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Abstract
Background: Helicobacter pylori urease (HPU) is a key virulence factor that enables 
bacteria to colonize and survive in the stomach. We early demonstrated that HPU, 
independent of its catalytic activity, induced inflammatory and angiogenic responses 
in vivo and directly activated human neutrophils to produce reactive oxygen species 
(ROS). We have investigated the effects of HPU on endothelial cells, focusing on the 
signaling mechanism involved.
Methods: Monolayers of human microvascular endothelial cells (HMEC‐1) were stim‐
ulated with HPU (up to 10 nmol/L): Paracellular permeability was accessed through 
dextran‐FITC passage. NO and ROS production was evaluated using intracellular 
probes. Proteins or mRNA expressions were detected by Western blotting and fluo‐
rescence microscopy or qPCR assays, respectively.
Results: Treatment with HPU enhanced paracellular permeability of HMEC‐1, pre‐
ceded by VE‐cadherin phosphorylation and its dissociation from cell‐cell junctions. 
This caused profound alterations in actin cytoskeleton dynamics and focal adhesion 
kinase (FAK) phosphorylation. HPU triggered ROS and nitric oxide (NO) production 
by endothelial cells. Increased intracellular ROS resulted in nuclear factor kappa B 
(NF‐κB) activation and upregulated expression of cyclooxygenase‐2 (COX‐2),  
hemeoxygenase‐1 (HO‐1), interleukin‐1β (IL‐1β), and intercellular adhesion molecule‐1 
(ICAM‐1). Higher ICAM‐1 and E‐selectin expression was associated with increased 
neutrophil adhesion on HPU‐stimulated HMEC monolayers. The effects of HPU on 
endothelial cells were dependent on ROS production and lipoxygenase pathway ac‐
tivation, being inhibited by esculetin. Additionally, HPU improved vascular endothe‐
lial growth factor receptor 2 (VEGFR‐2) expression.
Conclusion: The data suggest that the pro‐inflammatory properties of HPU drive 
endothelial cell to a ROS‐dependent program of differentiation that contributes to 
the progression of H pylori infection.
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1  | INTRODUC TION

Helicobacter pylori (H pylori) is a bacterial group‐I carcinogen that 
specifically colonizes the human gastric epithelium, inducing disor‐
ders such as ulceration, chronic gastritis, and malignant neoplastic 
diseases.1,2 Virulence factors produced by H pylori help bacteria to 
evade host defense mechanisms and enable colonization and dis‐
ruption of epithelial barrier functions, inducing damage to gastric 
epithelium.3-6 One of the main factors responsible for a successful 
infection is the H pylori urease (HPU), whose ureolytic activity results 
in the production of ammonia, which in turn leads to the neutraliza‐
tion of the gastric acidic medium, allowing the bacteria survival in 
the stomach.7,8 Accordingly, several pieces of evidence have demon‐
strated that urease‐deficient H pylori are unable to colonize gastric 
epithelium.9,10

We have previously reported that purified HPU, independent 
of its catalytic activity, is a potent pro‐inflammatory agent, able to 
trigger edema formation and leukocyte accumulationin vivo.11 HPU 
also induced in vitro platelet aggregation, human neutrophil chemo‐
taxis, and production of reactive oxygen species (ROS).

11,12 Platelets 
activated by HPU display a pro‐inflammatory phenotype with modi‐
fications in the pre‐mRNA processing of pro‐inflammatory proteins, 
and increased levels of mRNAs encoding IL‐1β and CD14.13 These 
results suggest that the inflammatory response triggered by HPU 
may contribute to amplify local inflammation, worsening mucosal 
damage during bacterial infection.

HPU activity was shown to be required for triggering gastric epi‐
thelial barrier dysfunction during bacterial infection.5 More recently, 
our group demonstrated that HPU can be internalized by gastric ep‐
ithelial cells inducing the expression of pro‐angiogenic mediators.14

The interaction ofH pylori with endothelial cells was shown to up‐
regulate the expression of adhesion molecules and the secretion of 
neutrophil‐recruiting chemokines.15,16 Thus, a persistent endothelial 
cell activation induced by bacterial products could be involved in the 
continuous recruitment of neutrophils to H pylori‐infected gastric 
mucosa and may therefore contribute to tissue damage and ulcer 
generation. This chronic inflammatory status caused by H pylori in‐
fection represents the most common risk factor underlying gastric 
cancer.17

Although evidences have shown that, besides its role as a key en‐
zymatic factor for H pylori colonization, HPU can also act as a pro‐in‐
flammatory agent contributing to angiogenesis and the mechanisms 

involved in HPU‐induced endothelial activation remain unclear. To 
gain insight on this, we have investigated the molecular mechanisms 
and correspondent signaling pathways involved in the HPU effects 
on human endothelial cells.

2  | MATERIAL AND METHODS

2.1 | Recombinant H pylori urease

Recombinant Helicobacter pylori urease (HPU) was purified as pre‐
viously described 12,13 and stored at 4°C. The purified protein was 
concentrated using Centriprep cartridges (30 kDa cut‐off) to give a 
0.5 mg protein/mL solution and dialyzed against 20 mmol/L sodium 
phosphate, pH 7.5. The buffer from the last dialysis change was used 
as a negative control in all bioassays (controls) (See Appendix S1).

2.2 | Cell Cultures

Human microvascular endothelial cell (ATCC®) and primary human 
umbilical vein endothelial cell (HUVEC)18 cultures were used 
throughout the experiments (See Appendix S1).

2.3 | Purification of human neutrophils

Neutrophils were isolated from human peripheral blood using a 
Percoll density gradient as previously described19 (See Appendix S1).

