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Abstract. Sepsis and septic shock are the main cause of 
mortality in intensive care units. The prevention and treat‑
ment of sepsis remains a significant challenge worldwide. The 
endothelial cell barrier plays a critical role in the development 
of sepsis. Aminophylline, a non‑selective phosphodiesterase 
inhibitor, has been demonstrated to reduce endothelial cell 
permeability. However, little is known regarding the role of 
aminophylline in regulating vascular permeability during 
sepsis, as well as the potential underlying mechanisms. In 
the present study, the Slit2/Robo4 signaling pathway, the 
downstream protein, vascular endothelial (VE)‑cadherin and 
endothelial cell permeability were investigated in a lipopolysac‑
charide (LPS)‑induced inflammation model. It was indicated 
that, in human umbilical vein endothelial cells (HUVECs), 
LPS downregulated Slit2, Robo4 and VE‑cadherin protein 
expression levels and, as expected, increased endothelial cell 
permeability in vitro during inflammation. After administra‑
tion of aminophylline, the protein expression levels of Slit2, 
Robo4 and VE‑cadherin were upregulated and endothelial 

cell permeability was significantly improved. These results 
suggested that the permeability of endothelial cells could 
be mediated by VE‑cadherin via the Slit2/Robo4 signaling 
pathway. Aminophylline reduced endothelial permeability in 
a LPS‑induced inflammation model. Therefore, aminophylline 
may represent a promising candidate for modulating vascular 
permeability induced by inflammation or sepsis.

Introduction

Sepsis is a life‑threatening organ dysfunction caused by 
dysregulated host response to infection (1,2). Substantial 
efforts have been made to improve the outcome of patients with 
sepsis; however, treatment of sepsis remains a big challenge to 
clinicians (3). The underlying mechanism of its pathogenesis 
has not been fully elucidated (4,5). Recently, several studies 
have reported that the disruption of the endothelial cell barrier 
induced high vascular permeability, which serves a critical 
role in the development of sepsis (6‑8).

In addition to regulating axon guidance and cell migra‑
tion (9), the Slit/Robo signaling pathway (in which the Slit 
ligand binds to the Robo receptors) has also been demonstrated 
to serve an important role in the development of organs (10,11). 
The Slit protein is a secretory extracellular matrix protein, 
which has three subtypes, Slit‑1, ‑2 and ‑3 (12). With respect to 
the Robo protein, there are four subtypes, namely Robo‑1, ‑2, 
‑3 and ‑4 (12); the Robo‑4 protein is specifically expressed in 
vascular endothelial (VE) cells and has been associated with 
the genesis and development of blood vessels, and serves an 
important role in maintaining the stability of VE cells (6). 
The Slit2/Robo4 signaling pathway was reported to be an 
endothelial permeability regulator, which effectively regulates 
VE permeability (13). The Slit2/Robo4 pathway alleviates 
the phagocytosis of VE‑cadherin on the surface of VE cells 
mediated by cytokines; thus, stabilizing VE cells and main‑
taining the semi‑permeable barrier of the microvessels (8). It 
is possible that the Slit2/Robo4 signaling pathway stabilizes 
the vasculature by enhancing VE‑cadherin localization to 
the cell surface. The maintenance of the semi‑permeable 
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barrier between blood and peripheral tissues represents a key 
component of therapy for sepsis (14,15).

Previous studies have shown that aminophylline, a 
non‑selective phosphodiesterase inhibitor, reduces endothelial 
cell permeability (16‑18). However, the underlying mecha‑
nisms remain unclear. In the present study, the mechanism of 
aminophylline in regulating the permeability of endothelial 
cells via the Slit2/Robo4 signaling pathway in a lipopolysac‑
charide (LPS)‑induced inflammation model was investigated.

Materials and methods

Reagents and cells. The human umbilical vein endothe‑
lial cells (HUVECs) were purchased from the American 
Type Culture Collection. LPS (Escherichia coli O111:B4) 
and Slit2 ELISA kit (cat. no. HPA019511) were purchased 
from Sigma‑Aldrich (Merck‑KGaA), while aminophylline 
was purchased from Shandong Xinhua Pharmaceutical 
Co., Ltd. The Robo4 (cat. no. MAB50041), VE‑cadherin 
(cat. no. AF1002), fibronectin (cat. no. AF1918) and integrin 
(cat. no. AF2045) primary antibodies were purchased from 
R&D Systems, Inc. Alexa Fluor 488‑ (cat. no. sc‑362257) 
and 594‑ (cat. no. sc‑362277) conjugated and GAPDH anti‑
bodies (cat. no. sc‑47724) were purchased from Santa Cruz 
Biotechnology, Inc. The N‑terminal Slit2 (Slit2‑N) protein was 
purchased from Abcam. FBS, trypsin, penicillin/streptomycin 
and DMEM were purchased from Thermo Fisher Scientific, 
Inc. All other chemicals were purchased from Sigma‑Aldrich 
(Merck KGaA).

