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a b s t r a c t

Laminar shear stress (LSS) triggers signals that ultimately result in atheroprotection and vasodilatation.
Early responses are related to the activation of specific signaling cascades. We investigated the partici-
pation of redox-mediated modifications and in particular the role of hydrogen peroxide (H2O2) in the
sulfenylation of redox-sensitive phosphatases. Exposure of vascular endothelial cells to short periods of
LSS (12 dyn/cm2) resulted in the generation of superoxide radical anion as detected by the formation of
2-hydroxyethidium by HPLC and its subsequent conversion to H2O2, which was corroborated by the
increase in the fluorescence of the specific peroxide sensor HyPer. By using biotinylated dimedone we
detected increased total protein sulfenylation in the bovine proteome, which was dependent on NADPH
oxidase 4 (NOX4)-mediated generation of peroxide. Mass spectrometry analysis allowed us to identify
the phosphatase SHP2 as a protein susceptible to sulfenylation under LSS. Given the dependence of FAK
activity on SHP2 function, we explored the role of FAK under LSS conditions. FAK activation and sub-
sequent endothelial NO synthase (eNOS) phosphorylation were promoted by LSS and both processes
were dependent on NOX4, as demonstrated in lung endothelial cells isolated from NOX4-null mice. These
results support the idea that LSS elicits redox-sensitive signal transduction responses involving NOX4-
dependent generation of hydrogen peroxide, SHP2 sulfenylation, and ulterior FAK-mediated eNOS acti-
vation.

& 2015 Elsevier Inc. All rights reserved.
Vascular tone can be rapidly and tightly regulated by stress
situations such as exercise or the need to immediately respond to
superimposed threats. This fast reaction is primarily under the
control of the central nervous system but also of local paracrine
regulation within the cellular components of the vascular wall.
C, bovine aortic endothelial
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Among the factors participating in the latter, nitric oxide (NO) is
considered to be critical because of its importance in maintaining a
vasodilatory basal tone and responding to changes in blood flow
on both short- and long-term bases. Blood flow generates shear
stress, which in itself is responsible for mechanotransducing ef-
fects resulting in specific biochemical and cellular signals. The
shear stress exerted against the vessel wall, either laminar or
turbulent, is determined by the type of flow. Laminar shear stress
(LSS)1 generally occurs in straight portions of the vessels and its
magnitude is in the range of 12–14 dyn/cm2[1]. LSS induces long-
term gene expression changes leading to atheroprotection [2].
Nevertheless, acute increases in LSS also induce short-term
membrane receptor-coupled protective responses, largely medi-
ated by eNOS activation and NO synthesis, which cannot be ex-
plained by transcriptional regulation, as they require other prompt
signaling mechanisms of activation such as phosphorylation. For
example, LSS has been reported to activate the PECAM1-mediated
cSrc signaling pathway by a series of successive phosphorylating
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events [3]. In the past few years a growing interest has been placed
on redox-dependent responses induced by LSS [4] and in this re-
gard hydrogen peroxide (H2O2) has been reported as the biological
messenger that mediates vasodilation in coronary arterioles after
exposure to flow [5]. Hydrogen peroxide has been proposed as the
hyperpolarizing factor in cGMP-independent vasorelaxation [6].
Several groups, including ours, have attempted to clarify the
sources and mechanisms of generation of H2O2 in endothelial cells,
as well as the downstream signaling induced by this molecule
[4,7–9]. NADPH oxidases, whose unique known function is to
produce ROS, are considered the major source of these ROS in the
vasculature [10]. Although NOX1 and NOX2 isoforms were de-
tected, we found that NOX4 was by far the most prevalent isoform
in endothelial cells [8]. Several reports point toward a protective
role of this enzyme. The absence of NOX4 in tamoxifen-inducible
NOX4� /� mice attenuates angiogenesis in the femoral artery li-
gation model, an effect rescued by low concentrations of H2O2[11].
Furthermore, overexpression of NOX4 mediates protection by
promoting EDHF-dependent vasodilatation, which is sufficient to
lower blood pressure systemically [12]. Finally, we have reported
that NOX4 favors NO production in endothelial cells exposed to
LSS [8]. Hence, mounting evidence supports the concept that en-
dogenous NOX4 protects the vasculature during ischemic or in-
flammatory stress [11].

One major mode of action of H2O2 is related to its capacity to
interact with protein thiols and modify the cellular nucleophilic
tone by promoting their cysteine oxidation. It can also induce the
formation of sulfenic (–SOH), sulfinic (–SO2H), and sulfonic acid
(–SO3H)-related moieties. Of these three, only the first is con-
sidered to play a physiological role [13,14]. Thiol oxidation to
sulfenates occurs in redox-sensitive proteins bearing low-pKa cy-
steines commonly located at catalytic or interaction domains, of-
ten resulting in altered signal transduction [15,16]. Because of its
transient nature, its characterization is generally elusive, and only
the recent incorporation of dimedone-based molecular tools has
allowed the precise identification of specific sulfenate-modified
cysteines [17,18]. With the aid of this methodology we now report
the NOX4-dependent sulfenylation of the tyrosine phosphatase
SHP2, which we believe is important for LSS-induced signaling
responses leading to eNOS activation.
1. Materials and methods

1.1. Mouse models

Nox4-null mice (NOX4�/�) were generated by targeted dele-
tion of the translation initiation site and exons 1 and 2 of the gene
(Genoway) [19]. DNA fragment constructs with exons 1 and 2 of
the Nox4 gene flanked by loxP sites and diphtheria toxin A and
neomycin cassettes were electroporated into 129 sv embryonic
stem cells, recombinant clones identified by PCR and Southern blot
analysis, and injected into C57BL/6 blastocysts. NOX4� /�animals
were obtained by intercrossing the progeny and were backcrossed
410 generations into a C57BL/6 background. Eight-week-old
NOX4� /� mice and age-matched wild-type mice were used in this
study.