2.4 | Endothelial paracellular permeability assay

HMEC‐1 (5 x 104 cells/well) were cultured onto Transwell inserts 
(0.4 μm), pretreated with esculetin (10 µmol/L) or polymyxin B 
(25 µg/mL), and stimulated with HPU (10, 20 and 30 nmol/L) or 
buffer (control), for 30 minutes. Alterations in endothelial monolayer 
permeability were evaluated by monitoring the passage of dextran‐
FITC through the endothelial confluent monolayers, as early de‐
scribed18 (See Appendix S1).

2.5 | Intracellular ROS and nitric oxide production

HMEC‐1 (3 x 104 cells/well) cultured in 96‐well black plates were 
loaded, for 1 hour, with CM‐H2DCFDA (5 µmol/L) for analyzing in‐
tracellular ROS, or with DAF‐FM (5 µmol/L) for NO detection.20,21 

F I G U R E  1  HPU increases endothelial cells permeability and induces VE‐cadherin phosphorylation and dispersion from cell surface. 
HMEC‐1 (5 x 104) cultured onto Transwell chambers (0.4 µm) were (A) treated or not with HPU (10, 20 and 30 nmol/L), or (B) pre‐incubated 
with esculetin (10 µmol/L) for 15 min, before treatment with HPU (10 nmol/L), in medium containing FITC‐labeled dextran (1 mg/mL). 
The leakage of fluorescent dextran‐FITC through HMEC‐1 monolayer was quantified in the bottom well after 30 min. C, HMEC‐1 (1 x 
106) were stimulated or not with HPU (10 nmol/L) at different times (1, 3, 5, 15, and 30 min), and the protein contents of VE‐cadherin and 
pVE‐cadherinTyr658 were evaluated by Western blotting. The blots were analyzed by densitometry. Figure depicts representative blots. D, 
HUVEC (2 x 105) monolayers were treated or not with HPU for 5 or 15 min and were immunostained for VE‐cadherin. Nuclei were labeled 
with DAPI. Images were analyzed by fluorescence microscopy (at 600x Magnification). Arrow heads show small gaps between adjacent cells 
(yellow). The results are representative of at least three independent experiments. Data are expressed as mean ± SD. One‐way ANOVA 
followed by Bonferroni post hoc test displayed *P < 0.05 compared to controls; #P < 0.05 compared to group treated with HPU.
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After that, cells were pretreated or not with esculetin (10 µmol/L) or 
polymyxin B (25 µg/mL) for 15 minutes, and then treated with HPU 
(10 nmol/L) or buffer (control) for 30 minutes at 37ºC in a CO2 air 

atmosphere. The fluorescence intensity was monitored and quanti‐
fied using an EnVision® multilabel plate reader. (See Appendix S1 
for details).
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2.6 | Fluorescence microscopy assays

VE‐cadherin expression in HUVECs and E‐selectin expression in 
HMEC‐1 were evaluated by immunocytochemistry microscopy as‐
says as previously described.18 For actin cytoskeleton dynamic 
analysis, cells were labeled with TRITC‐phalloidin (binding to po‐
lymerized actin)20 and observed under a fluorescence microscope. 
The images obtained in all experiments were analyzed using Adobe 
Photoshop software. (See Appendix S1 for details).

2.7 | Neutrophils adhesion to HMEC‐1

HMEC‐1 (3 x 104 cells/well) cultured on 96 wells black plates were 
pretreated or not with esculetin (10 µmol/L) or polymyxin B (25 µg/
mL) for 15 minutes, and then incubated with HPU (10nmol/L) or buffer 
(control) for 30 minutes. For the adhesion assays, human neutrophils (1 
× 105 cells), previously loaded with 1µM CMFDA (Invitrogen) for 1 hour, 
were seeded on HMEC‐1 monolayers. After 30 minutes of co‐incuba‐
tion at 37°C in a CO2 air atmosphere, non‐adherent neutrophils were 
removed, and the CMFDA fluorescence intensity was quantified in 
each well using a multilabel plate reader (See Appendix S1 for details).

2.8 | Luciferase Assay

HMEC‐1 (2 x 105) were transfected with NF‐kB‐responsive luciferase 
reporter construct (NF‐kB pMetLuc 2) or control plasmid (pMetLuc 2). 
They were then stimulated with HPU (10 nmol/L) or buffer (control) 
for 3 hours. Medium containing luciferase was collected and incubated 
with luciferin. The luminescence emitted from luciferase‐induced lu‐
ciferin cleavage was quantified as described in the Appendix S1.

2.9 | MTT assay

HMEC‐1 (1.0 x 104 cells/well) seeded onto 96‐well plates were in‐
cubated overnight in MCDB‐131 medium containing 10% FBS, 
serum starved for 1 hour, and treated with HPU (10 and 50 nmol/L) 
or buffer (control) for 24 hours. MTT assay22 was performed as de‐
scribed in the Appendix S1.

2.10 | Western blotting analysis

HMEC‐1 (1.0 x 106 cells/well) seeded in 6‐well plate were stimu‐
lated with HPU (10 nmol/L) or buffer (control) for different time 
intervals. Alterations in the expression of phospho‐VE‐cadherin‐
Tyr658, VE‐cadherin, phospho‐focal adhesion kinase (FAK) Tyr397, FAK, 

cyclooxygenase‐2 (COX‐2), and hemeoxygenase‐1 (HO‐1) were ana‐
lyzed by Western blotting assay20 as described in the Appendix S1.