Cell culture. The HUVECs (1x107) were cultured in six‑well 
culture plates with DMEM (supplemented with 10% FBS and 
1% penicillin/streptomycin) and grown to 80% confluence. 
For all experiments, the cells were deprived of serum for 24 h 
before LPS was added. After culturing for 24 h with different 
concentrations of LPS (50, 100 and 200 µg/ml (at 37˚C), 
HUVECs were treated with aminophylline (1 mM) for an 
additional 24 h (at 37˚C). All experiments were repeated at 
least three times.

Immunofluorescence staining. The cells were fixed with 4% 
paraformaldehyde in PBS for 15 min at room temperature, 
then washed with PBS and blocked with 10% bovine serum in 
PBS for 1 h at room temperature. Subsequently, the cells were 
incubated overnight at 4˚C with primary antibodies against 
Robo4 (dilution 1:100) and VE‑cadherin (dilution 1:100). 
After washing with PBS adequately, the Alexa Fluor 488‑ or 
594‑conjugated secondary antibodies (dilution 1:200) were 
added and the samples were incubated at room temperature 
for 2 h in the dark. Subsequently, the cells were incubated with 
DAPI for nuclei staining at room temperature for 15 min). 
Fluorescent images were captured using a f luorescent 
microscope (magnification, x400) (Nikon Corporation).

Western blot analysis. Western blot analysis was performed 
as previously described (19). Briefly, the protein concentra‑
tions were measured by BCA protein assay kit (Thermo 
Scientific, Inc.) according to the manufacturer's instruc‑
tions. Equal amounts of total proteins (5‑10 µg) were 
subjected to 10% sodium dodecyl sulfate‑polyacrylamide gel 

electrophoresis (SDS‑PAGE) under reducing conditions and 
transferred to nitrocellulose membrane (EMD Millipore). After 
blocking with 5% skimmed milk in TBS with 0.01% Tween‑20 
for 1 h at room temperature, the membranes were incubated 
with primary antibodies against Robo4 (dilution 1:1,000), 
VE‑cadherin (dilution 1:1,000), fibronectin (dilution 1:1,000), 
integrin (dilution 1:1,000) and GAPDH (dilution 1:1,000) 
overnight at 4˚C, followed by treatment with the horseradish 
peroxidase (HRP)‑conjugated secondary antibody for 1 h at 
room temperature. Finally, the protein expression level was 
detected with an enhanced chemiluminescence kit (Bio‑Rad 
Laboratories, Inc.). The relative protein expression was 
analyzed by the software program Image J 1.42 (National 
Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). 
RT‑qPCR was performed with SYBR Green PCR real‑time 
PCR Master mix (Invitrogen; Thermo Fisher Scientific, Inc.), 
using real‑time cycle conditions of 95˚C and 5 min, followed 
by 40 cycles of 95˚C, 30 sec and 60˚C, 1 min, as previously 
described (20). Data were analyzed through the comparative 
threshold cycle (CT) method. Briefly, RNA was extracted 
from the cells using TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's instructions. 
The total RNA concentration and purity were assessed using 
UV spectrophotometry (20). cDNA was synthesized from total 
RNA using RT and the Superscript III First Strand RT‑PCR 
kit (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions (19,20). The primers used 
in the PCR were as follows: Slit2: CCG AAG GTT ACA GTG 
GCT TGT TCT (Forward), CCG CTG TCT TCA TCT GTG 
GCA AT (Reverse); GAPDH: GAT GCT GGT GCT GAG TAT 
GRC G (Forward), GTG GTG CAG GAT GCA TTG CTC TGA 
(Reverse). The PCR products were amplified and identified 
using 2% agarose gel electrophoresis. GAPDH served as an 
internal control. The gene products were expressed as a change 
in mRNA expression levels relative to GAPDH.