1.2. Study approval

The animals were housed and bred following all established
regulatory standards, and all the experiments were performed in
accordance with the guidelines of the European Parliament and of
the European Council (Directive 2010/63/EU) “on the protection of
animals used for scientific purposes,” meeting the International
Guiding Principles for Biomedical Research Involving Animals, and
with the approval granted by the local ethics review board of the
Centro de Biología Molecular “Severo Ochoa.”

1.3. Cell culture

Bovine aortic endothelial cells (BAECs) were obtained from calf
aortas at a local slaughterhouse and cultured as described [20]. In
short, the aortas were subsequently washed with phosphate-buf-
fered saline (PBS) and cells isolated by collagenase-mediated en-
dothelial isolation. Cells were maintained in RPMI supplemented
with 10% FBS and 0.1% penicillin/streptomycin. C57BL/6 wild-type
and NOX4� /� mice (see above) were used to isolate mouse lung
endothelial cells (MLECs). MLEC isolation was performed as pre-
viously described [8]. Experiments were done at semiconfluence
between passages 2 and 7. Cells were starved overnight before the
experiments.

1.4. Reagents

PEG–SOD (C4963) and PEG–CAT (catalase; s9549), iodoaceta-
mide (IAM) (I1149), and N-ethylmaleimide (NEM) (E3876) were
purchased from Sigma. H2DCFDA (D-399) and dihydroethidium
(DHE) (D-23107) came from Life Technologies, DCP-Bio1 (dime-
done-B) (EE0021) was purchased from Kerafast, and PP2 (529573)
was from Calbiochem.

1.5. Plasmid constructions, silencer molecules, and quantitative real-
time PCR

Vector pHyPer-cyto (FP941) was purchased from Evrogen and
pSypher-cyto from Addgene (48250). Custom small interfering
RNA (siRNA) for NOX4 (5′-UCAUUCAAUCUAGAAAUUATT-3′–5′-
UAAUUUCUAGAUUGAAUGATT-3′) was designed using the “Sfold”
Web page (sfold.wadsworth.org). The best candidates were chosen
on the basis of a total score for siRNA duplex higher than 15 and
the sum of probabilities of unpaired target bases value higher than
13. Both siRNA molecules and their respective controls were ob-
tained from Ambion. For all transfection experiments, BAECs at
60% of confluence were transfected with Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA, USA) for 6 h and left to overexpress or si-
lence the corresponding protein for 48 h after the transfection.
RNA was isolated using TRIzol reagent (Invitrogen). cDNA synth-
esis was undertaken using an iScript cDNA synthesis kit (170–
8891, Bio-Rad). Quantitative real-time PCR was performed using a
C1000 Thermal Cycler CFX96 (Bio-Rad). The endogenous NOX4
cDNA was amplified by SYBR Green Supermix (172–5201, Bio-Rad)
using the following primers: forward primer 5′-ACTTTT-
CATTGGGCGTCCTC-3′; reverse primer 5′-TGCTGTGGACCCAGTTCT-
3′. GAPDH was used as the housekeeping gene.

1.6. Laminar shear stress induction

Laminar shear stress at 12 dyn/cm2 was generated by using a
“cone and plate” system as previously described [8,21]. In im-
munofluorescence experiments shear stress was generated by the
Ibidi pump system (Ibidi, Martinsried, Germany). Six-channel
μSlide0.4 multiwells were coated with 0.2% gelatin in PBS and 30 μl
of 9�105 cells/ml were seeded into each channel. After treat-
ments with probes, the cells were exposed to LSS with the cone
and plate or Ibidi system at 37 °C for the indicated times.

1.7. HPLC-based detection of superoxide

Detection of superoxide anion was carried out as previously
described [22]. Semiconfluent BAECs cultured in 60- mm-diameter
culture dishes were pretreated with 10 μM DHE for 2 h and



F.J. Sánchez-Gómez et al. / Free Radical Biology and Medicine 89 (2015) 419–430 421
exposed to LSS. Cells were harvested in 120 μl PBS, 0.1% Triton
X-100, and frozen at �80 °C overnight. One hundred microliters of
lysate was mixed with 250 μl of 100% butanol, vortexed for 1 min,
and centrifuged for 1 min at maximum speed, and the alcoholic
phase was recovered and dried. The extracted component was
resuspended in 50 μl of HPLC-grade water and injected into the
HPLC system (Alliance Separation Module 2695, Waters) into a
Mediterranea Sea18 HPLC column (Teknokroma, C18, 250�4.5). To
detect the two subproducts, 2-hydroxyethidium (2-OH-Eþ) and
ethidium (Eþ), elution was monitored at 490 nm of excitation and
567 nm of emission wavelength (Multi λ Fluorescence Detector
2475, Waters). A continuous gradient was applied to the column
and preequilibrated with buffer A (10% CH3CN/0.1% trifluoroacetic
acid (TFA)), and the elution was performed with continuous gra-
dient from 80% buffer A/20% buffer B (99.9% CH3CN/0.1% TFA) to
100% buffer B. The area under the peak detected for 2-OH-Eþ

(superoxide) was normalized by the protein concentration of each
sample (BCA, Pierce).