2.11 | qRT‐PCR analysis

The total RNA of HMEC‐1 (2 x 106 cells/well) stimulated with HPU 
(10 nmol/L) or buffer (control) for 2 hours was extracted using the 
RNeasy Mini Kit. cDNA was generated from 1 μg RNA using High 
Capacity cDNA Reverse Transcription Kit and amplified with gene‐
specific primers for human ICAM‐1, VEGFR‐2, pro‐IL1β, and GAPDH, 
as described in Appendix S1. The expression level of each candidate 
gene was internally normalized against that of GAPDH, and the rela‐
tive quantitative value was expressed by the 2‐ΔΔCt method, repre‐
senting the amount of the candidate gene expression with the same 
calibrators (See Appendix S1 for details).

2.12 | Statistical analysis

Analyses were carried out using the GraphPad Prism software for 
Windows. The statistical significance of the differences between 
two experimental groups was assessed using Student's t test. For 
multiple comparisons, we have used one‐way ANOVA followed by 
Bonferroni post hoc test. Differences between groups with P < 0.05 
were considered statistically significant.

3  | RESULTS

3.1 | HPU increases endothelial paracellular 
permeability by disrupting VE‐cadherin adhesive 
junctions

The increase invascular permeability as a consequence of disrup‐
tion of the endothelial barrier is a common feature during an in‐
flammatory response and is mediated by different inflammatory 
mediators.23 Taking into account our previously data showing the 
pro‐inflammatory activity of HPU, we decided to evaluate the direct 
effect of this urease on human endothelial cells.

HMEC‐1 were seeded onto inserts and treated with different 
concentrations of HPU (10, 20, and 30 nmol/L). Figure 1A shows 
that HPU increased paracellular permeability in a concentration‐
dependent way after 30 minutes of incubation. Based on these 
data, the concentration of 10 nmol/L HPU was chosen to activate 
HMEC‐1 in the following experiments. Noteworthy, incubation with 
HPU for 24 hours did not interfere with cell viability, as detected by 
MTT assay (Figure S1).

F I G U R E  2  HPU induces actin cytoskeleton reorganization and FAK phosphorylation in endothelial cells. A, HMEC‐1 (5 x 104) were 
treated or not with HPU (10 nmol/L) for 5 or 15 min, and then fixed, permeabilized, and incubated with TRITC‐phalloidin for F‐actin staining. 
Nuclei were labeled with DAPI. Images were analyzed by fluorescence microscopy (at 600x Magnification). Open head‐arrows (white) 
indicate actin cortical rings; filled head‐arrows (yellow) point to formation of stress fibers. B, HMEC‐1 (1 x 106) were stimulated or not 
with HPU (10 nmol/L) for different times (1, 3, 5, and 15 min). Total cell extracts were obtained, and FAK or pFAKTyr397 contents were 
immunoblotted using specific antibodies, and quantified by densitometry. Figure depicts representative blots. The results are representative 
of at least three independent experiments. Data are expressed as mean ± SD. One‐way ANOVA followed by Bonferroni post hoc test 
displayed*P < 0.05 compared to controls.
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F I G U R E  3  HPU increases neutrophils adhesion to endothelial cells. A, HMEC‐1 (5 x 104) were treated with HPU (10 nmol/L) for 15 min. 
Cells were immunostained for E‐selectin and nuclei were labeled with DAPI. Images were analyzed under a fluorescence microscope (600 
x). B, HMEC‐1 (2 x 106) were treated with HPU (10 nmol/L) for 2 h, and the mRNA expression of ICAM‐1 was analyzed. GAPDH was chosen 
as housekeeping gene. C, HMEC‐1 (3 x 104) were stimulated, with HPU (10 nmol/L) for 15, 30, or 45 min, or (D) were preincubated with 
esculetin (10 µmol/L) for 15 min, before adding HPU (10 nmol/L) for 30 min. Controls cells were exposed to medium only. Neutrophils, 
previously loaded with CMFDA (5 µmol/L), were then plated onto endothelial cells monolayers, and after 30 min, fluorescence of adherent 
neutrophils was monitored. The results are representative of three independent experiments. Data are expressed as mean ± SD. Student's t 
test (Figure B) and one‐way ANOVA followed by Bonferroni post hoc test (Figure C‐D) displayed *P < 0.05 compared to untreated control. 
#P < 0.05 compared to group treated with HPU.
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The increase in endothelial permeability induced by different 
inflammatory mediators is often associated with alteration in the 
oxidative metabolism, with increased production of ROS.24,25 To in‐
vestigate the contribution of ROS to HPU effects, endothelial cells 
were treated with esculetin, a potent antioxidant, and a non‐selec‐
tive inhibitor of the lipoxygenase pathway.26,27 Figure 1B shows that 
esculetin significantly reduced HPU‐induced cell permeability, sug‐
gesting that the HPU effects on endothelial cells may involve sig‐
naling pathways modulated by ROS, probably inducing alterations in 
redox metabolism. To rule out a possible effect of LPS contamination 
in HPU preparations, these assays were performed in the presence 
of polymyxin B (25 μg/mL), a condition found not to interfere on 
HPU effects in endothelial permeability (Figure S2A).

