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A B S T R A C T

GSTpi is a Phase II metabolic enzyme which is originally considered as an important facilitator of cellular
detoxification. Here, we found that GSTpi stabilized VE-cadherin in endothelial cell membrane through in-
hibiting VE-cadherin phosphorylation and VE-cadherin/catenin complex dissociation, and consequently main-
tained endothelial barrier function. Our findings demonstrated a novel mechanism that GSTpi inhibited VE-
cadherin phosphorylation through suppressing the activation of Src/VE-cadherin pathway. Mass spectrometry
analysis and molecular docking showed that GSTpi enhanced Src S-glutathionylation at Cys185, Cys245, and
Cys400 of Src. More important, we found that GSTpi promoted S-glutathionylation of Src was essential for GSTpi
to inhibit Src phosphorylation and activation. Furthermore, in vivo experiments indicated that AAV-GSTpi ex-
erted the protective effect on pulmonary vessel permeability in the animal model of acute lung injury. This study
revealed a novel regulatory effect of GSTpi on vascular endothelial barrier function and the importance of S-
glutathionylation of Src induced by GSTpi in the activation of Src/VE-cadherin pathway.

1. Introduction

The vascular endothelium composed of monolayer endothelial cells
(ECs) is on the inner surface of vascular wall. It acts as a semi-selective
barrier and the structural integrity of vascular endothelium is essential
for the maintenance of vascular homeostasis. Increased vascular en-
dothelial permeability caused by inflammatory stimulation has been
established as an early characteristic of vascular dysfunction associated
with the pathogenesis of atherosclerosis, ischemia-reperfusion injury,
acute respiratory distress syndrome, and septicemia [1,2]. Four main
groups of the primary inflammatory mediators including lipids, plasma

enzymes, cytokines, and chemokines are involved in vascular en-
dothelial dysfunction. Among the pro-inflammatory cytokines, tumor
necrosis factor-alpha (TNF-α) exerts direct effects on vascular en-
dothelial permeability and lead to dysfunction of endothelial barrier
[3–6].

Endothelial cells adhere to each other through junctional structures
formed by transmembrane adhesive proteins that are responsible for
homophilic cell-to-cell adhesion. The junctional structures are essential
for controlling the paracellular pathway of vascular endothelium per-
meability to a considerable extent [7]. The opening of cell-to-cell
junctions and/or by rearrangement of their architecture may increase
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the endothelium permeability. Endothelial cell specific VE-cadherin is
the key transmembrane adhesive protein in endothelium adherens
junctions [8–11], which dimerizes laterally in-cis and makes head-to-
head contacts in-trans, via the most amino-terminal repeats, thus pro-
moting cell-to-cell adhesion. Phosphorylatory modification of VE-cad-
herin/catenin complex proteins may disorganize this complex, and re-
sult in endocytosis of VE-cadherin, thereby increasing the permeability
of the endothelium [12–14]. A clear role for VE-cadherin in main-
taining permeability was demonstrated by in vivo experiments, in which
the injection of anti-VE-cadherin antibodies in mice induced a marked
increase in vascular permeability within a few hours [15]. As vascular
endothelial cells are directly contact with blood, they are often affected
by various stimulators from blood. To maintain barrier function and to
prevent intrusion of both endogenous stressors and exogenous patho-
gens and their quick systemic spread, junctions need to be kept tight
and repaired quickly. However, it is unclear how the junctional archi-
tecture of endothelial cell is regulated rapidly to maintain the suitable
endothelial permeability in response to the various stressors.

Glutathione S-transferase Pi (GSTpi), an important family member
of GSTs was originally characterized as a class II detoxification enzyme
which catalyzes the nucleophilic attackglutathione (GSH) on electro-
philic compounds like by-products of oxidative stress and xenobiotics,
thus facilitating their elimination from the cell. In addition to its
transferase and detoxification activity, GSTpi also regulates the mi-
togen-activated protein kinase (MAPK) signaling pathway and other
intracellular proteins via its protein-protein binding activity [16–19].
Recent reports show that GSTpi greatly enhances the rate and magni-
tude of protein S-glutathionylation, and acts as a glutathionylase in S-
glutathionylation of redox-sensitive cysteines in proteins [20–23]. Since
particularly high levels of GSTpi were found in many kinds of cancers
and drug resistant cancer cells, most studies about GSTpi are focus on
the relationship between the abnormal GSTpi expression and the oc-
currence of tumor resistance to chemotherapy drugs [24]. In fact, GSTpi
widely distributes in different normal cells and has been reported cy-
tosolic, nuclear and mitochondrial compartment localizations. Depend
on the multiple physiological functions such as detoxification, protein-
protein binding and protein S-glutathionylation, GSTpi has been found
to play some important roles in protecting cells against various stressors
and maintaining homeostasis of organs [25–29]. Our previous study
demonstrated that overexpression of GSTpi inhibited TRAF2-induced
activation of both JNK and p38 [19]. We then found that through in-
hibiting p38 activation GSTpi prevented the actin polymerization and
endothelial permeability increase induced by 6h TNF-α stimulation
[28]. We noticed that at early stage of TNF-α stimulation endothelial
permeability increased but no significant actin polymerization was
observed, and GSTpi inhibited TNF-α-induced the increase of en-
dothelial permeability even if there was no actin polymerization in
endothelial cells. Actin polymerization may drive cell retraction and
protrusion [30]. Although it is likely that the combination of both cell
retraction and junctional changes leads to marked increase in perme-
ability, VE-cadherin−/− endothelial cells present increase in perme-
ability but no cell retraction [31], On the other hand, phosphorylation
of VE-cadherin and other junctional proteins and their dissociation
from the actin cytoskeleton, may result in increased permeability
without actin polymerization and frank appearance of intercellular gaps
[32]. These findings suggested that junctional integrity is the key factor
for endothelial barrier function maintenance. Thus in the present study,
we explored how GSTpi regulated the vascular endothelial permeability
in endothelial cells, and analyzed the effect of GSTpi on VE-cadherin
phosphorylation and endocytosis in response to early stimulation of
proinflammatory factors. Our results demonstrate that GSTpi inhibits
the phosphorylation of VE-cadherin through promoting S-glutathiony-
lation of Src, the upstream kinase of VE-cadherin.

2. Materials and methods

2.1. Cell culture and transfection

HUVEC, HPMECs and endothelial cell medium (ECM) supplemented
with a low-serum growth supplement were purchased from Sciencell
(U.S.A). Cells were maintained at 37 °C in 5% CO2 and 95% ambient air
in a humidified cell culture incubator. Only cells from passages 2 to 5
were used in experiments. Cells were used for experiments once they
reached > 90% confluence. Transient transfection was performed using
Lipofectamine® 3000 Reagent according to the manufacturer's instruc-
tions. Briefly, transient transfection was performed at a cell density of
60%–80% confluence. Then the plasmid were transfected using
Lipofectamine™ 3000 and P3000™ reagent according to the manufac-
turer's instructions (ratio of plasmid: Lipofectamine™ 3000: P3000™
reagent is 500:1:2, ng: μl: μl, siRNA transfection with no P3000™ re-
agent). In all cases, the total amount of transfected DNA/siRNA was
normalized by addition of empty control plasmids. After 24h transfec-
tion, the EC cells were collected and treated for further analysis. The
estimated transfection efficiency of EC cells is more than 50%.