1.8. Cell oxidant state determination and H2O2 detection in en-
dothelial cells

To measure hydrogen peroxide formation semiconfluent BAECs
were starved overnight in RPMI without phenol red and pre-
treated or not with 20 units of PEG–CAT for 1 h where indicated.
Thirty minutes before the appropriate treatments, 10 μMH2DCFDA
was loaded onto the cells. BAECs were exposed to LSS for various
periods or treated with 100 μM H2O2 for 30 min as a positive
control. The cells were washed twice with ice-cold PBS and tryp-
sinized and the fluorescence of 15,000 cells was analyzed in a BD
FACSCalibur (Becton–Dickinson) cytometer at 530 nm. To specifi-
cally measure H2O2, 80% confluent BAECs seeded in a 0.2% gelatin-
precoated Ibidi μSlide0.4 multiwell plate were transfected with
pHyPer-cyto and pSypHer-cyto vectors. After 48 h of transfection,
the cells were preincubated with PEG–CAT for 1 h where in-
dicated. Cells were exposed to 12 dyn/cm2 LSS with the Ibidi
perfusion system for 15 min or H2O2 as positive control using a
temperature-controlled station coupled to an AF 6000 LX Leica
microscope and HCX PL APO 40� /1.25–0.75 Oil CS objective. Cell
fluorescence was detected at 405 nm excitation and 520 nm
emission and 494 nm excitation and 520 nm emission con-
secutively every 30 s for 15 min [23]. The quantification was car-
ried out with Fiji software. One region of interest (ROI) to the cell
(specific signal) and two ROIs surrounding the cell (background)
were defined for each cell and channel. The mean fluorescence
intensity of the two background ROIs was subtracted from the
fluorescence intensity of the ROI signaling of each cell and time
point, and the ratio between the signals obtained at 490 and
405 nm was calculated. To present the fluorescent signal in the
video images, the “16_color” look-up table was applied to the final
ratio signal.

1.9. In vitro and ex vivo immunofluorescence

The buffers used in in vitro immunofluorescence were deox-
ygenated as described below under Sulfenylated protein analysis.
Six-channel μSlide IV0.4 multiwells were coated with 0.2% gelatin
in PBS and 30 μl of 106 cells/ml was seeded into each channel.
Semiconfluent BAECs were starved overnight before LSS exposure.
The cells were preincubated with 20 units of PEG–CAT where in-
dicated and loaded with 50 μM dimedone-B. The cells were ex-
posed to 12 dyn/cm2 LSS with the Ibidi perfusion system for
15 min or treated with H2O2 as positive control in a temperature-
controlled station. After exposure to LSS and to the indicated
treatments, the cells were washed with ice-cold PBS, fixed for
15 min with 2% cold paraformaldehyde (PFA), and permeabilized
for another 15 min with 0.25% Triton X-100 in PBS, 100 mM IAM,
and 100 mM NEM. The cells were blocked with 3% BSA in PBS and
incubated with 1:200 anti-SHP2 primary antibody solution at 4 °C
overnight. Then the cells were incubated for 1 h at room tem-
perature with 1:200 anti-mouse-555 and streptavidin-488 solu-
tions. Fluorescence was detected with a Zeiss LSM 510 Meta con-
focal microscope. Images were analyzed with Fiji software. The
colocalization study of dimedone-B and SHP2 protein was carried
out with the Colocalization Highlighter Fiji plug-in. For ex vivo
aortic detection of sulfenylated cysteines, 8-week-old NOX4� /�

mice were anesthetized and perfused with 10 ml of sterile saline
solution, and their aortas were excised and fixed in 4% PFA for 4 h.
Using a stereomicroscope Leica MZ6, the fat and adventitia layers
were cleaned, the intercostal arteries were eliminated, and the
aorta was cut along the vessel. Vessels were permeabilized with
0.1% Triton X-100 for 4 h at 4 °C, blocked with donkey serum, and
incubated with 50 μM dimedone-B in 3% BSA in PBS for 2 h at
room temperature and with anti-PECAM-1 antibody solution
overnight at 4 °C. Aortas were mounted “en face” in coverslides
and fluorescence was detected with a Zeiss LSM 510 multiphoton
confocal microscope. For the quantification, the projection of all
confocal images of a field was obtained and the mean fluorescence
of 20 ROIs per projection was analyzed. This approach was carried
out for three images per aorta in aortas from nine wild-type or
NOX4� /� mice.

1.10. Western blot analysis

Endothelial cells were cultured to subconfluence, starved
overnight, and pretreated with 5 μM PP2 for 1 h as indicated and
exposed to LSS 12 dyn/cm2 for 15 min. Cells were washed with PBS
and harvested in “CHEES” lysis buffer (20 mM Hepes, 150 mM
NaCl, EDTA 5 mM, EGTA 5 mM, 2% SDS, 0.5% NP-40, 0.5% Triton
X-100, 0.5% sodium deoxycholate, 20 mM NaF, 20 mM Na2PO4,
200 mM sodium orthovanadate). Homogenates were centrifuged
at 12,000 rpm for 15 min at 4 °C and the protein concentration was
estimated by the BCA method (Thermo Scientific). Forty micro-
grams of protein samples was analyzed by SDS–PAGE and im-
munoblotted against anti-FAK (Sigma), anti-pFAK (Cell Signaling),
anti-eNOS (BD Transduction Laboratories), anti-peNOS (1177) (Cell
Signaling), anti-PRXs–SO3 (AB Frontier), anti-GAPDH–SO3 (AB
Frontier), anti-SHP2 (BD Transduction Laboratories), or anti-NOX4
[24]. Protein signals were quantified by densitometry using Scion
Image software and statistically analyzed with GraphPad Prism
5.0 software.

1.11. Sulfenylated protein analysis

Protein sulfenic form detection by SDS–PAGE was carried out as
described previously [17]. All buffers used for dimedone-B adduct
detection were prepared with boiled water and maintained in
negative pressure to be deoxygenated before being used. Deox-
ygenated dimedone-B lysis buffer (Tris, sodium deoxycholate, NP-
40, Triton X-100, protease inhibitor cocktail, NaF, Na2PO4, 200 mM
sodium orthovanadate, 100 mM NEM, 100 mM IAM) was prepared
just before use. Subconfluent endothelial cells starved overnight
were pretreated with 50 μM dimedone-B with or without PEG–
CAT for 1 h. Then the cells were exposed to 12 dyn/cm2 LSS for
15 min or 300 μM H2O2 for 30 min, extensively washed with
1�PBS and harvested in deoxygenated dimedone-B lysis buffer,
and centrifuged at 12,000 rpm for 15 min at 4 °C, and protein
concentration was quantified by BCA assay. To test general pro-
teome sulfenylation, 40 μg of protein from homogenates was
analyzed by SDS–PAGE, transferred onto nitrocellulose mem-
branes, blocked with 3% nonfat milk in TBS–Tween, and incubated
with infrared-labeled streptavidin (LI-COR system). Protein signals
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were quantified by Scion Image and statistically analyzed with
GraphPad Prism 5.0 software.