The integrity of endothelial barrier is controlled by VE‐cad‐
herin, and phosphorylation of this endothelial adhesion molecule 

modulates the disruption of endothelial junctions.28,29 Treatment 
of HMEC‐1 with HPU induced VE‐cadherin phosphorylation at 
Tyr658 (Figure 1C) and promoted breakdown of junctional contacts, 
resulting in small gaps between adjacent cells (Figure 1D, arrows). 
Furthermore, HPU induced profound alterations in the actin cyto‐
skeleton dynamics (Figure 2A). After labeling endothelial cells with 
TRITC‐labeled phalloidin, we observed that, while in non‐stimulated 
HMEC‐1 (controls) the filamentous actin assumed a cortical arrange‐
ment (Figure 2A, open arrows), the treatment with HPU induced cell 
spreading and reduced the number of actin cortical rings, promoting 
a rearrangement of the actin cytoskeleton, with the formation of 
stress fibers (Figure 2A, solid arrows). Noteworthy, actin cytoskele‐
ton rearrangement in endothelial cells treated with HPU was accom‐
panied by increased phosphorylation (Tyr397) of the focal adhesion 
kinase (FAK), which peaked at early times (3‐5 minutes) (Figure 2B).

3.2 | HPU increases adhesion molecules 
expression and neutrophils adhesion to 
endothelial cells

H pylori infection upregulates the expression of endothelial adhe‐
sion molecules, in vivo and in vitro, prompting leukocyte adhesion 
to endothelium, therefore contributing to neutrophil recruitment 
to the infected gastric mucosa.15,16 We observed that treatment of 
endothelial cells with HPU increased E‐selectin expression, after 
15 minutes (Figure 3A, yellow arrows), and augmented ICAM‐1 
mRNA expression, after 2 hours of treatment (Figure 3B).

Corroborating with these results, stimulation with HPU in‐
creased neutrophils adhesion to endothelial monolayers in all time 
points (Figure 3C). This effect was inhibited by esculetin (Figure 3D). 
Polymyxin B did not affect neutrophil adhesion (Figure S2B), exclud‐
ing a possible interference of LPS contamination in HPU preparation.

3.3 | HPU induces production of oxidative 
mediators by endothelial cells

Endogenous production of ROS can trigger the modulation of sign‐
aling pathways that in turn control various biologic responses in 
endothelial cells.30 Treatment of HMEC‐1 with HPU increased intra‐
cellular ROS generation as monitored by CM‐H2DCFDA oxidation 
for 30 minutes (Figure 4A). Moreover, HPU also increased nitric 
oxide (NO) production by these cells, as detected through DAF‐FM 
oxidation (Figure 4B). Both effects were inhibited by HMEC‐1 pre‐
treatment with esculetin (Figure 4A‐B). Ruling out a possible con‐
tamination with LPS, intracellular production of ROS or NO induced 
by HPU was not affected by polymyxin B (Figure S2C,D).

3.4 | HPU induces NF‐κB pathway activation and 
increases COX‐2, HO‐1, and VEGFR‐2 expression, 
contributing to endothelial cells differentiation

Activation of NF‐κB pathway has been reported to be modulated by 
the cell redox status.31,32 The treatment of endothelial cells with HPU 

F I G U R E  4  HPU triggers intracellular ROS and NO production 
in endothelial cells. HMEC‐1 (3 x 104) were seeded and loaded 
with (A) CM‐H2DCFDA (5 µmol/L), or (B) DAF‐FM probe. In some 
experiments, cells were preincubated with esculetin (10 µmol/L) 
and then stimulated with HPU (10 nmol/L) for 30 min. The 
fluorescence emitted by the probes was monitored and quantified. 
The results are representative of three independent experiments. 
Data are expressed as mean ±SD. One‐way ANOVA followed by 
Bonferroni post hoc test displayed *P < 0.05 compared to untreated 
control; #P < 0.05 compared to group treated with HPU.
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induced NF‐κB activation as detected by luciferase assay (Figure 5A). In 
parallel with NF‐κB activation, we also observed that stimulation with 
HPU increased expression of COX‐2 (Figure 5B), HO‐1 (Figure 5C), and 

pro‐IL‐1β (Figure 5D) in endothelial cells. Additionally, we also observed 
that cells stimulated with HPU displayed higher VEGFR‐2 expression 
(Figure 5E), the main vascular receptor involved in angiogenesis.

F I G U R E  5  HPU induces NF‐κB activation in endothelial cells. A, HMEC‐1 (2 x 105) were transfected with NF‐κB pMetLuc 2 or pMetLuc 
2, and then treated with HPU (10 nmol/L) for 3 h. Luciferase activity was determined by the cleavage of luciferin. (B‐C) HMEC‐1 (1 x 106) 
were stimulated with HPU (10 nmol/L) for 4 h. The protein contents of COX‐2 (B) and HO‐1 (C) were evaluated by Western blotting. The 
blots were analyzed by densitometry. Figure depicts representative. The mRNA expression of pro‐IL‐1β (D) and VEGFR‐2 (E) was analyzed in 
HMEC‐1 (2 x 106) treated with HPU (10 nmol/L) for 2 hours. GAPDH was used as housekeeping gene. The results are representative of three 
independent experiments. Data are expressed as mean ± SD. *P < 0.05 compared to untreated control. The results are representative of 
three independent experiments. Data are expressed as mean ± SD. Student's t test displayed*P < 0.05 compared to untreated control.
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4  | DISCUSSION