Transendothelial permeability assay. The HUVECs were 
cultured in Transwell upper chambers (8‑µm pore size, 
Corning, Inc.) at 37˚C in a humidified incubator with 5% CO2 
and maintained until confluent. After 24 h of culture with LPS, 
the HUVECs were treated with aminophylline for an additional 
24 h at 37˚C. Then, complete medium containing 1 mg/ml 
FITC‑conjugated dextran or 0.5 µM HRP replaced the medium 
in the upper Transwell chamber (incubation was 6 h and 37˚C) 
The fluorescence in the lower chamber was measured using a 
TECAN GeNios microplate reader (Tecan Group, Ltd.). The 
HRP was removed from the lower chamber and analyzed spec‑
trophotometrically at 492 nm with buffer containing 0.5 mM 
tetramethylbenzidine. For normalization, FITC‑conjugated 
dextran and HRP concentration was calculated and divided 
by the concentration of FITC‑conjugated dextran and HRP at 
baseline with no LPS added.

Statistical analysis. All the experimental data are presented 
as the mean ± standard error of the mean and were analyzed 
using a Student's t‑test or one‑way ANOVA followed by a 
Tukey's multiple comparisons test. Statistical analyses were 
performed using the SPSS v19.0. software (IBM Corp.). 
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P<0.05 was considered to indicate a statistically significant 
difference.

Results

Expression level of Slit2 and Robo4 in LPS‑induced 
inflammation. Firstly, the mRNA and protein expression 
level of Slit2 and Robo4, respectively, in the HUVECs 
following LPS‑induced inflammation was investigated. 
Immunofluorescent staining and western blot analysis 
revealed that the Robo4 protein expression level was decreased 
following LPS‑induced inflammation in a dose‑dependent 
manner (Fig. 1A‑F). In addition, the expression levels of other 
cell surface markers, such as fibronectin and integrin, did not 
change under LPS stimulation (Fig. 1E). RT‑qPCR analysis 
revealed that the Slit2 mRNA expression level was significantly 
downregulated in HUVECs after LPS stimulation (Fig. 1G).

Integrity and stability of HUVECs in LPS‑induced inflam‑
mation. Subsequently, the VE‑cadherin protein expression 
level and permeability of HUVECs following LPS‑induced 
inflammation was investigated. Immunofluorescent staining 
and western blot analysis revealed that VE‑cadherin protein 
expression level was significantly downregulated compared 
with the Robo4 protein expression level (Fig. 2A‑F). The 
Transwell permeability assay revealed that LPS significantly 
increased HUVECs permeability in a dose‑dependent manner 
(Fig. 2G and H).

Slit2/Robo4 pathway modulates VE‑cadherin protein 
expression level in LPS‑induced inflammation. Based on 
the aforementioned results, the association between the 
Slit2/Robo4 signaling pathway and the VE‑cadherin protein 

expression level in LPS‑induced inflammation was investi‑
gated. The HUVECs stimulated by LPS were incubated with 
20 ng/ml Slit2‑N for 24 h. Western blot analysis showed that 
the protein expression level of VE‑cadherin was significantly 
upregulated (Fig. 3A and B). When the Robo4 receptor inhib‑
itor, RoboN was added, the VE‑cadherin protein expression 
level did not significantly change following LPS‑induced 
inflammation (Fig. 3A and C).

Aminophylline represses endothelial permeability by 
upregulating VE‑cadherin protein expression levels via the 
Slit2/Robo4 signaling pathway. Next, the effect of aminophyl‑
line in LPS‑induced inflammation was investigated. To explore 
the effect of aminophylline on endothelial cells permeability, 
three different aminophylline concentrations (10 and 100 µm 
and 1 mM) were tested. It was revealed that the 1 mM amino‑
phylline significantly reduced the permeability of endothelial 
cells (Fig. S1), so 1 mM aminophylline was used for subsequent 
experiments in the current study. It was demonstrated that 
aminophylline upregulated Robo4 and VE‑cadherin protein 
expression levels in HUVECs using immunofluorescent 
staining (Fig. 4A‑H) and western blot analysis (Fig. 5A‑C). 
RT‑qPCR revealed that Slit2 mRNA expression level was 
also upregulated in HUVECs following aminophylline 
treatment (Fig. 5D). In addition, the Transwell permeability 
assay revealed that aminophylline at 200 µg/ml significantly 
alleviated endothelial cell permeability in LPS‑induced 
inflammation (Fig. 5E).