2.2. VE-cadherin internalization assay

An mAb directed against the VE-cadherin extracellular domain
(BV9) was dialyzed into ECM medium containing 20 mM HEPES and
3% BSA. The dialyzed antibody was incubated with HUVEC cultures at
4 °C for 1 h. Unbound antibody was removed by rinsing cells in ice-cold
ECM. Cells were incubated with were treated with TNF-α or vehicle in
the presence of 100 μM chloroquine. Chloroquine pre-treatment pre-
vents endosome–lysosome acidification, and thereby allows VE-cad-
herin internalization but prevents lysosomal degradation [33,34]. After
treatment, the cells were rinsed, fixed, and processed for label im-
munofluorescence.

2.3. Assessment of endothelial permeability In Vitro

Cells were grown on fibronectin-coated Transwell culture plate in-
serts (polycarbonate membranes with 0.4 μm pore size; EMD Millipore,
Thermo Fisher Scientific) in phenol red-free ECM complete medium for
4–5 days to achieve confluence. For measurements, complete medium
was replaced with medium containing 0.5% FBS. Each measurement
was repeated at least 3–4 times, and there were three parallel samples
in each experimental group. For permeability measurements, cells were
treated with TNF-α or vehicle, media in the upper compartments were
replaced with media containing 1 mg/mL FITC-Dextran 40. Samples
from both compartments were taken at different times to determine
FITC-Dextran 40 concentrations. The fluorescence intensity of FITC-
Dextran 40 was determined with a multi-label counter (Thermo Fisher
Scientific, USA).

2.4. Transepithelial electrical resistance (TEER) measurement

TEER was measured with an electric resistance system ERS-2
(Millipore) following the manufacturer's instructions. Briefly, HUVECs
were grown on Millicell filter (0.33 cm2 area, 0.4 μm pore diameter,
and 6.5 mm diameter) and the culture medium was replaced before
TEER measurement. To calculate the actual resistance of the cell
monolayer, the mean resistance of filters without cell was subtracted
from the monolayer measurement, and the difference between the filter
and monolayer areas was corrected. Values measured immediately after
treatments were set as 100% to normalize the results.

2.5. Preparation of GSTpi proteins

The full-length cDNA encoding hGSTpi-1 as described previously
[16] was amplified by PCR for ligation into pET-28a which contains a
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hexahistidine N-terminal tag. His6-GSTpi was purified by metal-affinity
chromatography by using IDA-Ni2+ affinity column. Contained LPS in
purified recombinant proteins were removed by using the Detoxi-Gel™
Endotoxin Removing Gel. Unless other-wise indicated, all purification
procedures were carried out at 4 °C [29].

2.6. In Vitro S-Glutathionylation of Src

His-tag-purified Src (1 μg) was incubated with 10 μM H2O2, 250 μM
glutathione, 100 ng GSTpi at 37 °C for 30 min. DTT (DTT, 60 mM stock)
was then added to the relative tube, Samples were incubated at room
temperature (RT) for another 30 min before being mixed with non-re-
ducing loading buffer and boiled for 7 min. The samples were separated
by SDS-PAGE under non-reducing conditions. The gels were transferred
to nitrocellulose membranes and immunoblotted with anti-S-glu-
tathionylation and anti- Src antibodies.

2.7. Src Kinase Assay

Src Kinase Assay was performed by using the reagents provided with
BPS Bioscience following protocols recommended by the manufacturer.
For cellular Src kinase assay, Src protein was collected by im-
munoprecipitation. For in vitro Src kinase assay, Src protein was firstly
desalted after the in vitro S-Glutathionylation reaction of Src and then
collected by immunoprecipitation. Src kinase was assayed in a reaction
(50 μl) containing Kinase assay buffer, 10 μM ATP, and Protein Tyrosine
Kinase Substrate (Poly-Glu, Tyr 4:1) and followed for 45 min at 30 °C.
After the reaction, add of Kinase-Glo Max reagent to each well, measure
luminescence using the microplate reader. The values of all experi-
mental groups minus those of IgG group, and further Src kinase was
analyzed by compared the Src protein level.

2.8. Immunofluorescence microscopy

Cells were washed two times with phosphate-buffered saline (PBS)
buffer. After washing, cells were fixed with 4% paraformaldehyde for
30 min and then permeabilized with 0.2% Triton X-100 for 20 min. To
reduce non-specific binding, cells were blocked in PBS containing 5%
bovine serum albumin for 1 h. Then cells were incubated with primary
antibodies in blocking buffer overnight. After washing (0.1% Tween-20
in PBS), samples were incubated with relative secondary antibody for
2h in the dark, followed by washing (0.1% Tween-20 in PBS). Finally,
cells were incubated with DAPI (4,6-diamidino-2-phenylindole) for
5 min. Cells were washed three times with PBS between incubation
steps above and every time 5 min. Slides were mounted and examined
under Nikon A1 confocal laser microscope system (Tokyo, Japan).
Relative secondary antibodies treatment were set as internal controls to
ensure the specificity of primary antibodies.

2.9. AAV preparation

AAV-mCherry, AAV-GSTpi, AAV–NC–shRNA and AAV-GSTpi-
shRNA were prepared by Obio Technology Co., Ltd. (Shang hai, China).
Viral titer was 2.16 × 1013 vg/mL for AAV-mCherry, 1.06 × 1013 vg/
mL for AAV-GSTpi, 2.21 × 1013 vg/mL for AAV–NC–shRNA and
1.32 × 1013 vg/mL for AAV-GSTpi-shRNA.

2.10. Mouse models of Endotoxemia

C57BL/6 mice (8–10 weeks old) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. The animal study was
approved by Medical Laboratory Animal Research Institute of Medical
Sciences China [Permit Number: SYXK (Jing) 2014-0004]. All treat-
ments of mice in this study were in strict agreement with guidelines on
ARRIVE and recommendations from an NIH sponsored workshop re-
garding experimental design and reporting standards [35]. All

experimental mice were sex- and age-matched. Mice were divided
randomly into four groups for GSTpi over-expression and the shRNA
knock-down experiment, with each group receiving either adeno-asso-
ciated virus (AAV)-mCherry, AAV-GSTpi, AAV–NC–shRNA or AAV-
GSTpi-shRNA via caudal vein injection. Endotoxemia was induced with
injection of lipopolysaccharide (5 mg/kg, IP) (Lv et al., 2018). Rela-
tively equal proportions (ratio 1:1) of male and female mice were used
in each experiment. Experimental groups were assigned using a simple
randomization procedure by means of drawing lots.