For sulfenylated protein pull-down purification, 200 μg of
protein homogenates was incubated overnight at 4 °C with 50 ml
of neutravidin beads (Thermo, Pierce), previously equilibrated
with deoxygenated PBS. After the incubation, the unbound frac-
tion was discarded and beads were washed extensively with
Fig. 1. Early detection of superoxide radical anion and H2O2 in endothelial cells exposed
by HPLC. Representative sections of chromatograms for 0, 3, 5, and 15 min of exposure
sponding to superoxide radical is marked with a black arrow. (B) BAECs were preincub
escence analyzed by HPLC. Bar graph represents superoxide radical detection after correc
transfected with 2 μg of pHyper-Cyto vector for 48 h, starved overnight, and exposed
exhibiting fluorescent signals after detection as stated under Materials and methods after
changes in the fluorescence intensity. (Bottom) Ratiometric measurements were calcula
were added (n¼4). Scale bar indicates 10 μm. *po0.05 vs control. Bar graphs represen
deoxygenated PBS and eluted in sample buffer (without re-
ductants) and boiled for 10 min at 95 °C. Eluted fractions were
analyzed by SDS–PAGE and Western blot against infrared-labeled
streptavidin and anti-SHP2.

For proteomic analysis, pull-down fractions were loaded onto a
polyacrylamide gel and concentrated at the stacking–running in-
terphase, excised, and processed as previously reported [25,26].
to LSS. (A) BAECs were preincubated with 10 μM DHE, exposed to LSS, and analyzed
with OH-ethidium (black) and ethidium (gray) peaks are shown. The peak corre-
ated with DHE or DHE and PEG–SOD and exposed to LSS for 3 min and the fluor-
tion by protein concentration and normalization (n¼3). (C) BAECs were transiently
to LSS and 100 μM H2O2, with or without PEG–CAT. (Top) Images represent cells
16_colors lookup table from Fiji software transformation to allow representation of

ted for each time point and cell. The black arrow indicates the time when reagents
t the mean7SEM for the indicated n.
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Bands were dehydrated with 100% acetonitrile, reduced with
10 mM dithiothreitol, alkylated with 54 mM IAM, and trypsinized.
The peptide mixture was extracted from the gel with 12 mM
ammonium bicarbonate, pH 8.8, and desalted with OMIX C18 tips
(Agilent). Samples were analyzed by LC–MS/MS with an Orbitrap
Elite Hybrid Ion Trap–Orbitrap mass spectrometer (Thermo Sci-
entific). Peptides were identified from the MS/MS spectra using
Sequest running under Proteome Discoverer 1.4 as described
[27,28].

1.12. Statistics

All data are presented as the mean7SEM. One-way ANOVA
was used when data adjusted to normality and homoscedasticity,
followed by post hoc Tukey′s test. When data did not adjust to a
normal distribution or the variances were different, nonparametric
tests were used to compare two conditions. A po0.05 was con-
sidered significant.
2. Results

2.1. Short-term exposures to LSS induce the generation of superoxide
radical anion and hydrogen peroxide in endothelial cells

We have previously described that LSS is able to generate hy-
drogen peroxide within signaling range levels [8]. Whereas the
formation of superoxide radical anion was detected, the temporal
course linking its formation to that of hydrogen peroxide had not
been characterized in detail. To clarify this issue, the generation of
superoxide was specifically analyzed using HPLC-based fluores-
cence detection of DHE products [29] including positive and ne-
gative controls for superoxide generation as described previously
[30,31]. A typical HPLC chromatogram shows the two peaks gen-
erated by the transformation of DHE to 2-OH-Eþ and Eþ , the first
one considered specific for superoxide generation (Supplementary
Fig. 1). The increase in 2-OH-Eþ production in response to cy-
closporin was abolished when cells were pretreated with Tiron, a
superoxide scavenger. Other superoxide generators such as DMNQ
also increased 2-OH-Eþ in a concentration-dependent fashion
(Supplementary Fig. 1A). In our model we observed a maximum
superoxide generation at 3 min of LSS exposure (Supplementary
Figs. 1B, 1C, and 1D and Fig. 1A) that decreases after 15 min. This
signal was abolished by PEG–SOD pretreatment (Fig. 1B). We
conclude that LSS induces superoxide production at very early
time points, as detectable by a very specific method. A wide range
of LSS exposure times showed that endothelial cells generated a
biphasic wave of superoxide (Supplementary Fig. 1D), with an
initial burst after 3 min and a second production peak at 1 h of LSS
exposure, consistent with our previous reported observations [8].

