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Small molecule compound M12 reduces vascular permeability
in obese mice via blocking endothelial TRPV4–Nox2
interaction
Meng-ru Gao1, Peng Zhang2, Jing Han2, Chun-lei Tang1, Yi-fei Zhu2, Hao Kan2, Hong-juan Li2, Xi-ping Han1 and Xin Ma2,1

Transient receptor potential channel TRPV4 and nicotinamide adenine dinucleotide phosphate oxidase (Nox2) are involved in
oxidative stress that increases endothelial permeability. It has been shown that obesity enhances the physical association of TRPV4
and Nox2, but the role of TRPV4–Nox2 association in obesity has not been clarified. In this study we investigated the function of
TRPV4–Nox2 complex in reducing oxidative stress and regulating abnormal vascular permeability in obesity. Obesity was induced in
mice by feeding a high-fat diet (HFD) for 14 weeks. The physical interaction between TRPV4 and Nox2 was measured using FRET,
co-immunoprecipitation and GST pull-down assays. The functional interaction was measured by rhodamine phalloidin, CM-
H2DCFDA in vitro, the fluorescent dye dihydroethidium (DHE) staining assay, and the Evans blue permeability assay in vivo. We
demonstrated that TRPV4 physically and functionally associated with Nox2, and this physical association was enhanced in aorta of
obese mice. Furthermore, we showed that interrupting TRPV4–Nox2 coupling by TRPV4 knockout, or by treatment with a specific
Nox2 inhibitor Nox2 dstat or a specific TRPV4 inhibitor HC067046 significantly attenuated obesity-induced ROS overproduction in
aortic endothelial cells, and reversed the abnormal endothelial cytoskeletal structure. In order to discover small molecules
disrupting the over-coupling of TPRV4 and Nox2 in obesity, we performed molecular docking analysis and found that compound
M12 modulated TRPV4–Nox2 association, reduced ROS production, and finally reversed disruption of the vascular barrier in obesity.
Together, this study, for the first time, provides evidence for the TRPV4 physically interacting with Nox2. TRPV4–Nox2 complex is a
potential drug target in improving oxidative stress and disruption of the vascular barrier in obesity. Compound M12 targeting
TRPV4–Nox2 complex can improve vascular barrier function in obesity.
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INTRODUCTION
The vascular endothelium plays an important role in regulating
the exchange of substances. Impairment of endothelial perme-
ability and barrier function can lead to a variety of diseases such
as thrombosis and atherosclerosis [1]. ROS plays a vital role in
regulating endothelial permeability [2]. Also, obesity triggers a
state of low persistent inflammation, which causes oxidative
stress in different tissues [3]. Understanding the mechanism
of ROS generation in obesity is therefore crucial to prevent
cardiovascular diseases.
TRPV4 is a cation channel that is found in many parts of the

body, such as the heart and blood vessels [4]. Recent studies have
shown that the use of agonists to activate TRPV4 increases the
generation of ROS by causing calcium ions to flow into endothelial
cells (ECs) [5–7].
Nox2 (nicotinamide adenine dinucleotide phosphate oxidase),

a member of the NADPH oxidase family, was originally identified
in neutrophils and can regulate the production of ROS. Recent
studies have revealed that Nox2 is expressed in cardiomyocytes
and ECs, in addition to leukocytes and many non-hematopoietic

cells, and functions as a pathway regulating redox-sensitive
signaling [8].
Both TRPV4 and Nox2 play a role in the regulation of oxidative

stress, and recent studies have shown that they form complexes to
function [9, 10]. However, their effect in mediating obesity-induced
oxidative stress is unclear. Therefore, we conducted this study to
investigate the role of the TRPV4–Nox2 complex.

MATERIALS AND METHODS
Mice
In this study, the wild-type (WT) C57BL/6J mice we used were
4–8 weeks old and were obtained from the Model Animal Resource
Information Platform (Nanjing, China). The TRPV4-knockout
(TRPV4 KO) [11] mice on the C57BL/6J background were donated
by Dr. Makoto Suzuki (Jichi Medical School, Tochigi, Japan and
RIKEN BioResource Center, Japan). All mice were maintained in
accordance with the prescribed conditions (22 °C, 12 h day/night
cycle, air-filtered, and pathogen-free conditions), and TRPV4 KO
and WT C57BL/6J mice littermates were identified by PCR assay
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(Supplementary Fig. S1). To make diet-induced obese mice, we
selected 4-week-old WT C57BL/6J mice fed a high-fat diet (HFD) in
which 45% of calories were derived from fat. Control mice were fed
a normal diet (ND) with 25% of calories as fat. After 14 weeks, the
body weight, blood glucose and TG, LDL would increase in HFD
mice and TG, HDL would decrease (Supplementary Fig. S2), which
showed that the mouse model was successful [12]. All experimental
protocols used in this study were reviewed and approved by the
Animal Experimentation Ethics Committee of Jiangnan University
(approval number: JN. No 20200515c0501230[061]), and all opera-
tions were in strict accordance with the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health publication, 8th
edition, updated 2011).