Discussion

The pathophysiological process of LPS‑induced inflammation 
is similar in nature to acute inflammation or sepsis (21). The 

Figure 1. Expression of Slit2 and Robo4 in LPS‑induced inflammation. HUVECs were incubated with (A) 0, (B) 50, (C) 100 or (D) 200 µg/ml LPS for 24 h. 
Immunofluorescent staining revealed that Robo4 protein expression level was decreased in a dose‑dependent manner. Scale bar, 50 µm. Original magnifica‑
tion, x400. Green indicates Robo4, while blue indicates DAPI. (E and F) Western blot analysis of Robo4, fibronectin and integrin protein expression level. 
(G) Reverse transcription‑quantitative PCR analysis of Slit2 mRNA expression levels. *P<0.05 vs. control group. The data are presented as the mean ± standard 
error of the mean. All experiments were repeated at least three times. LPS, lipopolysaccharide; DAPI, 4',6‑diamidino‑2 phenylindole; HUVECs, human 
umbilical vein endothelial cells.
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endothelial receptor, Robo4 serves critical roles in endothelial 
cells, and the Slit2/Robo4 signaling pathway is responsible 
for regulating the expression level of the cell tight junction 
protein, VE‑cadherin and endothelial permeability (22,23). In 
the present study was revealed that LPS treatment decreased 
VE‑cadherin protein expression levels and increased 

endothelial permeability in vitro by downregulating the 
Slit2/Robo4 signaling pathway. Aminophylline alleviated 
LPS‑induced endothelial cell permeability, and upregulated 
Slit2, Robo4 and VE‑cadherin protein expression levels.

Robo4 is a membrane protein, located on the surface of VE 
cells, and acts as a receptor for Slit2, which serves an important 

Figure 2. VE‑cadherin expression level and permeability of HUVECs in LPS‑induced inflammation. HUVECs were incubated with (A) 0, (B) 50, (C) 100 and 
(D) 200 µg/ml LPS for 24 h. Immunofluorescent staining demonstrated that VE‑cadherin protein expression level was decreased in a dose‑dependent manner. 
Scale bar, 50 µm. Original magnification, x400. Red indicates VE‑cadherin and blue indicates DAPI. (E and F) Western blot analysis of VE‑cadherin protein 
expression level. (G) Dextran permeability assay and (H) HRP permeability assay showed that LPS significantly increased permeability in a dose‑dependent 
manner. *P<0.05 vs. control group. The data are presented as the mean ± standard error of the mean. All experiments were repeated at least three times. VE, 
vascular endothelial; HUVECs, human umbilical vein endothelial cells; LPS, lipopolysaccharide.

Figure 3. A Slit2/Robo4 signaling pathway modulates VE‑cadherin protein expression level in LPS‑induced Inflammation. (A and B) HUVECs were incubated 
with LPS (50, 100 and 200 µg/ml) for 24 h and treated with 20 ng/ml Slit2‑N for 12 h, then the protein expression level of VE‑cadherin was analyzed using 
western blot analysis. (A and C) The Robo4 receptor inhibitor, RoboN was added before LPS stimulation, then the VE‑cadherin protein expression level was 
examined using western blot analysis. VE, vascular endothelial; HUVECs, human umbilical vein endothelial cells; LPS, lipopolysaccharide.
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role in stabilizing the vascular endothelium. Zhang et al (24) 
found that targeting the Slit2/Robo4 signaling pathway may 
protect the integrity of the lymphatic barrier and reduce 
lymphatic endothelial hyperpermeability. Shirakura et al (25) 
reported that Robo4 suppressed vascular hyperpermeability 
and improved the survival of Robo4‑/‑ mice in a mouse model 
of inflammation. Robo4 was also responsible for stabilizing 
the VE‑cadherin protein at endothelial cell junctions, in 

an inflammation‑induced hyperpermeability model (25). A 
transfusion‑related acute lung injury study indicated that the 
Slit2/Robo4 signaling pathway modulates endothelial cell 
permeability, and regulates VE‑cadherin protein expression 
level to maintain endothelial barrier function (23). Similar 
results were also obtained in the present study with an 
LPS‑induced inflammation cell line model. Nevertheless, 
another study revealed that Robo4 acted as a ligand to bind 