2.11. Evaluation of lung injury parameters

Collection of bronchoalveolar lavage (BAL) fluid was performed
using sterile Hanks' balanced saline buffer. The pooled BAL fluid cen-
trifuged at 800 rpm for 5 min at 4 °C and total cells counts were
manually measured with a hemocytometer. The BAL protein con-
centration was determined by BCA™ (bicinchoninic acid) Protein Assay
kit (Thermo Scientific, USA). The cells were diluted to a final con-
centration of 1 × 105 cells per ml. Then, 200 μl cells were resuspended
in 30% FBS-PBS buffer and cytospun onto slides at 800 rpm for 5 min
with a cytocentrifuge. Slides were stained with Diff-Quick dye and ex-
amined by microscopy. The number and percentage of PMNs and
macrophages were detected and calculated after counting 300 cells in
randomly selected fields. As an additional parameter reflecting in-
creased lung vascular leakiness, Evans blue accumulation in the lung
tissue was evaluated. Evans blue-albumin (EBA) at a dose of 30 mg/kg
was injected to the caudal vein of mice 40 min before lung collection
[36]. Tissues were perfused with cold PBS containing 0.6 mmol/L
EDTA, blotted dry, weighed and snap frozen in liquid nitrogen. The
tissues were homogenized in 0.5 ml PBS and incubated with 1.0 ml
formamide for 18 h at 60 °C followed by centrifuged at 10,000 g for
20 min. The absorption of lung supernatants was determined at 620 nm
and corrected for the presence of heme pigments as follows: Corrected
A620 = Observed A620 - (1.1649 × A740 + 0.004) (Moitra et al.,
2007). The Evans blue index was calculated as the amount of dye in the
lung to the weight of lung tissue. Concentrations of TNF-α, IL-1β and IL-
6 in BAL samples were measured using ELISA kit available from R&D
Systems (Minneapolis, MN) according to manufacturer's instructions.

2.12. Statistical analysis

The experimental data obtained from cultured cells and mice were
analyzed with Student's t-test and one way ANOVA to determine the
significance of difference between two groups and are presented as
means ± SD. Western blotting analyses were repeated three times with
similar results quantified using the ImageJ software (github.com/im-
agej/imagej1; NIH, Rockville, MD, USA). Statistical analysis was car-
ried out using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). A
value of P < 0.05 was considered significant.

3. Results

3.1. GSTpi suppresses VE-cadherin phosphorylation, internalization and
related increase of monolayer HUVEC permeability

The VE-cadherin-based junctional structure is particularly im-
portant for maintaining endothelial barrier homeostasis [33]. VE-cad-
herin dynamcis acts as a key in controlling EC barrier function, the
subtle changes such as VE-cadherin phosphorylation and internaliza-
tion may result in modification of junctional architecture and increased
endothelium permeability without frank appearance of intercellular
gaps [32,37,38]. TNF-α stimulation showed markedly endothelial per-
meability increase in time and dose dependently manner, whereas
GSTpi-overexpression reversed this effect at an early phase (60 min
50 ng/ml TNF-α stimulaiton) (Fig. 1A and B). We treated HUVECs with
TNF-α (50 ng/mL) for 0–60 min and found that VE-cadherin
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Fig. 1. GSTpi inhibited TNF-α-induced VE-cadherin internalization and monolayer permeability increases in human umbilical vein endothelial cell
(HUVEC). HUVECs were transfected with pcDNA3.1 or Flag-GSTpi and further treated with TNF-α (50 ng/mL). (A) Levels of phospho-VE-cadherin was measured and
calculated. VE-cadherin internalization was measured by (B) immunofluorescence (scale bar = 25 μm, the yellow arrowheads indicate the internalization of VE-
cadherin), (C) analysis of cell membrane and cytoplasmic VE-cadherin protein levels using immunoblot and (D) flow cytometry (TNF-α (50 ng/mL) for 30 min). (E)
The cell indexes of HUVECs were recorded and calculated Endothelial cell permeability was measured, (F) endothelial cell permeability and (G) transepithelial
electrical resistance (TEER) were measured and calculated (TNF-α (50 ng/mL) for 1 h). *, compared with the pcDNA3.1 group; #, compared with the
pcDNA3.1 + TNF-α group). HUVECs were transfected with NC-siRNA or GSTpi-siRNA and treated with TNF-α (50 ng/mL). (H) Levels of phospho-VE-cadherin was
measured and calculated. VE-cadherin internalization was measured by (I) immunofluorescence (scale bar = 25 μm, the yellow arrowheads indicate the inter-
nalization of VE-cadherin), (J) analysis of cell membrane and cytoplasmic VE-cadherin protein levels by immunoblot and (K) flow cytometry (TNF-α (50 ng/mL) for
30 min). (L) Cell indexes, (M) endothelial cell permeability and (N) TEER were measured and calculated (TNF-α (50 ng/mL) for 1 h). *, compared with the NC-siRNA
group; #, compared with the NC-siRNA + TNF-α group). Data are expressed as means ± SDs (n = 3). Data were analyzed by unpaired Student's t-tests. * or #,
P < 0.05; ** or ##, P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Y. Yang, et al. Redox Biology 30 (2020) 101416

4



phosphorylation at Y685 increased apparently in cells 5 min after TNF-
α stimulation and kept at high levels within the 60 min observation
(Fig. 1A). To evaluate the effect of GSTpi on VE-cadherin phosphor-
ylation, HUVECs were transfected with pcDNA3.1, Flag-GSTpi, NC-
siRNA or GSTpi-siRNA. As shown in Fig. 1A, GSTpi overexpression at-
tenuated TNF-α-induced VE-cadherin phosphorylation, whereas GSTpi-
RNAi enhanced phosphorylation of VE-cadherin (Fig. 1H). The im-
munofluorescence observation demonstrated that in confluent en-
dothelial monolayers, VE-cadherin showed a linear staining pattern at
the cell borders under control conditions, but incubation of cells with
TNF-α for 30 min resulted in irregular or increase of VE-cadherin in-
ternalization, no obvious cell size change (Fig. 1B–I). GSTpi over-
expression significantly decreased whereas GSTpi-RNAi enhanced TNF-
α-induced VE-cadherin loss from the cell borders (Fig. 1B–I). In parallel,
Western blot assay showed that GSTpi overexpression significantly
suppressed TNF-α-induced membrane VE-cadherin reduction and cy-
toplasmic VE-cadherin increase, whereas disruption of GSTpi expres-
sion enhanced such effect of TNF-α. However the total VE-cadherin
level was not affected by Flag-GSTpi or GSTpi-siRNA transfection
(Fig. 1C and J). Further FACS detection showed that TNF-α-induced
reduction of cell surface staining of PE-conjugated anti-CD144 (VE-
cadherin) was apparently inhibited by GSTpi overexpression but en-
hanced by GSTpi-RNAi (Fig. 1D–K). Altogether, above results demon-
strated that GSTpi protected HUVECs against TNF-α-induced VE-cad-
herin phosphorylation and internalization.

