaces of human cells, thereby promoting adhesion andmigration
of leukocytes across the endothelium to sites of inflammation
[6,9,25,26]. According to our findings, TGFBIp induced up-
regulation of the surface expression of VCAM-1, ICAM-1, and E-
Selectin (Fig. 3A) and MTU inhibited this effect, suggesting that the
inhibitory effects of MTU on expression of CAMs are mediated via
attenuation of the TGFBIp signaling pathway by MTU. In addition,
elevated expression of CAMs corresponded well with enhanced
binding of human neutrophils to TGFBIp-activated endothelial cells,
followed by their migration. In addition, treatment with MTU



Fig. 2. Effects of MTU on TGFBIp-mediated permeability in vitro and in vivo. The effects of post-treatment with different concentrations of MTU for 6 h on the barrier disruptions
caused by TGFBIp (A, 5 mg/mL, 6 h) were monitored by measuring the flux of Evans blue bound albumin across HUVECs. (B) The effects of MTU at 10 or 20 mM/mouse on TGFBIp-
induced (0.1 mg/kg, i.v.) vascular permeability in mice were examined by measuring the amount of Evans blue in peritoneal washings (expressed mg/mouse, n ¼ 5). (C) Staining for
F-actin. HUVEC monolayers grown on glass coverslips were stimulated with TGFBIp for 1 h, and then treated with MTU for 6 h, and stained for F-actin. Arrows indicate intercellular
gaps. (D) HUVECs were activated with TGFBIp (5 mg/mL, 6 h), followed by treated with different concentrations of MTU for 6 h. The effects of MTU on TGFBIp-mediated expression of
phospho p38 were determined by ELISA. Results are expressed as the mean ± SEM of at least three independent experiments. D ¼ 0.2% DMSO is the vehicle control. *p < 0.05 versus
TGFBIp alone.

Fig. 3. Effects of MTU on TGFBIp-mediated pro-inflammatory responses. (AeC), HUVECs were stimulated with TGFBIp (5 mg/mL) for 6 h, followed by treatment with MTU for 6 h.
TGFBIp-mediated (A) expression of VCAM-1 (white bar), ICAM-1 (gray bar), and E-selectin (black bar) in HUVECs, (B) adherence of human neutrophils to HUVEC monolayers, and (C)
migration of human neutrophils through HUVEC monolayers were analyzed. (D) The effects of post-treatment with MTU at 10 or 20 mM/mouse on leukocyte migration into the
peritoneal cavities of mice caused by TGFBIp (0.1 mg/kg, i.v.) were analyzed. All results indicate the mean ± SEM of three separate experiments (n ¼ 5). D ¼ 0.2% DMSO is the vehicle
control. *p < 0.05 vs. TGFBIp.
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Fig. 4. Effects of MTU on lethality or pulmonary injury after CLP. (A) Male C57BL/6 mice (n ¼ 20) were administered MTU (10 mM/mouse,▫; 20 mM/mouse,-) at 12 h and 50 h after
CLP. Animal survival was monitored every 6 h after CLP for 132 h. Control CLP mice (C) and sham-operated mice (B) were administered sterile saline (n ¼ 20). KaplaneMeier
survival analysis was used for determination of overall survival rates versus CLP treated mice. (B) The same as (A) except that mice were euthanized 96 h after CLP. Histopathological
scores of the lung tissue were recorded as described in methods. *indicates p < 0.05 vs. CLP. (C) Photomicrographs of lung tissues (H&E staining, X200). Sham group (grade 1); CLP
group (grade 3); Right, CLP þ MTU (10 or 20 mM/mouse) (grade 2). Illustrations indicate representative images from three independent experiments.
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resulted in down-regulation of human neutrophils adherence and
their subsequent migration across activated endothelial cells in a
concentration-dependent manner (Fig. 3B and C). These results
suggest that MTU not only inhibit endotoxin-mediated release of
TGFBIp in endothelial cells, but also down-regulate the pro-
inflammatory signaling effect caused by release of TGFBIp,
thereby inhibiting amplification of inflammatory pathways by nu-
clear cytokines. To confirm this effect in vivo, we examined TGFBIp-
induced migration of leukocytes in mice. TGFBIp was found to
stimulate migration of leukocytes into the peritoneal cavities of
mice, and treatment with MTU resulted in a significant reduction of
peritoneal leukocyte counts (Fig. 3D). Experiments on CAMs are
widely performed in vitro for study of regulation of the interactions
between leukocytes and endothelial cells [27,28]. In the current
study, treatment with MTU resulted in down-regulation of TGFBIp-
induced levels of VCAM-1, ICAM-1, and E-selectin, suggesting that
MTU inhibit the adhesion and migration of leukocytes to inflamed
endothelium.