Figure 5. Aminophylline represses endothelial permeability by upregulating VE‑cadherin protein expression level via the Slit2/Robo4 signaling pathway. The 
HUVECs were incubated with LPS (50, 100 and 200 µg/ml) for 24 h, followed by treatment with 1 mM aminophylline for an additional 24 h. Western blot 
analysis of (A and B) Robo4 and (A and C) VE‑cadherin protein expression level. The Robo4 and VE‑cadherin protein expression level significantly increased 
following aminophylline treatment. (D) Reverse transcription‑quantitative PCR analysis of Slit2 mRNA expression level. (E) HUVECs permeability assay 
showed that aminophylline significantly reduced the permeability following aminophylline treatment. *P<0.05 vs. control group. The data are presented as 
the mean ± standard error of the mean. All the experiments were repeated at least three times. VE, vascular endothelial; HUVECs, human umbilical vein 
endothelial cells; LPS, lipopolysaccharide.

Figure 4. Robo4 and VE‑cadherin protein expression levels following aminophylline treatment. The HUVECs were incubated with (A and E) 0 µg/ml LPS, 
(B and F) 50 µg/ml LPS + aminophylline, (C and G) 100 µg/ml LPS + aminophylline and (D and H) 200 µg/ml + aminophylline, both for 24 h, sequentially. 
Immunofluorescent staining demonstrated that Robo4 and VE‑cadherin protein expression level were both upregulated following aminophylline treatment. 
Scale bar, 50 µm. Original magnification, x400. Green indicates Robo4, red indicates VE‑cadherin and blue indicates DAPI. VE, vascular endothelial; 
HUVECs, human umbilical vein endothelial cells; LPS, lipopolysaccharide; DAPI, 4',6‑diamidino‑2 phenylindole.
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UNC5B (a vascular Netrin receptor), and not to Slit2, which 
may inhibit VEGF‑induced vascular hyperpermeability (26).

Endothelial barrier dysfunction and capillary leakage 
contribute to the pathological process of organ failure in sepsis 
and in sepsis‑related complications (27). It is well‑known that 
cell‑cell junctions (primarily composed of VE‑cadherin) are an 
important component of the vascular barrier (28). Therapeutic 
strategies targeting capillary leakage and endothelial cell 
dysfunction have been considered to be potentially effective 
in improving the clinical outcome of patients with sepsis (5).

Aminophylline acts as a non‑selective phosphodiesterase 
inhibitor, and has been demonstrated to have effects on 
multiple systems, such as the pulmonary (29‑31), renal (32‑34) 
and cardiovascular systems (35). A total of 30 years ago, 
Harada et al (36) demonstrated that aminophylline attenu‑
ated the multiple organ albumin leaks in septic guinea pigs. 
Previous studies, focusing on animal models of inflammatory 
cytokine‑induced acute lung injury, reported that pulmonary 
vascular permeability was reduced following aminophyl‑
line administration. These protective effects may be due to 
elevation of intracellular cAMP/cGMP and/or inhibition of 
tumor necrosis, in which pulmonary vascular endothelium 
leakage and pulmonary edema are alleviated (37‑40). Notably, 
the results in the present study are slightly different from 
previous studies. To the best of our knowledge, this is the first 
study that demonstrated that aminophylline upregulated the 
protein expression level of Slit2, Robo4 and VE‑cadherin, 
and decreased endothelial cell permeability, in HUVECs in a 
LPS‑induced inflammation model. The results from the present 
study suggest that the protection of endothelial integrity and 
stability by aminophylline may be mediated by VE‑cadherin, 
which was modulated via the Slit2/Robo4 signaling pathway. 
The maintenance of the endothelial barrier function is a 
critical treatment strategy for sepsis (6,13,15). In addition, the 
results from the present study also indicated that aminophyl‑
line might be a promising candidate for sepsis therapy, as 
well as other vascular hyperpermeability diseases. However, 
prospective studies are required to confirm the results of the 
present study.

In conclusion, the present study revealed that LPS down‑
regulates the Slit2, Robo4 and VE‑cadherin protein expression 
levels during endotoxemia. The permeability of endothelial 
cells was mediated by VE‑cadherin via the Slit2/Robo4 
signaling pathway. Aminophylline reduced endothelial cell 
permeability during LPS‑induced inflammation. Taken 
together, aminophylline may represent a promising candidate 
for modulating vascular permeability induced by endotoxemia 
or sepsis.
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