We then used a real-time iCELLigence system to record the dynamic
changes of monolayer HUVEC barrier function under the condition as
same as above experiments. HUVEC indexes began to reduce 10 min
after cells being treated with TNF-α and continued to reduce along with
60 min TNF-α stimulation, which was inhibited by GSTpi over-
expression and in contract, was enhanced by GSTpi downregulation
(Fig. 1E–L). Moreover, when we used transwell culture plates to detect
the EC permeability and the transepithelial electrical resistance (TEER)
we founded that TNF-α-induced EC permeability increase and TEER
reduction were suppressed significantly by GSTpi overexpression
(Fig. 1F–G) and were enhanced by GSTpi downregulation (Fig. 1M and
1N). Also, overexpression of GSTpi inhibited EC permeability increase
and TEER decrease induced by both VEGF and thrombin as well (Figs.
S2A–D). These results indicated that short period of TNF-α stimulation
induced apparent impairment of HUVEC monolayer barrier function,
which was related with phosphorylation and internalization of VE-
cadherin. GSTpi significantly inhibited permeability increase in HU-
VECs by inhibiting phosphorylation and internalization. Notably,
overexpression of GSTA1, GSTM1, and GSTT1 did not alter EC per-
meability and TEER changes induced by TNF-α (Figs. S2G and 1H)
suggesting the specific effect of GSTpi.

3.2. GSTpi downregulates activation of Src/VE-cadherin pathway

As above experiments indicated that GSTpi inhibited TNF-α-in-
duced VE-cadherin phosphorylation and internalization, we then ex-
plored how GSTpi regulated this process. The binding of VE-cadherin/
catenins is essential for VE-cadherin to stabilize and retain at the cell
membrane. Our co-immunoprecipitation examinations showed that
GSTpi overexpression significantly inhibited TNF-α-induced dissocia-
tion of VE-cadherin from β-catenin and p120-catenin (Fig. 2A–B),
whereas downregulation of GSTpi promoted dissociation of VE-cad-
herin from β-catenin and p120-catenin (Fig. 2C–D), suggesting that
GSTpi strengthened the binding of VE-cadherin/catenins against the
pro-inflammatory stress. The phosphorylation of VE-cadherin, β-ca-
tenin and p120-catenin is essential for the disassociation of the complex
of VE-cadherin, β-catenin and p120-catenin, and thus results in the
increase of vascular permeability [39,40]. GSTpi inhibited TNF-α-in-
duced phosphorylation in Y685 of VE-cadherin, phosphorylation of
P120 at Y228 and β-catenin at Y142, whereas GSTpi-RNAi enhanced
phosphorylation of VE-cadherin, P120 and β-catenin (Fig. 2E–F), which

suggested that GSTpi inhibited disruption of VE-cadherin/catenin
binding through reducing the phosphorylation level of VE-cadherin,
P120 and β-catenin.

We then performed further experiments to analyze the mechanism
by which GSTpi inhibited the phosphorylation of VE-cadherin, P120
and β-catenin. Src-induced phosphorylation of VE-cadherin and other
proteins may alter endothelial barrier function [39,41–43], and Src-
specific inhibitor PP2 protects against TNF-α-induced phosphorylation
of VE-cadherin and opening of the paracellular pathway of endothelium
[44]. As shown in Fig. 2E, TNF-α induced a significant activation of Src.
GSTpi overexpression significantly inhibited phosphorylation of Src
induced by TNF-α (Fig. 2E) whereas GSTpi RNAi enhanced Src phos-
phorylation (Fig. 2F). Src is an SHP-2 effector and SHP-2 counteracts
the effect of Src on protein phosphorylation [39]. GSTpi overexpression
enhanced phosphorylation of SHP-2 induced by TNF-α (Fig. 2E), and
GSTpi RNAi reduced phosphorylation of SHP-2 (Fig. 2F). As shown in
Figs. S2E–F, GSTpi also significantly inhibited phosphorylation of Src
and VE-cadherin induced by VEGF and thrombin. These data demon-
strated that GSTpi significantly inhibited Src activation induced by
TNF-α, VEGF and thrombin. To confirm the inhibitory effect of GSTpi
on Src phosphorylation was essential to VE-cadherin internalization
and the increase of EC permeability, we co-transfected HUVECs with
Myc-Src and Flag-GSTpi and then treated cells with TNF-α for 30 min.
Overexpression of Myc-Src reversed the inhibitory effects of GSTpi on
TNF-α-induced the phosphorylation of VE-cadherin, P120, β-catenin
and Src (Fig. 2G). More important, overexpression of Myc-Src also re-
versed inhibitory effects of GSTpi on TNF-α-induced plasma membrane
VE-cadherin reduction and cytoplasmic VE-cadherin increase (Fig. 2H)
as well as the increase of EC permeability and TEER decrease (Fig. 2I).
All these results suggested that GSTpi inhibited TNF-α-induced activa-
tion of the Src/VE-cadherin pathway in HUVECs. It has been reported
that eNOS-derived nitric oxide and AMP-activated protein kinase
(AMPK) may regulate endothelial barrier function [45–47]. Our results
showed that both TNF-α and GSTpi did not alter phosphorylation of
eNOS, total eNOS, phosphorylation of AMPK and total AMPK level (Fig.
S2I). RhoA has been studied as a key regulator of vascular leakage [48].
GSTpi overexpression only slightly influenced the activation of RhoA
induced by TNF-α (Fig. S2J). Altogether, these results showed that
GSTpi inhibited TNF-α-induced phosphorylation and dissociation of the
VE-cadherin/catenin complex through regulating activation of Src.

The glutathione transferase activity is essential for GSTpi to inhibit
Src/VE-cadherin pathway activation.