The ureolytic activity is often detected in several pathogenic bacte‐
ria, such as pathogenicStaphylococcus strains, Proteus mirabilis, and 
H pylori. Urease has a positive role in microbial physiology, repre‐
senting a key factor for the infectivity or persistence of microorgan‐
isms.8,33,34 HPU enzymatic activity is essential for these bacteria to 
overcome the lethal effect of the gastric acidic pH and to establish a 
distinct site of persistent infection.35 Nevertheless, recent evidences 
have highlighted pathophysiologic properties of HPU unrelated to 
its ureolytic activity. We have previously reported that non‐catalytic 
HPU has pro‐inflammatory activity in mice and activates host cells, 
inducing blood platelet aggregation, chemotaxis, and ROS produc‐
tion by human neutrophils.11-13 More recently, it was demonstrated 
that HPU was internalized by epithelial gastric cells, triggering the 
expression of pro‐angiogenic mediators, and induced angiogenesis 
in vivo in the chicken chorioallantoic membrane model.14 We are 
now showing that HPU directly activates human microvasculature 
endothelial cells, modulating the molecular mechanisms that lead to 
their differentiation toward a pro‐inflammatory profile. The severe 
local inflammation that occurs during H pylori infection is associated 
with peptic ulcers and gastric cancers, and its outcome is mostly de‐
termined by the expression of specific virulence factors. In this con‐
text, HPU emerges as an important pro‐inflammatory factor, able 
to induce significant changes in the oxidative profile of endothelial 
cells, leading to increased paracellular permeability and neutrophils 
adhesiveness to endothelium, two main features of inflammatory 
response.

The integrity of the endothelial barrier is dependent on the pres‐
ence of VE‐cadherin‐regulated cell‐cell adhesive complexes.36,37 
The structural and functional maintenance of adherent junctions 
determines cell permeability. Various stimuli are able to induce VE‐
cadherin hyper‐phosphorylation, disrupting cadherin‐catenin com‐
plex, dispersing the membrane‐associated protein, and consequent 
dissolution of adherens junctions.38,39 We demonstrated that HPU, 
at concentrations as low as 10 nmol/L, increased endothelial para‐
cellular permeability, which was associated with VE‐cadherin phos‐
phorylation and dispersion from cell membrane. The breakdown of 
endothelial barrier mediated by adherens junction is strongly asso‐
ciated with the reorganization of the actin network.40 As expected, 
HPU induced profound modifications in actin cytoskeleton dynam‐
ics in endothelial cells, increasing stress fibers formation and reduc‐
ing actin cortical rings. The actin cytoskeleton rearrangement in 
HPU‐stimulated cells was accompanied by an increased phosphory‐
lation of FAK. This event has a central role in initiating and integrat‐
ing signaling pathways that control endothelial barrier function.41 
FAK works as an intermediary in the crosstalk between integrins 
and VE‐cadherin, regulating signaling at endothelial intercellular ad‐
herens junction, and the cytoskeleton dynamics.41,42The alterations 
induced by HPU on the activation profile of endothelial cells also 
included an increasing expression of surface adhesion molecules. 
HPU increased E‐selectin and ICAM‐1 expression, contributing to 
neutrophil‐endothelial cells adhesion. The direct effects of HPU on 

endothelial cells support previous data showing its pro‐inflamma‐
tory activity in vivo. HPU induced mice paw edema, accompanied by 
significant leukocyte accumulation in the inflamed tissue, and was a 
potent chemotactic for human neutrophils in vitro.11

The chronic inflammatory response often present duringH pylori 
infection has been imputed to a persistent oxidative stress that con‐
tributes to gastric carcinogenesis.43 The release of ROS is associ‐
ated with higher levels of DNA repair in gastric epithelial cells.44,45 
Neutrophils are considered the main extracellular source of ROS, 46 
and HPU is a potent inductor of ROS production by these cells.11 
In endothelial cells, although an excess of ROS can lead to apopto‐
sis, at physiologic concentrations the intracellular ROS may act as 
signaling molecules mediating various biological responses.47 This 
includes the upregulation of adhesion molecules and chemokines, 
cytoskeleton reorganization, generation of intercellular gaps, and 
leukocyte transmigration.48 Our data revealed that HPU induced 
intracellular production of ROS and NO by endothelial cells, and 
that esculetin, a potent antioxidant and a non‐specific lipoxygenase 
inhibitor, inhibited these effects. Moreover, we also demonstrated 
that the impairment of ROS production and lipoxygenase inhibition 
by esculetin inhibited HPU‐induced increase in paracellular perme‐
ability and neutrophil adhesion to endothelial cells. The increase in 
endothelial permeability by ROS was associated with VE‐cadherin 
phosphorylation.24,49 Furthermore, lipoxygenase metabolites were 
shown to regulate vascular permeability 50 and to induce the break‐
down of tight junctions, increasing endothelial permeability in de‐
pendence of ROS production.25 Our results are in accordance with 
previous data showing that HPU pro‐inflammatory activity seems to 
be modulated by lipoxygenase‐derived eicosanoids,11,13 and the data 
suggest that the effects of HPU on endothelial cells involve redox 
modulation signaling.

The effects of intracellular ROS on signaling pathways, inter‐
fering on the activity of different signaling proteins such as PI3K‐
Akt, MAPK, NF‐κB, and NR‐F2, among others, have been well 
described.51 The transcription factor NF‐κB is crucial in a series of 
cellular processes, including immune and inflammatory responses, 
cellular adhesion, differentiation, proliferation, and apoptosis.52 The 
inhibition of ROS production, associated with the inactivation of 
NF‐κB signaling, has been pointed as a therapeutic target for nu‐
merous inflammatory diseases.53 This transcription factor regulates 
the expression of several inflammatory mediators including enzymes 
such as COX‐2, NOS‐2, and HO‐1, which have been also associated 
with gastric cancer.54-59 Supporting the role of HPU as a pro‐inflam‐
matory factor, we observed an increasing expression of pro‐IL‐1β, 
COX‐2, and HO‐1, as consequences of NF‐κB activation. Although 
HPU has increased NO production by endothelial cells, an effect in‐
hibited by esculetin, we could not detect iNOS expression (data not 
shown), suggesting that perhaps HPU may be signaling to activate 
eNOS, through intracellular ROS production. The eNOS upregula‐
tion in H pylori‐infected gastric mucosa correlates with inflammation 
and angiogenesis and seems to be secondary to an overexpression 
of VEGF.60 Interestingly, besides its ability to stimulate inflammatory 
pathways related to angiogenesis (IL‐1β, COX‐2, and HO‐1), HPU also 
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increased VEGRF‐2 expression. The upregulation of this receptor is 
a strong indicative that HPU prompts endothelial cells to a more re‐
sponsive phenotype that, associated with increased migration and 
invasion, may result in the differentiation of new blood vessels. The 
data give further support to previous observations on the pro‐angio‐
genic properties of HPU.14