Cell preparation and culture
Primary aortic ECs were isolated from ND, HFD mice, TRPV4-KO mice
fed with a normal diet (TRPV4 KO-ND), and TRPV4-KO mice fed with
a high-fat diet (TRPV4 KO-HFD). Briefly, after euthanasia using CO2,
the thorax was opened, and the aorta was quickly dissected out and
placed in cold sterile phosphate-buffered saline (PBS). After washing
with PBS, the aorta was minced and digested with 0.2% collagenase
(C9891, Sigma-Aldrich, Darmstadt, Germany) in PBS for 25min at 37
°C. After digestion, the cells were centrifuged at 845 × g for 5min
and the pelleted cells were resuspended in ECM complete medium
(1001, ScienCell, San Diego, California, U.S.A) and incubated in six-
well cell culture plates for 2 h, after which they were washed with
PBS to remove non-adherent cells. The ECs were cultured in ECM for
1–2 d and then used for experiments [13]. The identification of ECs
was performed using flow cytometry. As can been seen in
Supplementary Fig. S3, the ECs we isolated were able to be labeled
with CD31 (anti-mouse, ab9498, Abcam, Shanghai, China, 1:200).
HEK-293 cells (CRL-1573, ATCC, Manassas, Virginia, U.S.A.) were
purchased from ATCC.

Immunofluorescence analysis and FRET
Briefly, the tissue samples were washed with PBS and incubated in
PBS containing 5% bovine serum albumin (BSA) and 1% Triton
X-100 for 30min. Then they were incubated with the primary
antibodies rabbit polyclonal anti-TRPV4 (anti-rabbit, ACC-034,
Alomone Laboratories, Jerusalem, Israel) and Nox2 monoclonal
anti-Nox2 (anti-mouse, sc-130543, Santa-Cruz Biotech, Dallas, Texas,
U.S.A) overnight at 4 °C under humidified conditions. Thereafter, the
samples were washed and incubated with secondary antibodies
(Alexa Fluor 488/568, Invitrogen, Carlsbad, California, U.S.A, 1:200) at
room temperature. After 1 h incubation, the samples were washed
and mounted. The fluorescence images were acquired and the FRET
efficiency was measured using a confocal microscope (Leica TCS
SP8, Wetzlar, Germany) [14].

Co-immunoprecipitation
Briefly, ECs were isolated, grown to 90% confluence, harvested,
and lysed in lysis buffer. The lysate was centrifuged at 11,000 × g
for 10 min, then the supernatant was removed and incubated with
protein A+ G agarose beads (sc-2003, Santa-Cruz Biotech, Dallas,
Texas, U.S.A) at 4 °C for 30 min to remove nonspecific binding. The
protein sample concentrations were adjusted to be consistent
across groups. Then the indicated antibodies were added to the
protein samples and incubated at 4 °C overnight. After incubation,
50 μL of protein A+ G agarose beads was added to the mixture
and incubated at 4 °C for 4 h. The mixture was centrifuged at
400 × g for 5 min, then the beads were removed and washed 6
times with PBS. Then, 20 μL of SDS sample buffer was added to
the beads and boiled for 5 min to elute the precipitated proteins,
which were then analyzed using Western blotting.

Western blotting
In this experiment, protein samples were separated using 10%
SDS-PAGE SDS-Tris glycine gel electrophoresis. After separation,

the samples were transferred to a PVDF membrane and blocked
using Tris-buffered saline (TBS) buffer containing 0.1% Tween-20
(TBST) and 5% nonfat dry milk for 2 h. After this step, primary
antibodies were added to the membranes and kept at 4 °C
overnight. The following antibodies were used: anti-Nox2
(anti-mouse, sc-130543, Santa-Cruz Biotech, Dallas, Texas,
U.S.A, 1:200), anti-Nox2 (anti-rabbit, ab129068, Abcam,
Shanghai, China, 1:200), and anti-TRPV4 (anti-rabbit, ACC-034,
Alomone Laboratories, Jerusalem, Israel, 1:200). Next, horse-
radish peroxidase-conjugated secondary antibody (A16072SAM-
PLE, A16104SAMPLE, Invitrogen, Carlsbad, California, U.S.A,
1:200; 58802S, Cell Signaling, Beverly, MA, U.S.A, 1:200) was
added and incubated for 2 h. After the above steps, the blots
were washed using TBST. Then the blots were developed with
ECL substrate (P0018, Beyotime Biotechnology, Shanghai, China)
and imaged with the ChemiDoc XRS+ System (Bio-Rad,
Hercules, California, U.S.A).

Rhodamine phalloidin staining assay
The cell samples were fixed in 4% PFA, permeabilized with 0.1%
Triton X-100 for 10 min, and blocked with 5% BSA for 1 h.
Rhodamine phalloidin (R415, Invitrogen, Carlsbad, California,
U.S.A) was dissolved in methanol at 6.6 μM and stored at −20 °C.
Just prior to use, phalloidin was diluted (1:40) in 1% BSA.
The samples were incubated with diluted phalloidin[15] for
30 min. Nuclei were stained with DAPI (1:1000 in PBS)
by incubation for 10 min. Then, the samples were washed
three times with PBS for 5 min each. Images of F-actin were
captured on a confocal microscope (Carl Zeiss LSM880,
Oberkochen, Germany).