The seventh tyrosine (Tyr7) in GSTpi structure is essential for its
glutathione transferase activity and when Tyr7 is replaced by Phe, the
transferase activity of GSTpi decreases by 55-fold [26]. GSTpi not only
acts as a Phase II metabolic enzyme, but also plays an important role in
modulating kinase activities through nonenzymatic protein-protein in-
teractions. We thus evaluated whether the transferase activity was in-
volved in the effect of GSTpi on EC permeability and Src/VE-cadherin
activation. We transfected the GSTpi enzyme mutant GSTpi (Y7F) into
HUVECs and found that overexpression of GSTpi (Y7F) did not affect
TNF-α-induced EC permeability increase, TEER decrease and cell index
decrease in HUVECs (Fig. 3A–C). The results both from flow cytometry
and immunofluorescence microscopy showed that GSTpi (Y7F) did not
inhibit TNF-α-induced cell membrane VE-cadherin loss (Figs. 3D–4E)
and Western blot analysis also showed that GSTpi (Y7F) did not affect
the cell membrane and cytoplasmic levels of VE-cadherin (Fig. 3F).
Consistent with these results, GSTpi (Y7F) did not alter TNF-α-induced
Src/VE-cadherin pathway activation (Fig. 3G). These resulted indicated
that glutathione transferase activity was necessary for GSTpi to inhibit
TNF-α-induced VE-cadherin phosphorylation and internalization of VE-
cadherin and increase of EC permeability. TNF-α stimulation may lead
to ROS generation, and the increase of ROS in endothelial cells ac-
companied with the elevation of glutathione S-transferase activity [49].
In the present study, although GSTpi overexpression did not suppressed
TNF-α-induced increase of mitochondrial superoxide radical and total
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Fig. 2. Effects of GSTpi on TNF-α-induced Src/VE-cadherin pathway activation. (A, B) The pcDNA3.1 and Flag-GSTpi groups were treated with TNF-α for
30 min, and co-immunoprecipitation of p120 and β-catenin and immunoblotting analysis were performed to assess the binding of VE-cadherin (IP results come from
different blots with same samples. *, compared with the pcDNA3.1 group; #, compared with the pcDNA3.1 + TNF-α group). (C, D) The NC-siRNA and GSTpi-siRNA
groups were treated with TNF-α for 30 min, and co-immunoprecipitation of p120 and β-catenin and immunoblotting analysis were performed to assess the binding of
VE cadherin (IP results come from different blots with same samples. *, compared with the NC-siRNA group; #, compared with the NC-siRNA + TNF-α group).
HUVECs were transfected with pcDNA3.1 or Flag-GSTpi and further treated with TNF-α (50 ng/mL). (E) Levels of phospho-p120, phospho-β-catenin, phospho-SHP-2,
phospho-Src (Tyr416), and phospho-Src (Tyr527) were measured and calculated (*, compared with the pcDNA3.1 group; #, compared with the pcDNA3.1 + TNF-α
group). (F) HUVECs were transfected with NC-siRNA or GSTpi-siRNA and treated with TNF-α (50 ng/mL). Level of phospho-p120, phospho-β-catenin, phospho-Src
(Tyr416) and phospho-Src (Tyr527) were measured and calculated (*, compared with the NC-siRNA group; #, compared with the NC-siRNA + TNF-α group).
HUVECs were transfected with pcDNA3.1, Flag-GSTpi, or Myc/Src and further treated with TNF-α (50 ng/mL). (G) Levels of phospho-VE-cadherin, phospho-p120,
phospho-β-catenin, and phospho-Src (Tyr416) were measured and calculated (TNF-α (50 ng/mL) for 30 min). (H) Cell membrane and cytoplasmic VE-cadherin
protein levels in HUVECs were measured and calculated (TNF-α (50 ng/mL) for 1 h). (I) Endothelial cell permeability by detecting the FITC-Dextran 40 fluorescence
intensity level and TEER were measured and calculated (TNF-α (50 ng/mL) for 1 h *, compared with the Flag-GSTpi group; #, compared with the Flag-GSTpi + TNF-
α group). Data are expressed as means ± SDs (n = 3). Data were analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or ##, P < 0.01.
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ROS levels, disruption of GSTpi expression did elevate the levels of
mitochondrial superoxide radical and cellular ROS (Figs. S3A and B),
which further indicated that the inhibitory effects of GSTpi on the
impairment of EC barrier function and Src/VE-cadherin activation were
related with its glutathione transferase activity and changes in in-
tracellular redox state.

3.3. GSTpi selectively induces Src S-glutathionylation

S-glutathionylation is a reversible oxidative modification of protein
and is emerging as an important redox signaling paradigm in cardio-
vascular physiopathology including vascular barrier dysfunction [1].
When cells are exposed to ROS, S-glutathionylation can protect proteins
against irreversible oxidative damage. As GSTpi catalyzes S-glutathio-
nylation of cysteine residues to alter structure/function of certain tar-
geted proteins, we probe if GSTpi regulated S-glutathionylation of

proteins in Src/VE-cadherin pathway. The mass spectrometry analysis
and co-immunoprecipitation demonstrated that GSTpi overexpression
induced S-glutathionylation of Src kinase (Fig. S3C and Fig. 4A). Im-
munofluorescence observation showed that GSTpi overexpression in-
creased colocalization of Src and GSH, which confirmed the effect of
GSTpi on promoting S-glutathionylation of Src protein (Fig. 4B).
However, GSTpi did not induce S-glutathionylation of VE-cadherin, β-
catenin, P-120, SHP-2 and CSK (Fig. S3D), strongly suggesting that
GSTpi selectively promoted Src S-glutathionylation. Additionally, TNF-
α stimulation slightly increased Src S-glutathionylation and over-
expression of GSTpi further enhanced S-glutathionylation of Src
(Fig. 4A). When we co-transfected HUVECs with Myc-Src and Flag-
GSTpi, and then stimulated cells with TNF-α, exogenous Myc-Src also
was S-glutathionylation by TNF-α and further enhanced by over-
expression of GSTpi (Fig. 4F). In contrary, both co-immunoprecipitation
and immunofluorescence detection showed that downregulation of

Fig. 3. GSTpi enzyme mutants failed to protect against TNF-α induced HUVEC monolayer permeability increase. HUVECs were transfected with pcDNA3.1 or
Flag-GSTpi (Y7F) and further treated with TNF-α (50 ng/mL) for 30 min. (A–C) The cell indexes of HUVECs, endothelial cell permeability and TEER were measured
and calculated (TNF-α (50 ng/mL) for 1 h). (D–F) VE-cadherin internalization were measured by analysis of cell membrane and cytoplasmic VE-cadherin protein
levels, flow cytometry and immunofluorescence (scale bar = 25 μm, the yellow arrowheads indicate the internalization of VE-cadherin) (TNF-α (50 ng/mL) for
30 min). (G) Levels of phospho-VE-cadherin, phospho-p120, phospho-β-catenin, phospho-SHP-2, phospho-Src (Tyr416) and phospho-Src (Tyr527) were measured
and calculated (*, compared with the pcDNA3.1 group; #, compared with the pcDNA3.1 + TNF-α group). Data are expressed as means ± SDs (n = 3). Data were
analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or ##, P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Y. Yang, et al. Redox Biology 30 (2020) 101416

7



GSTpi decreased Src S-glutathionylation levels (Fig. 4C and D). As the
glutathione transferase activity is essential for GSTpi to promote S-
glutathionylation [22], it was not surprised that overexpression of en-
zyme mutant GSTpi (Y7F) did not increase the level of Src S-glu-
tathionylation (Fig. 4E) and the co-localization of Src and GSH (Fig.
S4A). The NBDEX, a GSTpi enzyme inhibitor, also did not increase Src
S-glutathionylation (Figs. S4B–D). Comparably, overexpression of
GSTA1, GSTM1, and GSTT1 did not alter Src S-glutathionylation (Fig.
S4E).

We then examined the S-glutathionylation site in Src. Results from
the molecular docking analysis showed that peptides containing
Cys185, Cys245, and Cys400 might be S-glutathionylated (Fig. 5A). The
experiment results through co-immunoprecipitation and MS detection
confirmed that GSTpi modified Src by S-glutathionylation at Cys185,
Cys245, and Cys400 (Fig. 5B). We then constructed pcDNA3.1-Myc-Src
(C185A), pcDNA3.1-Myc-Src(C245A) and pcDNA3.1-Myc-Src(C400A)
in which Cys185, Cys245 and Cys400 were replaced by Ala respec-
tively. HUVECs were co-transfected with Flag-GSTpi and wild type
Myc-Src, Myc-Src (C185A), Myc-Src (C245A), or Myc-Src (C400A) and
S-glutathionylation levels of Src were evaluated by co-

immunoprecipitation and immunobloting detection. Compared with
the wild type Myc-Src transfected cell, S-glutathionylation levels of Src
decreased in those cells transfected with Src mutants including Myc-Src
(C185A), Myc-Src (C245A) and Myc-Src (C400A) (Fig. 5C–D). The re-
sults also showed that the S-glutathionylation level decreased to a
greater extent in cells transfected with Myc-Src (C185A) than in cells
transfected with Myc-Src (C245A) or Myc-Src (C400A) (Fig. 5C–D).
Moreover, immunofluorescence microscopy observation showed that in
cells transfected with Myc-Src (C185A), the colocalization of Myc-Src
and GSH diminished (Fig. 5E). All these data indicated that GSTpi
promoted Src S-glutathionylation at Cys185, Cys245, and Cys400, and
Cys185 was more important for Src S-glutathionylation.