Because hydrogen peroxide, in contrast to the superoxide radical
anion, fulfills all the key requisites for being considered a signaling
molecule [32], we evaluated the cellular oxidant state index by using
H2DCFDA under the same conditions of LSS where we had detected
increased levels of superoxide radical anion. We observed an ex-
pected moderate but significant increase in fluorescence after 5 min
of LSS (Supplementary Fig. 2A), an observation compatible with the
potential dismutation of superoxide radical anion into hydrogen
peroxide as a contributing species to the increase in the aforemen-
tioned index. PEG–CAT pretreatment prevented the increase in
H2DCFDA-associated fluorescence, suggesting the participation of
H2O2 in this response (Supplementary Figs. 2A–2D). However, the
fact that the specificity of H2DCFDA is highly controversial [33,34]
prompted us to use a more sensitive and specific tool such as the
pHyper-cyto (pHyper) vector [23]. In endothelial cells transfected
with pHyper we detected a clear increase in the fluorescent signal
30s after exposure to LSS (Fig. 1C; Supplementary Time-Lapse Movies
1 and 2). As expected the response observed was lower than that
induced by H2O2 cell treatment (Fig. 1C; Supplementary Time-Lapse
Movie 3), supporting the signaling role of H2O2 promoted by LSS.
Pretreatment with PEG–CAT prevented and reduced the increase in
the signal induced by LSS and H2O2, respectively (Supplementary
Time-Lapse Movies 4 and 5). The fluorescence associated with
pHyper reached its peak between 1.5 and 2.5 min after the initiation
of LSS, time points at which superoxide presence had already been
detected. Given the fact that pHyper fluorescence may be sensitive to
pH variations [23,35] and the intracellular acidification induced by
LSS [36], we tested the fluorescence changes in the specifically pH-
sensitive pHyper C199S mutant, pSypHer-cyto, to exclude that pH
changes were accounting for the increased fluorescent signals. En-
dothelial cells transfected with the pSypHer-cyto vector exposed to
LSS showed a slight increase in fluorescence compared with BAECs
transfected with pHyper-cyto under the same conditions (Supple-
mentary Fig. 2E), indicating that the fluorescence detected with
pHyper reflects H2O2 generation in response to LSS. This close tem-
poral correlation between superoxide and hydrogen peroxide for-
mation suggests that this method is probably more suited to re-
flecting acute changes in the levels of these ROS. The fading of the
H2O2-derived signal is probably related to the transient nature of the
pHyper-related fluorescence, rather than to a decrease in the abun-
dance of H2O2, as data obtained with H2DCFDA suggest (Supple-
mentary Fig. 2A). We take these results to indicate that LSS generates
superoxide radical anion in endothelial cells, which is rapidly con-
verted into H2O2 at very early time points.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.freeradbiomed.2015.08.014.

2.2. LSS-mediated H2O2 generation increases the sulfenylation of the
endothelial proteome

To detect the presence of sulfenylated thiols in endothelial cells
exposed to LSS, cells were pretreated with dimedone-B and then
exposed to LSS or H2O2. In time-course experiments we observed a
significant increase in the dimedone-related streptavidin signal at
15 min of LSS exposure (Supplementary Fig. 3). Exposure to LSS
and treatments with H2O2 induced consistent changes in general
proteome sulfenylation (Fig. 2A and B). Interestingly, pretreatment
of cells with PEG–CAT prevented the sulfenylation of proteins,
supporting the role of H2O2 as the oxidizing species. Of notice, only
exogenous treatments with H2O2 promoted overoxidation of the
well-known redox sensors PRXs and GAPDH, whereas PEG–CAT
prevented this effect (Fig. 2A, bottom, and Supplementary Fig. 3).
In contrast, LSS induces the increase in hydrogen peroxide and
subsequent reversible protein sulfenylation at signaling range
concentrations, which appear to be unable to induce overoxidation
of PRXs. Nevertheless, the absence of proven linearity of biotiny-
lation as a means to accurately reflect sulfenylation at high con-
centrations of hydrogen peroxide poses a word of caution on the
establishment of close parallelisms between both approaches. This
effect on sulfenylation was also corroborated by cell immuno-
fluorescence, confirming the membrane permeability of the probe.
Endothelial cells exposed to LSS or treated with H2O2 exhibited
higher fluorescence intensity than control cells, and PEG–CAT
pretreatments significantly abrogated this increase (Fig. 2C). These
results confirm that LSS generates signaling levels of H2O2 that
result in detectable sulfenylation of endothelial proteins.

2.3. NOX4 mediates H2O2 generation in LSS

We have previously reported that NOX4 is the most abundant
NOX isoform in endothelial cells and that it plays a critical role in
LSS-induced responses [8]. Given the dual capacity of NOX4 to

http://dx.doi.org/10.1016/j.freeradbiomed.2015.08.014


Fig. 2. LSS-induced H2O2 increases global sulfenylation of the endothelial proteome. (A) BAECs were preincubated or not with PEG–CAT, exposed to dimedone-B for 1 h, and
treated with H2O2 or LSS. General proteome sulfenylation and GAPDH and PRX overoxidation were analyzed byWestern blot. (B) Bar graph represents the mean7SEM of the
densitometric quantification of bands corresponding to sulfenylated proteins and normalized to control samples (n¼4). *po0.05 vs control. (C) Endothelial cells were
seeded onto six-channel μSlide IV0.4 multiwells, pretreated with or without PEG–CAT, incubated with dimedone-B for 1 h, and treated with H2O2 or exposed to LSS in the
Ibidi flow generator for 15 min. Representative fluorescence images for sulfenylated proteins are shown.
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generate both superoxide radical anion and hydrogen peroxide
[29,37] we evaluated its role in superoxide production after
knocking down NOX4 in endothelial cells (Supplementary Figs. 4A
and 4B). In HPLC-based superoxide detection experiments we
observed that silencing of NOX4 in endothelial cells decreased
superoxide production after 3 min of LSS (Fig. 3A). The cellular
oxidant state index as reflected by H2DCFDA fluorescence in LSS-
treated endothelial cells was also reduced to control levels under
this condition (Fig. 3B). This indicates that endothelial cells pro-
duce ROS in a NOX4-dependent manner in response to LSS. Hence
we tested if protein sulfenylation could also be regulated by NOX4.
NOX4 abrogation was associated with a significant decrease in
LSS-dependent endothelial protein sulfenylation (Fig. 3C).These
results indicate that NOX4 is crucial for peroxide-dependent early
protein sulfenylation in endothelial cells exposed to LSS.