Over the past years, the knowledge on the role of HPU in the 
bacterial infection was restricted to its ureolytic activity, an es‐
sential step for H pylori colonization of the gastric environment. 
Nevertheless, in the last decade a consistent body of evidence has 
identified HPU as a virulence factor that, independently of its cata‐
lytic properties, acts as a microbial inflammatory mediator, contrib‐
uting to the persistence of the infection through a direct interaction 
with host components. Our data show that the pro‐inflammatory 
properties of HPU can drive endothelial cells to a differentia‐
tion program through a ROS‐dependent signaling mechanism that 
probably subsidizes the progresses of H pylori infection to gastric 
carcinogenesis.

ACKNOWLEDG EMENTS

This study was financed by grants from Fundação Carlos Chagas 
Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ: 
E‐26/202.782/2017), Coordenação de Aperfeiçoamento de Pessoal 
de Nível Superior (CAPES) (Finance Code 001), and Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq: 
302413/2017‐0; 140969/2015‐2), Brazil. We acknowledge Genilson 
Rodrigues da Silva for technical support.

DISCLOSURE S OF INTERE S TS

The authors report no conflict of interest.

ORCID

Christina Barja‐Fidalgo   https://orcid.org/0000-0002-1917-4401 

R E FE R E N C E S

	 1.	 Schistosomes, liver, flukes and Helicobacter pylori. IARC Working 
Group on the Evaluation of Carcinogenic Risks to Humans. 
Lyon, 7–14 June 1994. IARC Monogr Eval Carcinog Risks Hum. 
1994;61:1–241.

	 2.	 Moss SF. The Clinical Evidence Linking Helicobacter pylori to Gastric 
Cancer. Cell Mol Gastroenterol Hepatol. 2017;3(2):183‐191.

	 3.	 Papini E, Satin B, Norais N, et al. Selective increase of the perme‐
ability of polarized epithelial cell monolayers by Helicobacter pylori 
vacuolating toxin. J Clin Invest. 1998;102(4):813‐820.

	 4.	 Lytton SD, Fischer W, Nagel W, Haas R, Beck FX. Production of 
ammonium by Helicobacter pylori mediates occludin processing 
and disruption of tight junctions in Caco‐2 cells. Microbiology. 
2005;151(Pt 10):3267‐3276.

	 5.	 Wroblewski LE, Shen Le, Ogden S, et al. Helicobacter pylori dysregu‐
lation of gastric epithelial tight junctions by urease‐mediated myo‐
sin II activation. Gastroenterology. 2009;136(1):236‐246.

	 6.	 Backert S, Tegtmeyer N, Selbach M. The versatility of Helicobacter 
pylori CagA effector protein functions: The master key hypothesis. 
Helicobacter. 2010;15(3):163‐176.

	 7.	 Clyne M, Labigne A, Drumm B. Helicobacter pylori requires an acidic 
environment to survive in the presence of urea. Infect Immun. 
1995;63(5):1669‐1673.

	 8.	 Mobley HL, Garner RM, Bauerfeind P. Helicobacter pylori nickel‐
transport gene nixA: synthesis of catalytically active urease in 
Escherichia coli independent of growth conditions. Mol Microbiol. 
1995;16(1):97‐109.

	 9.	 Eaton KA, Brooks CL, Morgan DR, Krakowka S. Essential role of 
urease in pathogenesis of gastritis induced by Helicobacter pylori in 
gnotobiotic piglets. Infect Immun. 1991;59(7):2470‐2475.

	10.	 Schoep TD, Fulurija A, Good F, et al. Surface properties of 
Helicobacter pylori urease complex are essential for persistence. 
PLoS ONE. 2010;5(11):e15042.

	11.	 Uberti AF, Olivera‐Severo D, Wassermann GE, et al. Pro‐inflam‐
matory properties and neutrophil activation by Helicobacter pylori 
urease. Toxicon. 2013;69:240‐249.

	12.	 Wassermann GE, Olivera‐Severo D, Uberti AF, Carlini CR. 
Helicobacter pylori urease activates blood platelets through a lipox‐
ygenase‐mediated pathway. J Cell Mol Med. 2010;14(7):2025‐2034.

	13.	 Scopel‐Guerra A, Olivera‐Severo D, Staniscuaski F, et al. The 
Impact of Helicobacter pylori Urease upon Platelets and Consequent 
Contributions to Inflammation. Front Microbiol. 2017;8:2447.

	14.	 Olivera‐Severo D, Uberti AF, Marques MS, et al. A New Role for 
Helicobacter pylori Urease: Contributions to Angiogenesis. Front 
Microbiol. 2017;8:1883.

	15.	 Innocenti M, Thoreson A‐c, Ferrero Rl, et al. Helicobacter py‐
lori‐induced activation of human endothelial cells. Infect Immun. 
2002;70(8):4581‐4590.