3.4. GSTpi-induced Src S-glutathionylation is essential for the inhibition of
Src activity

Cys185, Cys245, and Cys400 are the evolutionarily conserved cy-
steine residues in Src, suggesting that it played a key role in the reg-
ulation of Src activity and function (Fig. 6A). Above results demon-
strated that GSTpi inhibited Src phosphorylation and enhanced Src

Fig. 4. GSTpi inhibited TNF-α induced Src phosphorylation through Selective S-glutathionylation of Src kinase. HUVECs were transfected with pcDNA3.1 or
Flag-GSTpi and further treated with TNF-α (50 ng/mL). (A) Co-immunoprecipitation of Src and GSH was performed, and relative Src glutathionylation levels were
measured and calculated (Up panel: IP results come from different blots with same samples; low panel: IP results come from same blot. *, compared with the
pcDNA3.1 group; #, compared with the pcDNA3.1 + TNF-α group.). (B) Immunofluorescence was used to detect colocalization of Src and protein S-glutathiony-
lation (scale bar = 25 μm). HUVECs were transfected with NC-siRNA or GSTpi-siRNA and treated with TNF-α (50 ng/mL) for 30 min. (C) Co-immunoprecipitation of
Src and GSH was performed, and relative Src glutathionylation levels were measured and calculated (Up panel: IP results come from different blots with same
samples; low panel: IP results come from same blot. *, compared with the NC-siRNA group; #, compared with the NC-siRNA + TNF-α group). (D)
Immunofluorescence was used to detect the colocalization of Src and protein S-glutathionylation. (E) HUVECs were transfected with pcDNA3.1 or Flag-GSTpi (Y7F)
and further treated with TNF-α (50 ng/mL) for 30 min. Co-immunoprecipitation of Src and GSH was performed, and relative Src glutathionylation levels were
measured and calculated (Up panel: IP results come from different blots with same samples; low panel: IP results come from same blot. *, compared with the
pcDNA3.1 group; #, compared with the pcDNA3.1 + TNF-α group.). (F) HUVECs were transfected with pcDNA3.1, Flag-GSTpi, or Myc/Src and further treated with
TNF-α (50 ng/mL) for 30 min. Co-immunoprecipitation of Myc and GSH was performed, and relative Myc glutathionylation levels were measured and calculated (Up
panel: IP results come from different blots with same samples; low panel: IP results come from same blot. *, compared with the Flag-GSTpi group; #, compared with
the Flag-GSTpi + TNF-α group). Data are expressed as means ± SDs (n = 3). Data were analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or ##,
P < 0.01.
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protein S-glutathionylation simultaneously, which suggested that GSTpi
inhibited activity through enhancing Src protein S-glutathionylation.
Further in vitro experiments by using GSTpi, Src and GSH proteins de-
monstrated that while GSTpi significantly increased Src protein S-glu-
tathionylation level (Fig. 6B) and decreased Src kinase activity
(Fig. 6C). Fig. 6D–E showed that as long with Src protein S-glutathio-
nylation being increased by GSTpi in a dose dependent manner, the Src
kinase activity reduced as a result. Since GSTpi promoted Src S-glu-
tathionylation in HUVECs, thus it was not surprised that GSTpi sig-
nificantly decreased TNF-α-induced the increase of endogenous Src
kinase activity in HUVECs both in GSTpi overexpression and RNAi
experiments (Fig. 6F and G), but GSTpi(Y7F) did not altered the Src

kinase activity (Fig. 6H). Besides, in Flag-GSTpi and myc-Src co-trans-
fected HUVECs, GSTpi also significantly decreased TNF-α-induced the
increase of exogenous Src kinase activity (Fig. 6I). These results de-
monstrated that GSTpi-induced inhibition of Src phosphorylation and
its kinase activity was related with the S-glutathionylation of Src pro-
tein. We then applied an in vitro experiment to analyze if Src protein S-
glutathionylation could influence Src and SHP-2 interaction. The result
showed that Src protein S-glutathionylation significantly decreased the
binding of Src and SHP-2 (Fig. 6J). In vivo experiments also showed that
GSTpi overexpresstion decreased the binding level of Src and SHP-2 in
HUVECs (Fig. 6K and L). These data demonstrated that GSTpi inhibited
Src activation by promoting Src protein S-glutathionylation.

Fig. 5. GSTpi inhibited Src Tyr416 phosphorylation through Cys185, Cys245, and Cys400 S-glutathionylation. (A) The crystal structure of Src in complex with
S-glutathionylated Cys185, Cys245, and Cys400. (B) Matrix-assisted laser desorption/ionization mass spectrometric analysis showed that peptides containing
Cys185, Cys245, and Cys400 were S-glutathionylated. HUVECs were transfected with Flag-GSTpi, Myc/Src, Myc/Src (C185A), Myc/Src (C245A), or Myc/Src
(C400A) and further treated with TNF-α (50 ng/mL) for 30 min. (C, D) Co-immunoprecipitation of Myc and GSH was performed, and relative Myc glutathionylation
levels were measured and calculated (Up panel: IP results come from different blots with same samples; low panel: IP results come from same blot). (E)
Immunofluorescence was performed to detect the colocalization of Src and protein S-glutathionylation (scale bar = 25 μm). *, compared with the Myc/Src group; #,
compared with the Myc/Src + TNF-α group. Data are expressed as means ± SDs (n = 3). Data were analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or
##, P < 0.01.
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3.5. GSTpi regulates mouse pulmonary microvascular permeability in acute
lung injury model

Pulmonary capillary leak often results in the impairment of gas
exchange and respiratory failure [50]. We then evaluated the effect of

GSTpi on the permeability of human pulmonary microvascular en-
dothelial cells (HPMECs). Consistent with the data in HUVECs, the re-
sults from both GSTpi overexpression and GSTpi RNAi demonstrated
that GSTpi inhibited TNF-α-induced increase of endothelial perme-
ability and TEER (Fig. 7A and B, S5A and S5B), and also attenuated