Analysis of ROS and superoxide generation
The intracellular generation of ROS was measured by CM-
H2DCFDA (Molecular Probes, C6827, Invitrogen, Carlsbad, Califor-
nia, U.S.A.) [16]. Briefly, primary aortic cells (1 × 105) were seeded in
35-mm laser confocal Petri dishes. After 12 h, the cells were
washed with normal saline buffer solution (NPSS) to remove the
residual medium. The cells were incubated with CM-H2DCFDA for
15min at 37 °C in a humidified, dark environment. Then the cells
were washed again with NPSS, and images were captured by a
fluorescence microscope (Carl Zeiss LSM880, Oberkochen, Ger-
many). The relative CM-H2DCFDA fluorescence was calculated as
follows. In each sample, three areas were randomly selected for
imaging, the fluorescence intensity (minus the background
fluorescence) of each image was measured, and the average of
three values was calculated to give the relative fluorescence
intensity.

DHE staining
To assess the level of oxidative stress, freshly isolated aortic tissue
was incubated with 2 μM DHE (S0063, P0018, Beyotime Biotech-
nology, Shanghai, China) for 60 min at 37 °C in the dark [17]. Then,
the tissue was washed three times with PBS and the fluorescence
was measured with the confocal microscope (Carl Zeiss LSM880,
Oberkochen, Germany).

In vitro permeability assay
In brief, primary aortic ECs were isolated and cultured in six-well
cell culture plates. After the cells reached 80% confluence, they
were digested and seeded into Transwell chambers; 500 µL
of ECM complete medium was added to the upper chamber and
1500 µL of ECM complete medium to the lower chamber. After
the cells formed a monolayer, they were washed with PBS, and
100 μL, 5 μM fluorescein isothiocyanate (FITC)-dextran (sc-
263323, Santa-Cruz Biotech, Dallas, Texas, U.S.A.) was added to
the upper chamber and 600 μL of PBS to the lower chamber. The
cells were incubated for 1 h, then the fluorescence intensity
of the PBS (100 μL) in the lower chamber was measured
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(Synergy H4, Winooski, Vermont, U.S.A) at excitation wavelength
of 494 nm and emission wavelength of 521 nm.

Evans Blue permeability assay
Mice were anesthetized with intraperitoneal sodium pentobar-
bital (60 mg/kg). Evans Blue dye (5 mg/kg, 1%; Sigma-Aldrich,
Darmstadt, Germany) was injected into the inferior vena cava to
stain the aorta via the systemic circulation. After incubation for
30 min, the mice were euthanized with CO2. The aorta was
quickly removed and photographed under a light microscope.
To quantify the aortic permeability, free Evans Blue was
removed by PBS perfusion. Then the aorta was weighed and
cut into pieces. The Evans Blue in tissue was extracted with 5%
PFA overnight at 55 °C, its concentration was measured on a
spectrophotometer at 620 nm, and the content per gram of
tissue was calculated.

Molecular docking and plasmid mutations
The potential binding sites between TRPV4 and Nox2 were found
using BIOVIA Discovery Studio 2018 software. The protein crystal
structures were downloaded from the PDB website. TRPV4: PDB
accession number 4DX1; Nox2: PDB accession number 3A1F.
With this software, we found ten binding sites and then carried

out mutagenesis on them [18]. All the primers we used were
shown in Supplementary Table 1. The ten amino-acid sequences
were as follows:

TRPV4 Nox2

△AR1 (aa 261–267) GADVHAQ △1 (aa 1–9) IAVDGPFGT

△AR2 (aa 305–312) TENPHKKA △2 (aa 10–18) ASEDVFSYE

△AR3 (aa 313–321) DMRRQDSRG △3 (aa 60–68) LCRDTHAFE

△AR4 (aa 352–361) KCARLFPDSN △4 (aa 145–152) NTTIGVFL

△AR5 (aa 362–371) LEAVLNNDGL △5 (aa 152–160) LCGPEALAE

Construction of endothelial cell-specific adeno-associated viruses
To produce endothelial cell-specific AAVs, we first prepared
pAOV.SYN.3FLAG plasmids. By sub-cloning assays, we then sub-
cloned the Nox2 and Nox2 mut genes into pAOV.SYN.3FLAG to
produce the desired plasmid carrying the target gene fragment.
This plasmid had Flt1, an endothelial cell-specific promoter, and
mScarlet, a red fluorescent protein gene. After these steps, the
AAV-Flt-Nox2 and AAV-Flt1-Nox2 mut were produced by
transfection of AAV-293 cells with these constructed plasmids,
along with AAV helper plasmid (pAAV Helper) and AAV Rep/Cap
expression plasmid. The viruses were purified by iodixanol step-
gradient ultracentrifugation to provide endothelial cell-specific
adeno-associated viruses (AAV) for this study.

Statistical analyses
In each experiment, the ECs and mice in the different treatment
groups were randomly divided. All statistical analyses were done
with GraphPad Prism 8.0 software. All data are expressed as the
mean ± SEM. Comparisons between two sets of data that
conformed to normality and had equal variance used Student’s
t test followed by the unpaired two-tailed t test; otherwise,
appropriate nonparametric tests were used (Student’s t test
followed by the Mann–Whitney test). Data from more than two
groups were analyzed using analysis of variance (ANOVA) test
followed by Tukey’s multiple comparison test if they met
normality and had equal variances; otherwise, appropriate
nonparametric tests were used (one-way ANOVA test followed
by Dunnett’s multiple comparison test). We considered P < 0.05
to represent a significant difference between results.