2.4. The tyrosine phosphatase SHP2 is sulfenylated by LSS-induced
H2O2 production

Phosphatases are among the proteins that are well known to
become modified by sulfenylation [38–41] and as a consequence of
this modification they regulate several signal transduction path-
ways [42]. To gain insight into the nature of specific redox-sensi-
tive sulfenylated phosphatases in endothelial cells subjected to LSS
we employed mass spectrometry. The tryptic peptides obtained
from purified fractions of sulfenylated protein were analyzed by
ESI–LC–MS/MS and scanned for bovine proteins. We identified 449
proteins in the extracts; some of them were present in LSS and/or
H2O2-treated samples but not in control ones (Supplementary
Table 1). SHP2 (PTPN11) was identified among the subset of
modified proteins that were detected only after LSS or H2O2
treatments (Fig. 4A). The sulfenic oxidation of SHP2 under these
conditions was confirmed by Western blot of the purified frac-
tions, which demonstrated an increase in the streptavidin-asso-
ciated signal of endothelial cells exposed to LSS or treated with
H2O2 (Fig. 4B). This effect was prevented by pretreating cells with
PEG–CAT, attesting to the role of LSS-generated H2O2 in SHP2
sulfenylation. Confocal microscope experiments revealed an in-
creased signal in biotinylated dimedone-B and SHP2 in LSS and
H2O2-treated endothelial cells with apparent de novo plasma
membrane colocalization indicated with red arrows, more visible
with LSS and H2O2 (Fig. 4C). The role of NOX4 in LSS-mediated
sulfenylation of SHP2 was confirmed by the abrogation of the
biotinylated SHP2 signal increase in NOX4-silenced endothelial
cells subjected to LSS (Fig. 4D). We take these data to indicate that
NOX4-mediated H2O2 generation is necessary for SHP2 sulfenyla-
tion and promotes its occurrence with a topology compatible with
plasma membrane localization.

2.5. NOX4 modulates the upstream signaling cascade of LSS-induced
eNOS activation

SHP2 has been reported to regulate FAK activation in breast
tumor epithelial cells, inducing cell migration and lamellipodia
formation [43]. Furthermore, direct interaction between SHP2 and
FAK contributing to the regulation of its phosphorylation state has
been described, reporting that a SHP2-negative dominant mutant
was unable to reproduce FAK dephosphorylation induced under
ephrin stimulation [44]. FAK has been shown to regulate NO-
mediated flow-induced vasodilation, and direct inhibition of FAK
was able to blunt this response [45]. In this study we demon-
strated that FAK inhibition abrogated FAK phosphorylation and



Fig. 3. Role of NOX4 in ROS production and proteome sulfenylation. Endothelial cells were transfected with NOX4 siRNA (siNOX4) or control siRNA (siControl) for 48 h and
then starved overnight. (A) BAECs were preincubated with DHE and exposed to 3 min of LSS and superoxide production was determined by HPLC. Bar graph depict the
mean7SEM of DHE fluorescence (n¼5), *po0.05 vs control. (B) Cells were preincubated with H2DCFDA and exposed for 5 min to LSS and cell fluorescence was analyzed by
flow cytometry. Bar graph depicts the mean7SEM of H2DCFDA fluorescence (n¼3), *po0.05 vs control. A representative experiment is shown on the right. (C) Cells were
preincubated with dimedone-B and exposed to 15 min of LSS. Sulfenylated proteins were purified from total protein homogenates by avidin-based pull-down assay, and
samples and purified fractions were analyzed by SDS–PAGE. Lower blot under whole lysates depicts β-actin as the corresponding loading control. Shown on the left is a
representative blot from n¼3. The bar graph on the right depicts the mean7SEM of the densitometric analysis of the HRP–streptavidin signal from the whole-protein
lysates (n¼3), *po0.05 vs control.
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concomitantly eNOS activation (Fig. 5A). To confirm that this effect
was dependent on NOX4, MLECs obtained from wild-type and
NOX4� /� mice were exposed to LSS. Endothelial cells from
NOX4� /� animals failed to exhibit pFAK and peNOS increased le-
vels after short-term exposures to LSS (Fig. 5B), suggesting that
NOX4-mediated ROS production is necessary and sufficient to
promote LSS-mediated eNOS activation. This provides direct evi-
dence for the role of NOX4 as an upstream key player in the sig-
naling cascade of LSS-dependent eNOS activation and indirectly
indicates a potential role for SHP2 sulfenylation. We next eval-
uated if NOX4 could be modulating protein sulfenylation in vas-
cular tissue by en face dimedone-B endothelial staining. Protein
sulfenylation was clearly higher in endothelial layers from WT
mice than in those from NOX4� /� mice (Fig. 5C and Supplemen-
tary Fig. 5). The location of the dimedone-B signal was coincident
with the PECAM1 signal, suggesting that the dimedone-B signal is
circumscribed to the endothelial layer as the muscle layer did not
exhibit signals of either dimedone-B or PECAM1. It is noteworthy
that the levels of eNOS phosphorylation were significantly reduced
in arteries from NOX4�/� mice, thus supporting a close correlation
between NOX4 presence and eNOS activation (Fig. 5D). Overall, we
take these data to support the importance of NOX4-mediated
protein sulfenylation, including that of SHP2, in eNOS activation
under LSS conditions.
3. Discussion

The regulation of vascular tone is a complex process involving
both long- and short-term mechanisms and responses. Blood flow
elicits both types of temporal homeostatic adaptations as a result
of its ability to trigger immediate receptor-coupled signaling cas-
cades and to promote specific transcriptional programs. Well-
known examples are the ability of shear stress to induce p38-
MAPK activation after 1 h in a ROS-dependent manner [8] or the
capacity of epidermal growth factor (EGF) to induce short-term
phosphorylation and activation of PRX proteins in rat smooth
muscle cells [16]. It is accepted that LSS is generally ather-
oprotective [2,46], whereas turbulent or oscillatory SS induces the
expression of proinflammatory mediators, which favor ather-
ogenesis [47]. We have previously described the importance of
redox-mediated early responses to LSS [7,8], but we now report
that a very relevant part of LSS-induced redox responses in the
endothelium is germane to the capacity of NOX4 to promote the
specific reversible oxidation of proteins. Furthermore we provide
evidence for LSS-associated sulfenylation of SHP2 and we propose
that LSS-mediated generation of peroxide ultimately results in FAK
phosphorylation and eNOS activation in blood vessels.