	16.	 Byrne MF, Corcoran PA, Atherton JC, et al. Stimulation of adhesion 
molecule expression by Helicobacter pylori and increased neutro‐
phil adhesion to human umbilical vein endothelial cells. FEBS Lett. 
2002;532(3):411‐414.

	17.	 Peek RM Jr, Blaser MJ. Helicobacter pylori and gastrointestinal tract 
adenocarcinomas. Nat Rev Cancer. 2002;2(1):28‐37.

	18.	 Vieira AM, Neto EH, Figueiredo CC, Barja Fidalgo C, Fierro 
IM, Morandi V. ATL‐1, a synthetic analog of lipoxin, modu‐
lates endothelial permeability and interaction with tumor cells 
through a VEGF‐dependent mechanism. Biochem Pharmacol. 
2014;90(4):388‐396.

	19.	 Barcellos‐de‐Souza P, Canetti C, Barja‐Fidalgo C, Arruda MA. 
Leukotriene B(4) inhibits neutrophil apoptosis via NADPH oxidase 
activity: redox control of NF‐kappaB pathway and mitochondrial 
stability. Biochim Biophys Acta. 2012;1823(10):1990‐1997.

	20.	 Moraes JA, Rodrigues G, Nascimento‐Silva V, et al. Effects of 
Lonomia obliqua Venom on Vascular Smooth Muscle Cells: 
Contribution of NADPH Oxidase‐Derived Reactive Oxygen 
Species. Toxins. 2017;9(11):E360

	21.	 Scheschowitsch K, de Moraes JA, Sordi R, Barja‐Fidalgo C, Assreuy 
J. Rapid NOS‐1‐derived nitric oxide and peroxynitrite formation 
act as signaling agents for inducible NOS‐2 expression in vascular 
smooth muscle cells. Pharmacol Res. 2015;100:73‐84.

	22.	 Helal‐Neto E, Brandao‐Costa RM, Saldanha‐Gama R, et al. Priming 
Endothelial Cells With a Melanoma‐Derived Extracellular Matrix 
Triggers the Activation of alphavbeta3/VEGFR2 Axis. J Cell Physiol. 
2016;231(11):2464‐2473.

	23.	 Ohmura T, Tian Y, Sarich N, et al. Regulation of lung endothelial 
permeability and inflammatory responses by prostaglandin A2: role 
of EP4 receptor. Mol Biol Cell. 2017;28(12):1622‐1635.

	24.	 Boueiz A, Hassoun PM. Regulation of endothelial barrier func‐
tion by reactive oxygen and nitrogen species. Microvasc Res. 
2009;77(1):26‐34.

https://orcid.org/0000-0002-1917-4401
https://orcid.org/0000-0002-1917-4401


     |  11 of 11SOUZA et al.

	25.	 Chattopadhyay R, Tinnikov A, Dyukova E, et al. 12/15‐Lipoxygenase‐
dependent ROS production is required for diet‐induced endothelial 
barrier dysfunction. J Lipid Res. 2015;56(3):562‐577.

	26.	 Neichi T, Koshihara Y, Murota S. Inhibitory effect of esculetin on 
5‐lipoxygenase and leukotriene biosynthesis. Biochim Biophys Acta. 
1983;753(1):130‐132.

	27.	 Lin WL, Wang CJ, Tsai YY, Liu CL, Hwang JM, Tseng TH. Inhibitory 
effect of esculetin on oxidative damage induced by t‐butyl hydrop‐
eroxide in rat liver. Arch Toxicol. 2000;74(8):467‐472.

	28.	 Orsenigo F, Giampietro C, Ferrari A, et al. Phosphorylation of VE‐
cadherin is modulated by haemodynamic forces and contributes 
to the regulation of vascular permeability in vivo. Nat Commun. 
2012;3:1208.

	29.	 Kowalczyk AP, Nanes BA. Adherens junction turnover: regulating 
adhesion through cadherin endocytosis, degradation, and recy‐
cling. Subcell Biochem. 2012;60:197‐222.

	30.	 Schieber M, Chandel NS. ROS function in redox signaling and oxida‐
tive stress. Curr Biol. 2014;24(10):R453‐462.

	31.	 Zhao W, Ma G, Chen X. Lipopolysaccharide induced LOX‐1 expres‐
sion via TLR4/MyD88/ROS activated p38MAPK‐NF‐kappaB path‐
way. Vascul Pharmacol. 2014;63(3):162‐172.

	32.	 Cheng XL, Ding F, Li H, et al. Activation of AMPA receptor pro‐
motes TNF‐alpha release via the ROS‐cSrc‐NFkappaB signaling 
cascade in RAW264.7 macrophages. Biochem Biophys Res Commun. 
2015;461(2):275‐280.

	33.	 Fischbach W, Chan AO, Wong BC. Helicobacter pylori and Gastric 
Malignancy. Helicobacter. 2005;10(Suppl 1):34‐39.

	34.	 Mora D, Arioli S. Microbial urease in health and disease. PLoS 
Pathog. 2014;10(12):e1004472.

	35.	 Ansari S, Yamaoka Y. Survival of Helicobacter pylori in gastric acidic 
territory. Helicobacter. 2017;22(4):e12386

	36.	 Dejana E, Orsenigo F. Endothelial adherens junctions at a glance. J 
Cell Sci. 2013;126(12):2545‐2549.

	37.	 Flemming S, Burkard N, Renschler M, et al. Soluble VE‐cadherin is 
involved in endothelial barrier breakdown in systemic inflammation 
and sepsis. Cardiovasc Res. 2015;107(1):32‐44.