Fig. 6. In Vitro S-glutathionylation of Src. (A) Amino acid sequence alignments of full-length Src. Green highlight, conserved cysteines in Src protein; underline,
cysteine-containing peptides detected in MS analysis. His-tag-purified Src was incubated with 10 μM H2O2, 250 μM glutathione and 100 ng GSTpi. (B) Immunoblots
of glutathione-modified human Src with glutathionylation antibody. Total protein loading was evaluated with Src -specific antibodies. (C) Src kinase assay of S-
glutathionylated Src protein. His-tag-purified Src was incubated with 10 μM H2O2, 250 μM glutathione, different contents GSTpi. (D) Immunoblots of glutathione-
modified human Src with glutathionylation antibody. Total protein loading was evaluated with Src -specific antibodies. (E) Src kinase assay of S-glutathionylated Src
protein. (F–I) Src kinase assay of Flag-GSTpi, GSTpi-siRNA, Flag-GSTpi (Y7F) and myc-Src, Flag-GSTpi transfected HUVEC cells. (J) His-tag-purified Src was in-
cubated with 10 μM H2O2, 250 μM glutathione, 100 ng GSTpi. Further co-immunoprecipitation of SHP-2 and Src was performed, and relative SHP-2 levels were
measured and calculated (IP results come from different blots with same samples). (K–L) HUVECs were transfected with pcDNA3.1 or Flag-GSTpi and further treated
with TNF-α (50 ng/mL) for 30 min. Co-immunoprecipitation of SHP-2 and Src was performed, and relative Src and SHP-2 levels were measured and calculated (IP
results come from different blots with same samples. *, compared with the pcDNA3.1 group; #, compared with the pcDNA3.1 + TNF-α group). Data are expressed as
means ± SDs (n = 3). Data were analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or ##, P < 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 7. GSTpi inhibits the destabilization of membrane VE-cadherin in human pulmonary microvascular endothelial cells (HPMECs). HPMECs were
transfected with pcDNA3.1, Flag-GSTpi or Flag-GSTpi(Y7F) and further treated with TNF-α (50 ng/mL). (A–B) Endothelial cell permeability and TEER were mea-
sured and calculated (TNF-α (50 ng/mL) for 1 h). VE-cadherin internalization was measured by (C) immunofluorescence (scale bar = 25 μm, the yellow arrowheads
indicate the internalization of VE-cadherin) and (D) analysis of cell membrane and cytoplasmic VE-cadherin protein levels (TNF-α (50 ng/mL) for 30 min). (E) Level
of phospho-VE-cadherin, phospho-p120, phospho-β-catenin and phospho-Src (Tyr416) were measured and calculated (TNF-α (50 ng/mL) for 30 min). (F) Co-
immunoprecipitation of Src and GSH was performed, and relative Src glutathionylation levels were measured and calculated (Up panel: IP results come from different
blots with same samples; low panel: IP results come from same blot. TNF-α (50 ng/mL) for 30 min). *, compared with the pcDNA3.1 group; #, compared with the
pcDNA3.1 + TNF-α group. Data are expressed as means ± SDs (n = 3). Data were analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or ##, P < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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TNF-α-induced VE-cadherin internalization in HPMECs (Fig. 7C and D,
S5C and S5D). As similar as in HUVECs, GSTpi inhibited TNF-α-trig-
gered Src/VE-cadherin pathway activation and promoted S-glutathio-
nylation of Src simultaneously in HPMECs (Fig. 7E and F, S5E and S5F).

Increased vascular permeability is the key feature in ALI. We used
lipopolysaccharide (LPS)-induced mouse ALI model to explore whether
GSTpi regulated inhibited the increase of pulmonary vascular perme-
ability in vivo. C57BL/6 mice challenged with LPS were treated with

AAV-GSTpi or AAV-GSTpi-shRNA respectively (Fig. 8A and G), and
lung injury was evaluated 24 h after LPS administration. The extra-
vasation of albumin-bound Evans blue dye, an indicator of vascular
leakage injected intravenously into mice, into lung tissue was detected.
The results from AAV-GSTpi or AAV-GSTpi-shRNA treatment experi-
ments showed that GSTpi inhibited albumin-bound Evans blue increase
in mouse lung tissues, which indicated that GSTpi prevented LPS-in-
duced vascular leak (Fig. 8B and H). Coincidently, GSTpi suppressed

Fig. 8. The barrier-protective effects of GSTpi in the model of lipopolysaccharide (LPS)–induced lung injury. Mice pre-treated with AAV-mCherry or AAV-
GSTpi, (A) The lung tissues were collected and lysised for protein analyzed of GSTpi level. Mice pre-treated with AAV-mCherry or AAV-GSTpi were challenged with
LPS (5 mg/kg, IP), bronchoalveolar lavage (BAL) was performed after LPS injection. (B) Evans blue accumulation in the lung parenchyma. (C) BAL polymorpho-
nuclear neutrophil (PMN) count and (D) protein content in mice. (E) Hematoxylin and eosin staining of sections of lungs. Right, Representative lung histology.
Magnification, 20 × . (F) After LPS/saline administration, lungs were used to measure MPO activity, expressed as change in absorbance (ΔA) (*, compared with the
AAV-mCherry group; #, compared with the AAV-mCherry + LPS group.). Mice pre-treated with AAV–NC–shRNA or AAV-GSTpi-shRNA, (G) The lung tissues were
collected and lysised for protein analyzed of GSTpi level. Mice pre-treated with AAV–NC–shRNA or AAV-GSTpi-shRNA were challenged with LPS. (H) Evans blue
accumulation in the lung parenchyma. (I) BAL polymorphonuclear neutrophil (PMN) count and (J) protein content in mice. (K) Hematoxylin and eosin staining of
sections of lungs. Right, Representative lung histology. Magnification, 20 × . (L) Lungs were used to measure MPO activity, expressed as change in absorbance (ΔA)
(*, compared with the AAV–NC–shRNA group; #, compared with the AAV–NC–shRNA + LPS group). Data are expressed as means ± SDs (n = 5). Data were
analyzed by unpaired Student's t-tests. * or #, P < 0.05; ** or ##, P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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LPS-induced polymorphonuclear neutrophil (PMN) infiltration and
protein exudation in bronchoalveolar lavage fluid (Fig. 8C and D and 8I-
J). Furthermore, the lung histological observation also demonstrated a
significant reduction of infiltration caused by GSTpi (Fig. 8E and K). As
myeloperoxidase (MPO) activity increase in the pulmonary par-
enchyma reflects neutrophil infiltration into the lung tissues [51], we
measured the MPO activities to evaluate PMN infiltration in above
experiments (Fig. 8F and L).

4. Discussion

Endothelial integrity and the function of the endothelial barrier are
important for blood vessel and organ homeostasis and adaptation [52].
The endothelial permeability is often affected by a variety of chemical
and biological factors, thus appropriate and dynamic regulation is re-
quired during normal physiological processes. In the present study, we
first found that GSTpi negatively regulated VE-cadherin internalization
in HUVECs and HPMECs, and inhibited cytokine-induced endothelial
cell hyperpermeability. These results are consistent with our previous
findings that GSTpi inhibited inflammatory responses in mouse in-
flammation models [29,53]. Although the function of GSTpi in cancer
cells has been reported widely, the effect of GSTpi in endothelial cells
has been seldomly reported. We have found that GSTpi prevented Ang II-
stimulated proliferation and migration of vascular smooth muscle cells
(Chen et al., 2014), and GSTpi suppressed TNF-α-induced EC actin re-
modeling and stress fiber formation by blocking the p38 MAPK/heat-
shock protein 27 signaling pathway [28]. In our previous study, we
noticed that 6h after TNF-α stimulation, the stress fiber formed and EC
permeability increased [50]. However, phosphorylation of VE-cadherin
and other junctional proteins may result in increased permeability
without actin polymerization and frank appearance of intercellular gaps
[32], it is needed to investigate if GSTpi might regulate EC permeability
through affecting VE-cadherin. In the present study, we used a real-time
iCELLigence system to record the dynamic processes of monolayer
HUVEC barrier function and found that EC indexes began to decrease
10 min after stimulation of TNF-α and continued to reduce within 1h
period observation. GSTpi inhibited TNF-α-induced decreases of EC
indexes suggesting that GSTpi protected EC from the impairment of
barrier function induced by early stage of stimulation of TNF-α. Fol-
lowing transwell culture detection demonstrated that GSTpi inhibited
the increase of EC permeability induced by 1h treatment of TNF-α,
VEGF and thrombin. These findings demonstrate that GSTpi acts as an
important regulator in maintaining endothelial barrier function and
vascular homeostasis at the early stage of pro-inflammatory stimulation
conditions.