3.4. Protective effect of MTU in CLP-induced septic mortality

Sepsis is a systemic response to serious infection, and has a poor
prognosis when it is associated with organ dysfunction, hypo-
perfusion, or hypotension [29,30]. Based on the above-described
findings, we hypothesized that treatment with MTU would result
in reduced mortality in our CLP-induced sepsis mouse model. To
investigate the question of whether MTU protects mice from CLP-
induced sepsis lethality, MTU was administered to mice after CLP.
Twenty four hours after the operation, animals manifested signs of
sepsis, such as shivering, bristled hair, and weakness. Administra-
tion of MTU (142 or 284 mg/kg) 12 h after CLP did not prevent CLP-
induced death (data not shown); therefore, theywere administered
two times (once 12 h after CLP and once 50 h after CLP), which
resulted in an increase in the survival rate from30 to 40%, according
to KaplaneMeier survival analysis (p < 0.0001, Fig. 4A). This
marked survival benefit achieved by administration of MTU sug-
gests that suppression of TGFBIp release and of TGFBIp-mediated
inflammatory responses provides a therapeutic strategy for man-
agement of sepsis and septic shock.

3.5. Protective effect of MTU in the CLP-induced pulmonary injury

To confirm the protective effects of MTU on CLP-induced death,
we determined the effects of MTU on CLP-induced pulmonary
injury. Therewere no significant differences between lungs of sham
and sham þ MTU in light microscopic observations (data not
shown). In the CLP group, interstitial edema with massive infiltra-
tion of the inflammatory cells into the interstitium and alveolar
spaces were observed and the pulmonary architecturewas severely
damaged (Fig. 4B and C). These morphological changes were less
pronounced in the CLP þ MTU group (Fig. 4B and C).

The most frequent adverse effect of MTU is granulocytopenia
[31]. Despite the known side effect of MTU, in this study, we found
that MTU did not affect the number of granulocytes and macro-
phages in the blood in sham mice treated with MTU (data not
shown). Although we could not rule out any possibilities of the
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difference species, the discrepancy may be explained by the
administrated dosage of MTU; MTU was used for antithyroid at
200 mg/day in human (average body weight; 70 kg), however, in
this study, MTU was used at 142 mg/kg (9.94 mg/70 kg) in mice.

The molecular mechanism of anti-inflammatory effects of MTU
against TGFBIp-mediated septic response may be mediated by the
suppression of TGFBIp release and transcriptional suppression of
TGFBIp mRNA (Fig. 1AeC), the expressions of TGFBIp receptor
(integrin avb5, Fig. 1D) and TGFBIp-mediated hyperpermeability
(Fig. 2AeC) via suppression of the activation of p38 (Fig. 2D).
Furthermore, the inhibitory mechanism of MTU on the interaction
of between leukocytes and endothelial cells is mediated by the
inhibition of the expressions of CAMs such as VCAM, ICAM, and E-
Selectin (Fig. 3). The possible main target of MTU on TGFBIp-
mediated septic response would be the interactions between
released TGFBIp and its receptor (integrin avb5) because the
binding of ligand (TGFBIp) to its receptor (avb5) mediated down-
stream severe vascular inflammatory responses such as hyper-
permeabililty, adhesion and migration of leukocytes toward
endothelial cells [8,9]. Based on current findings, MTUmerit use as
potential therapeutic agents for severe vascular inflammatory dis-
eases, such as sepsis and septic shock, beyond.
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