RESULTS
Physical interaction of TRPV4 and Nox2 is enhanced in obesity
To investigate the physical interaction between the two
proteins, TRPV4 and Nox2, in obesity, we first performed co-
immunoprecipitation assays using aortic ECs. We found that the
anti-TRPV4 antibody could pull-down Nox2 in the protein lysates
freshly prepared from ND and HFD aortic ECs (Fig. 1a). However,
compared to the level of Nox2 pulled down from ND aortic ECs,
more Nox2 could be detected in the HFD group, suggesting that
the physical association between TRPV4 and Nox2 is stronger in
HFD mice than in mice on a ND (Fig. 1a). Of course, we also
detected the association between TRPV4 and other Noxs before.
Although there was a physical association between TRPV4 and
Nox1 or Nox4, the association of other Noxs with TRPV4 was
significantly lower than Nox2 (Supplementary Fig. S4). Next, to
further confirm the effect of obesity on physical association
between these two proteins, we carried out immuno-FRET assays.
As shown in Fig. 1b, c, a stronger FRET signal was detected in
arterial segments isolated from HFD mice (Fig. 1b, c), indicating
that the physical association of TRPV4–Nox2 was increased in the
arterial segments from HFD mice. Then, to explore whether this
association of TRPV4–Nox2 was direct, we performed GST pull-
down assay. The results showed that GST-TRPV4 could efficiently
pull-down His-Nox2 (Fig. 1d), strongly indicating that TRPV4
directly interacted with Nox2 in vitro.

TRPV4 and Nox2 are involved in the regulation of ROS production
and cell permeability in obesity
Next, before exploring whether there is also a functional
codependence between TRPV4 and Nox2, we first examined the
role of TRPV4 and Nox2 in obesity. Firstly, we used CM-H2DCFDA
staining assays to measure the level of ROS, based on previous
studies [19, 20]. As shown in Fig. 2, there was almost no difference in
the basal ROS levels between ND and TRPV4 KO-ND group. While,
after treatment with 100 nM GSK1016790A (a specific TRPV4
agonist), a significant rise (~65%) in ROS levels was observed in
ND aortic ECs (Fig. 2a). In aortic ECs isolated from TRPV4 KO-ND
mice, although there was a ~21% increase in GSK-induced ROS
production compared to TRPV4 KO-ND group, the increase
was significantly reduced compared to the ND+GSK group (Fig. 2a).
These data indicates that TRPV4 is involved in regulating ROS
production. Then, as shown in Fig. 2b, the generation of ROS was
increased in the HFD group (Fig. 2b). Nox2 dstat (a specific Nox2
inhibitor) [21–23], HC067046 (a specific TRPV4 inhibitor) and TRPV4-
KO inhibited this increase (Fig. 2b and Supplementary Fig. S5a),
confirming the involvement of TRPV4 and Nox2 in the regulation of
obesity-induced ROS overproduction.
Obesity causes many diseases, one of which is altered vascular

permeability [24, 25]. VE-cadherin is known to control intercellular
junctions [26–28], its downregulation decreases endothelial barrier
function [29, 30]. ICAM-1, the most extensively studied intercellular
adhesion molecule, is activated and up-regulated by ROS [31].
Furthermore, previous studies have shown that overexpression of
ICAM-1 is one of the causes of increased EC permeability [32–34]. So
first, we assessed the levels of VE-cadherin and ICAM-1 mRNA
expression in mouse aortic ECs. The results showed that the mRNA
level of VE-cadherin expression was decreased and ICAM-1 was
increased in the HFD group (Fig. 2c, d). While the expression of both
mRNA was reversed in TRPV4-KO group and HFD aortic ECs
pretreated with Nox2 dstat (Fig. 2c, d) and HC067047 (Supplemen-
tary Fig. S5b) group. These results suggest that the changes induced
by obesity in VE-cadherin and ICAM-1 expression are regulated by
TRPV4 and Nox2. We used rhodamine phalloidin staining assays to
visualize cell F-Actin, another assessment of cell permeability.
Through these data, we found that obesity-induced a significant
rearrangement of the endothelial cytoskeletal structure, while this
change was reversed in the TRPV4 KO, Nox2 dstat (Fig. 2e) and
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HC067047 (Supplementary Fig. S5c) group. Using FITC-dextran for
in vitro permeability experiments [35, 36], we found that its
extravasation was also significantly increased in obesity (2-fold
increase compared to ND group (Fig. 2f)). However, in TRPV4 KO and
Nox2 dstat, the exudation of dye decreased to about 68% (TRPV4-
KO group) and 71% (Nox2 dstat group) compared to HFD group
(Fig. 2f). Besides, as shown in Supplementary Fig. S5d, obesity-
induced increase in exudation of dye was inhibited by HC067047
(Supplementary Fig. S5d). These results showed that obesity-
induced cell permeability increase is regulated by TRPV4 and Nox2.

TRPV4 is important for the regulation of vascular permeability in
obesity
Next, to further investigate the functional role of these proteins in
regulating ROS production and vascular permeability, a DIO mouse
model was used to do these assays again. DHE staining
assays showed that the ROS fluorescence intensity was highly
elevated in HFD arterial segments (Fig. 3b). Rhodamine phalloidin
staining assays demonstrated that obesity induced a significant

rearrangement of cytoskeletal structure (Fig. 3a). Then, as described
in previous studies, Evans Blue staining is the gold standard to test
vascular permeability [37, 38]. Previous studies showed that Evans
Blue can be used for testing aorta permeability [39, 40]. So we next
used Evans Blue staining assays to assess the vascular permeability
of mouse aorta. Consistently, obesity triggered a remarkable
increase in the exudation of Evans Blue dye (Fig. 3c). However,
there were no significant changes in TRPV4-KO mice fed with
normal diet (TRPV4 KO-ND) or TRPV4-KO mice fed with high-diet
(TRPV4 KO-HFD) (Fig. 3c). These results further emphasize the
importance of TRPV4 in regulating excessive oxidative stress and
vascular barrier disruption in obesity.