One major challenge in the field of redox signaling and cardi-
ovascular responses is the difficulty in characterizing the nature of
the ROS involved and in specifically demonstrating their physio-
logical role by identifying appropriate targets within signaling
pathways. We have approached the first problem by using avail-
able methods that may unambiguously define which kind of ROS
is being generated. In this regard, the use of HPLC-based super-
oxide radical determination and HyPer-based peroxide fluores-
cence detection allowed us to establish a temporal response pat-
tern to LSS by which superoxide generation takes place at very
early stages and precedes by a short interval the formation of
hydrogen peroxide. This is consistent with a model whereby dis-
mutation of superoxide would account for the majority of peroxide
production [37]. Importantly, from a physiological standpoint,



Fig. 4. LSS induces NOX4-dependent SHP2 sulfenylation. (A) Extracted ion-chromatogram traces of selected fragments from the peptide IQNTGDYYDLYGGEK belonging to
SHP2 in the samples containing sulfenylated proteins after LSS or H2O2 treatment or without treatment (control). Fragments from the y-series are labeled over the cor-
responding peak. Inset: MS/MS spectrum from the peptide at 54.32 min in the LSS-treated sample. (B) The blot (left) shows the streptavidin signals after pull down from
protein samples of endothelial cells pretreated with dimedone-B, with or without PEG–CAT, and treated with H2O2 or exposed to LSS. The lower blot corresponds to a
representative immunoblot for SHP2 and the bar graph shows the densitometric quantification of the signal from three independent experiments (mean7SEM, n¼3).
(C) Endothelial cells were pretreated with dimedone-B for 1 h and then treated with H2O2 or exposed to LSS in the Ibidi flow generator for 15 min. Representative fluor-
escence images for sulfenylated proteins and SHP2 are shown. The colocalization of cysteine sulfenylation and SHP2 is shown on the right highlighted in white pixels and
indicated with red arrows, using the highlighter Fiji plug-in. (D) After siRNA treatments (control or NOX4) for 48 h, BAECs were preincubated with dimedone-B and exposed
to 15 min of LSS. Sulfenylated proteins were purified from total lysates by avidin-based pull-down assay and analyzed by SDS–PAGE and immunoblotted for SHP2 (left).
Lower blot under whole lysates depicts β-actin as the corresponding loading control. The bar graph (right) represents densitometric quantifications from three independent
experiments (mean7SEM) normalized to whole-lysate control samples, *po0.05 vs control.
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hydrogen peroxide, rather than the superoxide radical anion, ful-
fills all the necessary criteria to be considered a second messenger
[32], and a significant amount of evidence attests to its vasodila-
tory role in the vascular wall [6,8,48–50]. In this work, the de-
crement in ROS production induced by a permeative peroxide
scavenger such as PEG–CAT clearly points to the production of
H2O2 after LSS exposure. Moreover, the results obtained in cells
with the pHyper vector and its correspondent pH sensor control,
pSypHer, together with correlative changes in the presence of
reduced or suppressed levels of NOX4 are definitely compatible
with the role of peroxide as a physiological activator of vasodila-
tion. We were able to identify a member of the protein tyrosine
phosphatase (PTP) family as a target for NOX4-dependent per-
oxide-mediated sulfenylation under conditions of LSS. MS studies
allowed us to spot SHP2 among the proteins specifically sulfeny-
lated after treatment with LSS, which in contrast was unable to
overoxidize exquisite peroxide sensors such as PRXs or GAPDH.
This result is consistent with the generation of peroxide within
signaling levels, rather than within toxic or pharmacological
concentrations. Included in the group of redox-sensitive proteins,
PTPs represent key players in signal regulation. PTPs bear a specific
signature motif, HC(X)5R(S/T), which provides a unique environ-
ment for the catalytic Cys residue to achieve a low pKa favored by
the conserved Arg residue [51]. Hence the Cys residue behaves as a
good nucleophile at neutral pH but also is highly susceptible to
oxidation [52]. Even though the structure–function relationships
of redox-sensitive thiols present in PTPs have been the object of
extensive study [53,54], current consensus in the field supports
that reaction of phosphatases with peroxide are not kinetically
favored compared to professional redox sensors such as PRXs or
endogenous intracellular antioxidants present at high concentra-
tions, such as glutathione [55]. Nevertheless, recent evidence al-
lows one to reconcile views combining an immediate reaction
between peroxide and PRXs, while still allowing ulterior oxidative
modifications of redox-sensitive proteins mediated by second-or-
der reactions [16]. Hence, it would be eventually possible that
SHP2 suffers reversible sulfenylation after exposure to low con-
centrations of peroxide, even in the presence of PRXs and