	38.	 Gavard J. Endothelial permeability and VE‐cadherin: a wacky com‐
radeship. Cell Adh Migr. 2013;7(6):455‐461.

	39.	 Claesson‐Welsh L. Vascular permeability–the essentials. Ups J Med 
Sci. 2015;120(3):135‐143.

	40.	 Abu Taha A, Schnittler HJ. Dynamics between actin and the VE‐
cadherin/catenin complex: novel aspects of the ARP2/3 complex in 
regulation of endothelial junctions. Cell Adh Migr. 2014;8(2):125‐135.

	41.	 Quadri SK. Cross talk between focal adhesion kinase and cadher‐
ins: role in regulating endothelial barrier function. Microvasc Res. 
2012;83(1):3‐11.

	42.	 Kallergi G, Agelaki S, Markomanolaki H, Georgoulias V, Stournaras 
C. Activation of FAK/PI3K/Rac1 signaling controls actin reorgani‐
zation and inhibits cell motility in human cancer cells. Cell Physiol 
Biochem. 2007;20(6):977‐986.

	43.	 Butcher LD, den Hartog G, Ernst PB, Crowe SE. Oxidative stress 
resulting from Helicobacter pylori Infection contributes to gastric 
carcinogenesis. Cell Mol Gastroenterol Hepatol. 2017;3(3):316‐322.

	44.	 Handa O, Naito Y, Yoshikawa T. Helicobacter pylori: a ROS‐inducing 
bacterial species in the stomach. Inflamm Res. 2010;59(12):997‐1003.

	45.	 Machado AM, Figueiredo C, Seruca R, Rasmussen LJ. Helicobacter 
pylori infection generates genetic instability in gastric cells. Biochim 
Biophys Acta. 2010;1806(1):58‐65.

	46.	 Winterbourn CC, Kettle AJ, Hampton MB. Reactive Oxygen Species 
and Neutrophil Function. Annu Rev Biochem. 2016;85:765‐792.

	47.	 Frey RS, Ushio‐Fukai M, Malik AB. NADPH oxidase‐dependent sig‐
naling in endothelial cells: role in physiology and pathophysiology. 
Antioxid Redox Signal. 2009;11(4):791‐810.

	48.	 Alom‐Ruiz SP, Anilkumar N, Shah AM. Reactive oxygen species and 
endothelial activation. Antioxid Redox Signal. 2008;10(6):1089‐1100.

	49.	 Hecquet CM, Ahmmed GU, Vogel SM, Malik AB. Role of TRPM2 
channel in mediating H2O2‐induced Ca2+ entry and endothelial 
hyperpermeability. Circ Res. 2008;102(3):347‐355.

	50.	 Zarbock A, DiStasi Mr, Smith E, et al. Improved survival and re‐
duced vascular permeability by eliminating or blocking 12/15‐lip‐
oxygenase in mouse models of acute lung injury (ALI). J Immunol. 
2009;183(7):4715‐4722.

	51.	 Zhang J, Wang X, Vikash V, et al. ROS and ROS‐Mediated Cellular 
Signaling. Oxid Med Cell Longev. 2016;2016:4350965.

	52.	 Park MH, Hong JT. Roles of NF‐kappaB in Cancer and Inflammatory 
Diseases and Their Therapeutic Approaches. Cells. 2016;5(2):15

	53.	 Liu T, Zhang L, Joo D, Sun SC. NF‐kappaB signaling in inflammation. 
Signal Transduct Target Ther. 2017;2:e17023.

	54.	 Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF‐
kappaB signaling. Cell Res. 2011;21(1):103‐115.

	55.	 Karadayi N, Kandemir NO, Yavuzer D, Korkmaz T, Gecmen G, 
Kokturk F. Inducible nitric oxide synthase expression in gastric ad‐
enocarcinoma: impact on lymphangiogenesis and lymphatic metas‐
tasis. Diagn Pathol. 2013;8:151.

	56.	 Kirkby NS, Chan MV, Zaiss AK, et al. Systematic study of constitutive 
cyclooxygenase‐2 expression: Role of NF‐kappaB and NFAT tran‐
scriptional pathways. Proc Natl Acad Sci U S A. 2016;113(2):434‐439.

	57.	 Yin Y, Liu Q, Wang B, Chen G, Xu L, Zhou H. Expression and func‐
tion of heme oxygenase‐1 in human gastric cancer. Exp Biol Med 
(Maywood). 2012;237(4):362‐371.

	58.	 Liu N, Zhou N, Chai Ni, et al. Helicobacter pylori promotes angio‐
genesis depending on Wnt/beta‐catenin‐mediated vascular endo‐
thelial growth factor via the cyclooxygenase‐2 pathway in gastric 
cancer. BMC Cancer. 2016;16:321.

	59.	 Badary DM, Rahma M, Ashmawy AM, Hafez M. pylori infection 
increases gastric mucosal COX2 and mTOR expression in chronic 
gastritis: Implications for cancer progression? Pathophysiology. 
2017;24(3):205‐211.

	60.	 Lazaraki G, Kountouras J, Metallidis S, et al. Helicobacter pylori in‐
fection upregulates endothelial nitric oxide synthase expression 
and induces angiogenesis in gastric mucosa of dyspeptic patients. 
Eur J Gastroenterol Hepatol. 2008;20(5):441‐449.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.   

How to cite this article: Souza MDJ, de Moraes JA, Da Silva 
VN, et al. Helicobacter pylori urease induces pro‐inflammatory 
effects and differentiation of human endothelial cells: 
Cellular and molecular mechanism. Helicobacter. 
2019;24:e12573. https://doi.org/10.1111/hel.12573

https://doi.org/10.1111/hel.12573