TRPV4-ΔAR4 and Nox2-Δ4 account for the association between
TRPV4 and Nox2
Next, to explore the role of TRPV4–Nox2 association in the
regulation of ROS production and vascular permeability and
determine whether there is also a functional association between
TRPV4 and Nox2, we conducted the following experiments. First,

Fig. 1 The physical association between TRPV4 and Nox2 is enhanced in obesity. a Left, co-Immunoprecipitation of TRPV4 and Nox2 in
primary aorta endothelial cells; right, band intensities normalized to TRPV4 (n= 7 mice; *P= 0.0070 vs. ND; Student’s t test and Mann–Whitney
test; ND, Wild-type C57BL/6J mice fed with normal diet; HFD, Wild-type C57BL/6J mice fed with high-fat diet). b Representative fluorescence
resonance energy transfer (FRET) images of aorta sections from ND and HFD mice (dashed white lines, autofluorescence of elastin; scale bar,
100 μm); (c) Quantification of FRET efficiency of aorta sections from ND (n= 9) and HFD (n= 9) mice (*P= 0.0025 vs. ND, Student’s t test,
unpaired two-tailed t test). d Direct interaction between TRPV4 and Nox2 was demonstrated by in vitro GST pull-down assay. All data are
shown as the mean ± SEM.
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in vitro experiments were performed. Using molecular docking
techniques, we found a series of binding domains of the
TRPV4–Nox2 complex. We then mutated these domains and
performed FRET assays in human embryonic kidney (HEK) cells co-
expressing TRPV4 and Nox2 to confirm the function of these
domains in regulating TRPV4–Nox2 interactions. The results showed
that deletion of the region TRPV4-ΔAR4 (aa 352–361) and the region
Nox2-Δ4 (aa 145–152) significantly decreased the FRET signal of
TRPV4 and Nox2 (Fig. 4a). These results suggest that TRPV4-ΔAR4
and Nox2-Δ4 account for the association between TRPV4 and Nox2
(Fig. 4a). Next, to further detect whether the deleted 8 amino acids
on Nox2 are indeed essential for the binding, we performed GST
pull-down assay. The results showed that GST-TRPV4 could
efficiently pull-down His-Nox2 but not His-Nox2-Δ4, indicating that
the mutation of Nox2 could destroy this interaction (Fig. 4c).

Disrupting the TRPV4–Nox2 association reduces vascular
permeability
After these experiments, we then generated an AAV vector that
expressed Nox2 (AAV-Flt1-Nox2) and Nox2-Δ4 (AAV-Flt1-Nox2

mut) (OBiO Technology, Shanghai, China). Intravenously injected
AAV effectively infected the endothelium (Supplementary Fig. S6)
and altered the physical association of TRPV4–Nox2 in aortic ECs
(Fig. 4b). Using these viruses for the next experiments, we found
that overexpression of Nox2-Δ4 in the HFD mice by intravenously
injected AAV-Flt1-Nox2 mut significantly reduces the fluorescence
intensity of CM-H2DCFDA (Fig. 5a) and DHE (Supplementary Fig.
S7a), which suggested that overexpression of Nox2-Δ4 helps
reduce ROS production. Then using rhodamine phalloidin and
FITC-dextran staining assay to detect the change in permeability,
we could see that after overexpressing of Nox2 Δ4, cytoskeletal
rearrangement was significantly reversed and the degree of FITC-
dextran extravasation was remarkably decreased (to ~72%
compared to HFD) (Fig. 5b, d). These results suggest that the
increased aortic ECs permeability is effectively improved by Nox2
Δ4 overexpression. Using Evans Blue staining assay to observe the
aorta permeability, the same results were achieved. The AAV-Flt1
Nox2 mut induced a significant decrease in the exudation of Evans
Blue dye, indicating that overexpression of Nox2-Δ4 can help
prevent the increased permeability in HFD aorta (Fig. 5e). Then, at