Fig. 5. NOX4 role in LSS-induced signaling and ex vivo oxidation. (A) After overnight serum deprivation, BAECs were pretreated or not with the FAK chemical inhibitor PP2
for 1 h and exposed to LSS for 15 min. Shown on the left is a representative immunoblot for FAK and eNOS using phospho-specific or total protein antibodies. Bar graphs on
the right depict densitometric quantifications of pFAK and peNOS protein levels, mean7SEM, n¼3, after respective corrections by total protein and normalized to control
conditions (Ct, vehicle in the absence of LSS), *po0.05 vs control. (B) After overnight serum deprivation, MLECs isolated from either wild-type (WT) or NOX4-null mice
(NOX4�/�) were exposed to LSS for 15 min and harvested and FAK and eNOS phosphorylation was analyzed by immunoblot (representative result is shown on the left). Bar
graphs represent the mean7SEM of densitometric quantifications from three independent experiments after normalization to control conditions (WT, no LSS), *po0.05 vs
WT control. (C) WT and NOX4�/� mice were anesthetized and perfused with saline solution. The descending portion of the thoracic aorta was dissected. Images from aortas
incubated en face with dimedone-B and anti-PECAM1 to select endothelial staining are shown (n¼8 or 9). White arrows indicate the muscular layer without PECAM1 or
dimedone-B signal and perpendicular orientation of the nuclei compared to endothelial layer. Bar graph on the right represents quantification of the dimedone-B signal from
20 regions of interest per image and three images per aorta after normalization to WT, *po0.05 vs WT. (D) Blot depicts a representative result of protein levels of phospho
and total eNOS from MLECs isolated from WT or NOX4� /� mice. Bar graph on the right represents densitometric quantification of five experiments, mean7SEM after
correction by total eNOS protein content and normalized to WT samples (n¼5), *po0.05 vs WT.
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glutathione. Indeed, the proximity of a peroxide source, such as
NOX2, to SHP2 significantly favors its sulfenylation after formation
of a complex with the EGF receptor as recently reported [56]. It is
conceivable that NOX4 could operate in the vicinity of SHP2 under
LSS, thus promoting its sulfenylation in a similar fashion. Although
our work did not identify the specific peptide including Cys459 of
SHP2, which is considered the catalytic one [57], presumably
owing to the low protein coverage and the low fragmentation/
identification efficiency of biotinylated peptides, it is highly likely
that this is the residue involved given its previously reported role
as a target for peroxide-induced sulfenylation [15,57]. Importantly,
other limitations of this work are related to the difficulty of pro-
viding the precise stoichiometry of SHP2 sulfenylation under LSS.
Aside from its transient nature, sulfenylation is an oxidative
modification that only recently has been approached from a
quantitative standpoint [58,59]. Emerging methodologies
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involving photolytic cleavage of biotin from the sulfenylated cy-
steines tagged with a cell-permeative alkyne dimedone analog
[60] may potentially allow us to perform quantitative analysis of
the sulfenylated proteome.

The NOX family of enzymes has been the object of increasing
attention in the cardiovascular field in recent years [11,61–63]. In
particular, several studies have highlighted the potential protective
and vasodilatory role of NOX4 [8,12,64]. Results herein reported
add a new angle to this notion by demonstrating its requirement
for LSS-induced redox-dependent SHP2 sulfenylation and down-
stream FAK–eNOS activation. Previous studies have documented
the interaction of SHP2 and FAK, by which inactivation of SHP2
eventually leads to FAK phosphorylation and activation [65]. Fur-
thermore, the participation of SHP2 in the signalosome associated
with fluid shear stress-dependent activation of eNOS has been
previously reported, as well as the capacity of peroxide to in-
activate SHP2 in endothelial cells [66]. LSS-mediated inactivation
of SHP2 has been also described to be dependent on its catalytic
cysteine [67]. Additionally, SHP2 can act as a protein adaptor in-
dependent of the phosphatase activity, even in the presence of
high concentrations of H2O2, thus adding to the complexity of the
role of this protein in signaling cascades [68]. FAK has been re-
ported to be critical in the pathway leading to flow-induced cor-
onary vasodilatation [45]. We now describe a mechanism of flow-
related FAK activation of eNOS that involves previous inactivation
of an upstream tyrosine phosphatase, SHP2. However, the causa-
tive link between SHP2 sulfenylation and FAK activation remains
to be approached in further work. The role of NOX4 in vascular
function has gained increasing attention during the past years.
Nevertheless although we are unaware of studies formally testing
the role of NOX4 in flow-mediated vasodilatation using loss-of-
function approaches, the prevailing concept is that of NOX4-
mediated vascular and endothelial protection. For example,
Schröder et al. [11] demonstrated that NOX4 deficiency promotes
inflammation and endothelial dysfunction. Furthermore, Ray et al.
[12] reported that transgenic mice overexpressing NOX4 presented
enhanced endothelium-dependent relaxation. Finally, studies in
endothelial-specific transgenic NOX4 mice showed a catalase-
sensitive increase in eNOS serine 1177 phosphorylation and a re-
duction in angiotensin II-induced contraction in mouse aorta [69].
Our data are consistent with a model in which LSS activates NOX4-
dependent ROS generation promoting subsequent SHP2 oxidation
by sulfenylation and downstream FAK and eNOS phosphorylation
and activation (please see graphical abstract). This eNOS regula-
tion is in accordance with results in which NOX4 transgenic mice
presented increased activation of eNOS and improved vascular
function against hypertensive stimuli [12]. However, although the
predominant presence of NOX4 versus other isoforms in BAECs
and the data related to loss of function of this enzyme herein
presented strongly support its role in peroxide production after
LSS, we cannot completely exclude the participation of other NOXs
[70]. Of interest, in experiments performed in endothelial cells to
verify the contribution of NOX1, NOX2, and NOX4 to LSS-induced
redox-mediated signaling, only the deficiency of NOX4 proved to
be involved [76]. However, the fact that these experiments and
those depicted in Fig. 5 supporting the role of NOX4 in flow-
mediated vasodilation were done in MLECs, an endothelial cell
type arising from a different vascular bed and from a different
species, should always be kept in mind. The use of micro-
vasculature from null mice to study the effects observed in mac-
rovasculature has been reported previously by us and others
[8,71–73]. The combination in the same study of BAECs and in vivo
endothelial experiments has been also reported [74,75]. Hence, we
believe that, even though caution should always preside inter-
pretation when different endothelial models are used, several data
argue in favor of the use of MLECs as a means to test in genetic
models the validity of results obtained in other endothelial cell
types in culture.

The present work is the first report to our knowledge to de-
monstrate SHP2 cysteine sulfenylation in the endothelium under
LSS. Studies performed in the whole vascular wall are consistent
with protein oxidation only within the endothelial layer, sup-
porting the role of redox regulation in this cell type. However,
further studies will be needed to specifically map the topology of
these signaling interactions in vascular endothelial cells.
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