The rapid endocytosis of VE-cadherin may disrupt the endothelial
barrier function after ECs being stimulated by inflammatory mediators
and growth factors [13]. This early changes of endothelial barrier
function may not be related with the actin remodeling and stress fiber
formation but the dissociation of the complex of VE-cadherin/catenins
(including β-catenin γ-catenin, and p120-catenin). In the present study,
we found that GSTpi significantly inhibit the dissociation of the com-
plex of VE-cadherin/catenins and VE-cadherin internalization, which
suggested the important mechanism that GSTpi regulated EC barrier
function through affecting VE-cadherin internalization. Phosphoryla-
tion of VE-cadherin and catenins resulted in the complex degradation
and VE-cadherin internalization [8]. Our findings demonstrated that all
the phosphorylation of VE-cadherin, p120 and β-catenin induced by
TNF-α was inhibited by GSTpi strongly suggesting that GSTpi prevented
VE-cadherin internalization through inhibiting VE-cadherin/catenins
phosphorylation. We further investigated how GSTpi affected VE-cad-
herin/catenins phosphorylation. The activation of Src family kinases
has been described as a critical step in the subsequent VE-cadherin
phosphorylation and the induction of hyperpermeability of vascular
endothelium [37,38,54,55]. All Src family nonreceptor tyrosine kinases
have a single tyrosine residue in the activation loop at the position

corresponding to Tyr416 of Src and phosphorylation of Src at Tyr416
results in its kinase activation [56]. Interestingly, our results showed
that GSTpi inhibited TNF-α-induced Tyr416 phosphorylation of Src and
the activation of Src/VE-cadherin pathway.

As a glutathione transferase, GSTpi can add GSH to electrophilic
substances with various chemical structures and can transfer GSH to
cysteine residue of proteins to lead to S-glutathionylation of these
proteins [57]. Although protein S-glutathionylation can occur sponta-
neously, the reaction rate and magnitude are greatly enhanced by
GSTpi [58]. When we decreased mutant catalytic activity of GSTpi by
substituting Phe for Tyr7, the above effects of GSTpi in vascular en-
dothelial cells attenuated, which indicated that the glutathione trans-
ferase activity was necessary for GSTpi to inhibit Src/VE-cadherin/ca-
tenin phosphorylation. This result provided a possibility that GSTpi
might potentiate S-glutathionylation of the proteins in Src/VE-cadherin
pathway. S-glutathionylation is a reversible post-translational mod-
ification, which protects the cysteine against further oxidative damage
and creates distinct structural and functional changes in the target
protein [58]. It has been reported that GSTpi potentiates S-glutathio-
nylation reactions following oxidative and nitrosative stress in vitro and
in vivo [22]. ROS and the adhesion receptors are critical mediators of
the transient disruption of endothelial barriers in response to TNF-α
[39]. In this study, we found that GSTpi selectively S-glutathionylated
Src kinase but not VE-cadherin, p120 and β-catenin. Previous studies
show that TNF-α-induced ROS increase promotes oxidation of Cys245
and Cys487 (respectively localized within SH2 and kinase domain) of
Src kinase and leads to a conformational change that accelerates the
activation of Src family kinases (SFKs) [59–61]. Our study demon-
strated that GSTpi induced S-glutathionylation of Src at Cys185, Cys245
and Cys400, which first displayed the effect of GSTpi on Src S-glu-
tathionylation though GSTpi has been reported to lead to S-glutathio-
nylation of other proteins. S-glutathionylation of Src at Cys245 may
inhibit the disulfide bridges formation of Cys245 and Cys487, releasing
Src from the active conformation. In the inactive conformation, Cys185
is located in the SH2 domain of Src kinase and close to the Src Tyr527
site, thus, S-glutathionylation of Src at Cys185 may block the binding of
Src to SH2-containing protein tyrosine phosphatases, thereby inhibiting
Src kinase [62]. S-glutathionylation of Src at Cys400 may prevent the
binding of Src with downstream effectors, and form an inhibition
feedback loop to decrease Src phosphorylation at Tyr416. When we
used Src mutants including Myc-Src (C185A), Myc-Src (C245A) and
Myc-Src (C400A) to replace wide type Myc-Src, GSTpi-induced S-glu-
tathionylation of Src was inhibited. Catalytically, GSTpi binds GSH and
lowers the pKa of the cysteine residue of GSH through abstraction of the
proton by Tyr7, resulting in a thiolate anion (GS−) at the active site
[63]. To explore whether GSTpi induced S-glutathionylation of Src
decreased Src phosphorylation at Tyr416, we performed both in vitro
and in vivo experiments. Our results demonstrated that GSTpi-induced
S-glutathionylation of Src and decreased Src phosphorylation at Tyr416
occurred simultaneously. When GSTpi-induced Src S-glutathionylation
was inhibited the Src phosphorylation at Tyr416 and Src kinase activity
increased. Further experiment showed that Src protein S-glutathiony-
lation significantly decreased the binding of Src and SHP-2. As Src is an
SHP-2 effector and SHP-2 counteracts the effect of Src on protein
phosphorylation [39], above findings strongly suggested that GSTpi
inhibited Src activation through promoting Src S-glutathionylation. We
also observed the effects of GSTpi on vascular endothelial barrier
function in mouse ALI model. As expected, GSTpi reduced vascular
leakage, and alleviated LPS-induced ALI.

In summary, our findings in the present study provided a novel
mechanism underlying the effects of GSTpi on regulation of vascular
endothelial barrier function in endothelial cells and animal models. The
S-glutathionylation of Src by GSTpi is necessary for GSTpi to inhibit Src
activation and Src/VE-cadherin signaling, thereby to prevent VE-cad-
herin internalization. Thus, GSTpi may act as an important negative
regulator in maintaining suitable vascular endothelial permeability and
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integrity of vascular endothelial barrier function to prevent inflamma-
tion-related endothelial barrier disruption (Fig. 9).

Online supplemental material

Fig. S1 describes the GSTpi inhibits TNF-α induced endothelial
permeability in a time dependently manner. Fig. S2 shows the effect of
GSTpi in endothelial permeability and related signal pathway. Fig. S3
presents GSTpi selectively induces Src kinase S-glutathionylation. Fig.
S4 shows the Glutathione transferase activity is required for GSTpi in-
duced Src kinase S-glutathionylation. Fig. S5 shows downregulation of
GSTpi increased TNF-α-induced VE-cadherin internalization and
monolayer permeability increases in human pulmonary microvascular
endothelial cells (HPMECs).
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