Fig. 2 Functional role of TRPV4 and Nox2 in ECs in obesity. a 5,6-Chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA)
staining results showing the GSK (100 nM)-induced reactive oxygen species (ROS) in ND aortic ECs and TRPV4-KO aortic ECs (n= 8, *P < 0.05 vs.
Ctrl, #P < 0.05 vs. GSK, one-way ANOVA, Dunnett’s multiple comparisons test). b Statistics of CM-H2DCFDA fluorescence intensity in mouse
aortic ECs isolated from ND mice, HFD mice with or without Nox2 dstat and TRPV4-KO mice (n= 12, *P < 0.05 vs. ND, #P < 0.05 vs. HFD, one-way
ANOVA, Tukey’s multiple comparisons test). c, d Relative mRNA level of VE-cadherin and ICAM-1 in ND, HFD, TRPV4-KO aortic ECs and HFD
aortic ECs pretreated with Nox2 dstat (n= 6; *P < 0.05 vs. ND, #P < 0.05 vs. HFD, Student’s t test, Paired t test). e Representative
photomicrographs of rhodamine phalloidin staining and statistical results of F-actin length (scale bars, 100 μm), normalized to ND, (n= 10
mice; #P < 0.05 vs. HFD, *P < 0.05 vs. ND; one-way ANOVA, Tukey’s multiple comparisons test). f Results of FITC-dextran staining assays showing
permeability of ND, HFD, TRPV4-KO aortic ECs and HFD aortic ECs pretreated with Nox2 dstat (n= 8 mice; *P < 0.05 vs. ND, #P < 0.05 vs. HFD,
one-way ANOVA, Tukey’s multiple comparisons test). All data are shown as the mean ± SEM.
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the mRNA level, we could see that the changes in VE-vadherin and
ICAM-1 expression were consistent with these results (Fig. 5c).
Overexpression of Nox2 Δ4 increased VE-cadherin and decreased
ICAM-1 mRNA expression in HFD aortic ECs (Fig. 5c). However,
these changes were absent in TRPV4-KO mice fed with high-fat
diet (TRPV4 KO-HFD) (Fig. 5f–j and Supplementary Fig. S7b). These
data demonstrate that overexpression of Nox2 Δ4 can help reduce
ROS production and vascular permeability in obesity. Besides, the
mutation of Nox2 did not affect its expression and function
(Supplementary Fig. S8), but only decreased its association with
TRPV4 (Fig. 4b). These prompted us to believe AAV-Flt1-Nox2 mut
reduces ROS production and vascular permeability by decreasing
the TRPV4–Nox2 physical association.
Next, to verify this hypothesis, the following experiments were

conducted. As shown in Fig. 5k–o, overexpressing Nox2 by tail-
injection of AAV-Flt1-Nox2 into ND mice significantly increased its
physical association with TRPV4 (Fig. 4b), the ROS production (Fig. 5k
and Supplementary Fig. S7c), the permeability of primary aortic ECs
(Fig. 5l, n), and decreased VE-cadherin and increased ICAM-1 mRNA
expression (Fig. 5m). Therefore, AAV-Flt1-Nox2 increased the
permeability of ND mouse aorta (Fig. 5o). Notably, overexpressing
of Nox2 Δ4 into ND mice did not produce the same effects as that of

Nox2 (Fig. 5u–y and Supplementary Fig. S7d), which helped us
establish the importance of the TRPV4–Nox2 physical association.
Furthermore, we also overexpressed Nox2 into TRPV4-KO mice

(Fig. 5p–t). The results showed that overexpression of Nox2 had no
effect on ROS production and vascular permeability in TRPV4-KO
mice, confirming that enhancement of Nox2 expression increases
ROS production and vascular permeability in a TRPV4 dependent
manner.

Effect of chemical compound M12 in obesity-enhanced vascular
permeability via regulation of the TRPV4–Nox2 physical
association
The results shown in Fig. 5 indicate that altering the TRPV4–Nox2
physical interaction seems to be an effective way to regulate
oxidative stress and vascular barrier disruption in obesity. There-
fore, we set out to find a small molecule to disrupt the over-
coupling of TPRV4 and Nox2 in obesity. Based on the three-
dimensional structure of the TRPV4–Nox2 complex, we performed
molecular docking analysis and screened a series of chemical
compounds.
FRET assays in HEK cells co-expressing TRPV4 and Nox2 showed

that gambogic acid, L755507, entrectinib, and M12 all significantly

Fig. 3 TRPV4 is involved in the regulation of ROS production and vascular permeability in diet-induced obesity mouse model.
a Representative photomicrographs of rhodamine phalloidin staining in arterial sections from ND, HFD, TRPV4 KO-ND, TRPV4 KO-HFD mice
(scale bar, 50 μm). b Right, representative photomicrographs of dihydroethidium (DHE) staining in arterial sections from ND, HFD, TRPV4 KO-
ND, TRPV4 KO-HFD mice; left, analysis of DHE fluorescence intensity normalized to the value in control aorta (n= 6–7 mice; wild-type, *P=
0.0022 vs. ND, TRPV4-KO, P= 0.1189 vs. ND, Student’s t test, Mann–Whitney test; scale bars, 50 μm). c Aortic permeability under normal and
high-fat conditions in wild-type and TRPV4-KO mice. Relative content of Evans blue per gram aorta normalized to control aorta (n= 3 mice;
wild-type, *P= 0.0132 vs. ND; TRPV4-KO, P= 0.1210 vs. ND, Student’s t test, unpaired two-tailed t test). All data are shown as the mean ± SEM.
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decreased the FRET signal (Fig. 6a). Among these compounds,
M12 (Fig. 6b and Supplementary Information 13) had the best
effect. The optimal concentration of M12 was determined by MTT
and Fret assay. The concentrations of M12 above 100 nM would
result in cell death, while below 3 nM had no significant effect on
the coupling of the TRPV4–Nox2 complex (Supplementary Fig.
S9a, b). Besides, although M12 is an analogue of entrectinib, it is
more effective in regulating TRPV4–Nox2 coupling and ROS
production compared to entrectinib (Supplementary Fig. S9c–e).

Therefore, in the end, we chose 10 nM M12 for experiment. After
determining the molecule and the dose to be used, we then
determined whether M12 is a potent reducer of TRPV4–Nox2
coupling. We found that M12 disrupted the physical association
between TRPV4 and Nox2 at 10 nM in obesity (Fig. 6c and
Supplementary Fig. S10). CM-H2DCFDA staining assays showed
that M12 decreased ROS generation (Fig. 6d). Rhodamine
phalloidin staining assays showed that M12 had a protective
effect on cytoskeletal structure compared with HFD mouse aortic

Fig. 4 Specific binding sites of TRPV4 and Nox2. a Statistics of FRET efficiency (TRPV4–Nox2 vs. Nox2-△4, n= 4–6 Petri dishes, *P= 0.0004;
one-way ANOVA, Dunnett’s multiple comparisons test; otherwise, no significant difference; NC negative control). b FRET results in aorta ECs
from ND, HFD, TRPV4 KO-ND, and TRPV4 KO-HFD mice pretreated with AAV-Flt1 vector, AAV-Flt1-Nox2, or AAV-Flt1-Nox2 mut (HFD, n= 8, *P <
0.0001 vs. AAV-Flt1 vector; TRPV4-KO HFD, n= 7, *P= 0.4607 vs. AAV-Flt1 vector; ND, n= 7, *P= 0.0379 vs. AAV-Flt1 vector; TRPV4-KO, n= 6,
P= 0.2590 vs. AAV-Flt1 vector. Student’s t test, Mann–Whitney test for ND, otherwise, Student’s t test, unpaired two-tailed t test). c GST pull-
down assay showed that TRPV4 physically interacts with Nox2, the mutation of Nox2 destroys the interaction. All data are the mean ± SEM.
△AR1-5 and △1-5, mutation at different binding sites of TRPV4 and Nox2; AAV-Flt1, endothelium-targeting adeno-associated virus.
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Fig. 5 Decreasing the TRPV4–Nox2 association lowers vascular permeability, while enhancing TRPV4–Nox2 association increases
vascular permeability. a, f, k, p, u Quantification of relative DCF fluorescence in arterial segments isolated from HFD and TRPV4 KO-HFD
mice after injection of AAV-Flt1 vector and AAV-Flt1-Nox2 mut (a, f) and from ND and TRPV4 KO-ND mice after injection of AAV-Flt1 vector,
AAV-Flt1-Nox2 and AAV-Flt1-Nox2 mut (k, p, u). (n= 6–7 mice, *P < 0.05 vs. AAV-Flt1 vector, Student’s t test, unpaired two-tailed t test,
otherwise, no significant difference). b, g, l, q, v Representative photomicrographs of rhodamine phalloidin staining in aortic ECs from
HFD and TRPV4 KO-HFD mice after injection of AAV-Flt1 vector and AAV-Flt1-Nox2 mut (b, g) and from ND and TRPV4 KO-ND mice after
injection of AAV-Flt1 vector, AAV-Flt1-Nox2 and AAV-Flt1-Nox2 mut (l, q, v). Scale bars, 100 μm. c, h, m, r, w Relative mRNA concentrations
of VE-cadherin and ICAM-1 in aortic ECs as in (a–u) (n= 4–9 mice; *P < 0.05 vs. AAV-Flt1 vector, Student’s t test, paired t test, otherwise,
no significant difference). d, i, n, s, x Relative intensity of FITC-dextran showing permeability of aortic ECs isolated from HFD and TRPV4
KO-HFD mice after injection of AAV-Flt1 vector and AAV-Flt1-Nox2 mut (d, i) and from ND and TRPV4 KO-ND mice after injection of AAV-
Flt1 vector, AAV-Flt1-Nox2 and AAV-Flt1-Nox2 mut (n, s, x) (n= 6 mice; *P < 0.05 vs. AAV-Flt1 vector, Student’s t test, upaired t test,
otherwise, no significant difference). e, j, o, t, y Relative content of Evans Blue per gram aorta from HFD and TRPV4 KO-HFD mice
after injection of AAV-Flt1 vector and AAV-Flt1-Nox2 mut (e, j) and from ND and TRPV4 KO-ND mice after injection of AAV-Flt1 vector,
AAV-Flt1-Nox2 and AAV-Flt1-Nox2 mut (o, t, y) (n= 3–6 mice; *P < 0.05 vs. AAV-Flt1 vector, Student’s t test, Paired t test, otherwise, no
significant difference). All data are shown as the mean ± SEM. AAV-Flt1-Nox2 mut, Nox2 mutant AAV with a mutated region in the Nox2
and TRPV4 binding domain.
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ECs (Fig. 6e). Moreover, treatment with M12 also increased VE-
cadherin and decreased ICAM-1 mRNA expression in obesity
(Fig. 6f), decreased the degree of FITC-dextran extravasation
(Fig. 6g), and improved excessive vascular permeability in the HFD
mouse aorta. However, in the ND model, M12 had no influence
(Supplementary Fig. S11). Further, we also performed experiments
to examine whether M12 has an effect on the function and
expression of TRPV4 or Nox2. The results of the immunoblotting
assay showed that M12 does not affect the expression of TRPV4 or
Nox2 (Supplementary Fig. S12a, b). Whole-cell patch clamp
indicated that M12 treatment hardly has effect on GSK-induced
whole-cell current (Supplementary Fig. S12c). CM-H2DCFDA
staining assay demonstrated that M12 treatment does not affect
Nox2-induced ROS production Supplementary Fig. S12d).
Together, these findings suggested that M12 alleviates oxidative
stress and decreases vascular permeability by interrupting over-
coupled endothelial TRPV4–Nox2 association in obesity, rather
than affecting the function and expression of TRPV4 or Nox2.

DISCUSSION
Previous studies have focused on the function of TRPV4 or Nox2
alone [4, 8]. However, few studies have explored the function of
TRPV4–Nox2 as a complex. In the present study, we used DIO mice
as a tool and showed that the physical association between TRPV4
and Nox2 is significantly increased in DIO mice, and this was
confirmed by co-IP and FRET assays. Then, with the GST pull-down
assay, we provided, for the first time, evidence that TRPV4
interacts directly with Nox2 in vitro.
It is well known that the production of ROS is regulated by Nox2

[41, 42]. And now, as previous studies have shown, the production
of ROS can also be regulated by TRPV4. Suresh et al. showed that
TRPV4-mediated the inward flow of calcium affects ROS production,
which is one of the causes of apoptosis during myocardial injury
[43]. Other reports have suggested that TRPV4 is involved in the
modulation of mitochondrial ROS production [7]. TRPV4 and Nox2
both play functional roles in regulating ROS generation. Also, our
data showed that obesity-enhanced ROS generation and vascular

Fig. 6 Decreasing the TRPV4–Nox2 association with M12 improves obesity-induced vascular permeability. a Immuno-FRET results from
HEK-293 cells transfected with Nox2 and TRPV4. Cells were pretreated with DMSO (0.1%), gambogic acid (1 μM), CB-839 (1 μM), L755507
(5 μM), entrectinib (10 nM), bohemine (1 μM), and M12 (10 nM) for 24 h (n= 7 Petri dishes; *P < 0.05 vs. wild-type control TRPV4–Nox2, one-way
ANOVA, Tukey’s multiple comparisons test). b Structural formula of M12. c Immuno-FRET results in HFD aortic ECs pretreated with or without
10 nM M12 for 24 h (n= 5, *P= 0.0025 vs. HFD, Student’s t test, unpaired two-tailed t test). d Representative images and quantification of
relative DCF fluorescence in arterial segments isolated from HFD mice pretreated with or without M12 (10 nM) for 24 h (n= 13, *P < 0.0001 vs.
HFD, Student’s t test, unpaired two-tailed t test, scale bars, 50 μm). e Representative photomicrographs of rhodamine phalloidin staining in
aortic ECs from HFD mice pretreated with or without M12 (10 nM) for 24 h (scale bars, 100 μm). f Relative mRNA concentrations of VE-cadherin
and ICAM-1 in aortic ECs from HFD mice (VE-cadherin, n= 6 mice; *P= 0.0188 vs. HFD; ICAM-1, n= 4; *P= 0.0107 vs. HFD, Student’s t test,
Paired t test). g FITC-dextran staining assays showing the relative permeability of aortic ECs from HFD mice (n= 3) pretreated with M12 (*P=
0.0204 vs. HFD, Student’s t test, paired t test). All data are shown as the mean ± SEM.
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permeability can be attenuated by TRPV4 and Nox2 inhibitor,
demonstrating the involvement of TRPV4 and Nox2 in regulating
oxidative stress and abnormal vascular permeability in obesity.
However, the involvement of the TRPV4–Nox2 interaction in this
regulation has seldom been reported. In this study, one of the most
important findings was that TRPV4–Nox2 interaction is involved in
regulating ROS generation and vascular permeability. Then, using
AAV, we demonstrated that interrupting the physical association
between TRPV4 and Nox2 can help reduce oxidative stress and
abnormal vascular permeability in obesity. We also provided
evidence that TRPV4 functionally associates with Nox2. In this way,
our results, in addition to supporting the findings of previous studies
[7, 43, 44], also provide a new mechanism that can explain the
vascular barrier disruption in obese mice. Because TRPV4 and Nox2
are widely expressed and are involved in regulating important
physiological functions [45–48], their systemic activation by drugs
often has serious side-effects. Based on these issues, it is urgent and
important to explore additional therapeutic modalities. Here, we
showed that TRPV4–Nox2 may be a potential therapeutic target for
excessive oxidative stress and vascular barrier disruption. Using DS
studio, another principal finding was that M12 significantly
decreased the excessive physical association between TRPV4 and
Nox2 in obesity without impairing their function and expression.
More importantly, M12 reversed the vascular barrier disruption
through modulating the TRPV4–Nox2 interaction.
However, the present study is subject to limitations. First, we

focused on the action of M12 on the TRPV4–Nox2 complex, while
the effects of M12 on other members of the NADPH oxidase family
remain to be further investigated. Second, although we found that
M12 regulated permeability, due to time constraints, we only
validated this effect at the cellular level, but not through an in-depth
study in mice. Third, although we have confirmed that TRPV4
physically and functionally associates with Nox2, it is unclear whether
this functional codependence had to occur through a physical
interaction. These issues are to be investigated in our follow-up.
In conclusion, our study suggests for the first time that TRPV4

physically and functionally associates with Nox2. The TRPV4–Nox2
complex is essential to modulate obesity-induced abnormal
vascular permeability. Obesity enhances the physical association
between TRPV4 and Nox2, which increases the generation of ROS.
Excessive oxidative stress disrupts cytoskeletal structure, alters the
levels of VE-cadherin and ICAM-1 expression, and finally impairs
vascular permeability. In this study, we provided novel evidence to
reveal the potential of TRPV4–Nox2 as an anti-oxidative stress
therapeutic target for abnormal vascular permeability and
identified a compound, M12, capable of targeting this complex,
providing a new concept for the development of new drugs with
fewer side-effects.
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