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Abstract
Previous studies have shown that acute increases in oxidative stress induced by the addition of
hydrogen peroxide (H2O2) can increase endothelial nitric oxide synthase (eNOS) catalytic activity
via an increase in the phosphorylation of eNOS at serine 1177. However, it is unclear how
increased H2O2 affects nitric oxide (NO) signaling when endothelial cells are exposed to
biomechanical forces. Thus, the purpose of this study was to evaluate the acute effects of H2O2 on
NO signaling in the presence or absence of laminar shear stress. We found that acute sustained
increases in cellular H2O2 levels in bovine aortic endothelial cells did not alter basal NO
generation but the NO produced in response to shear stress was significantly increased. This
amplification in NO signaling was found to correlate with an H2O2-induced increase in eNOS
localized to the plasma membrane and an increase in total caveolin-1 protein levels. We further
demonstrated that overexpressing caveolin-1 increased eNOS localized to the plasma membrane
again without altering total eNOS protein levels. We also found that caveolin-1 overexpression
increased NO generation in response to shear stress but only in the presence of H2O2. Conversely,
depleting caveolin-1 with an siRNA decreased eNOS localized to the plasma membrane and
abolished the enhanced NO generation. Finally, we found that expressing a caveolin-1 binding-site
deletion mutant of eNOS in COS-7 cells decreased its plasma membrane localization and resulted
in attenuated NO production in response to calcium activation. In conclusion, we have identified a
new role for caveolin-1 in enhancing eNOS trafficking to the plasma membrane that seems to be
involved in priming eNOS for flow-mediated activation under conditions of oxidative stress. To
our knowledge, this is the first report that H2O2 modulates eNOS activity by altering its
subcellular location and that caveolin-1 can play a stimulatory role in NO signaling.
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Endothelial nitric oxide synthase (eNOS) produces the endothelium-derived relaxing factor
nitric oxide (NO) and plays important roles in maintaining normal vascular function [1–3].
Recent studies have shown that oxidative stress can have multiple effects on NO signaling.
Studies have shown that adding H2O2 to endothelial cells (EC) rapidly activates eNOS by
PI3-kinase–Akt-mediated phosphorylation of Ser1177 on eNOS [4,5]. Prolonged exposure
of EC to H2O2 increases eNOS expression by induction of gene transcription or an increase
in mRNA half-life [6,7]. Conversely, studies have also shown that H2O2 can decrease eNOS
activity [8] and eNOS transcription through the attenuation of the activities of the
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transcription factors AP-1 [9] and Sp1 [10]. These contrasting effects seem to be due to
differences in antioxidant enzyme activity [9,10]. In addition, accumulating evidence
indicates that the enzymatic activity of eNOS within the endothelial cell is dependent on its
intracellular distribution [11,12].

It has been shown that eNOS is compartmentalized within the cell predominantly to the
plasma membrane [13,14]. However, eNOS is also found in the Golgi apparatus, cytosol,
cytoskeleton, and even the nucleus [15,16]. Moreover, the subcellular localization of eNOS
seems to directly affect its activity. Summarizing the hierarchy of eNOS activity in the
various cell compartments, based on experimental data garnered from fraction studies and
live-cell imaging, Oess and co-workers suggest that eNOS is most active on the plasma
membrane, is moderately active in the Golgi, has low activity in the cytosol and
cytoskeleton, and is least active in the nucleus [11].

However, most of the prior studies that have investigated the role of oxidative stress on
endothelial cells have done so under static culture conditions; despite the fact that in vivo,
the vascular endothelium is constantly exposed to biomechanical forces such as stretch,
pressure, and shear stress [17,18]. Because vascular endothelial cells are in direct contact
with blood flow and are constantly exposed to shear stress [17–19], studying the effects of
oxidative stress induced by H2O2 on NO signaling when EC are exposed to biomechanical
forces, such as shear stress, would better mimic the in vivo setting and may allow more
physiologically relevant insights into the events involved in regulating NO signaling. Thus,
the purpose of this study was to compare the acute effects of oxidative stress (induced by
increasing the cellular levels of H2O2) on NO signaling in the presence and absence of
biomechanical forces (mimicked by the addition of laminar shear stress). Our data indicate
that sustained acute effects of increased H2O2 lead to enhanced NO signaling only in the
presence of laminar shear stress, suggesting that H2O2 primes eNOS for flow-mediated
activation. In addition, our data indicate that the enhanced NO signaling in the presence of
both H2O2 and shear stress is dependent on a caveolin-1-mediated increase in eNOS
trafficking to the plasma membrane. Together our data suggest that oxidative stress
modulates eNOS activity by altering its subcellular location and that, in addition to its well-
characterized inhibitory role on NO signaling, caveolin-1 can play a stimulatory role by
enhancing eNOS localization to the plasma membrane where eNOS seems to be at its most
active [11].

Materials and methods
Cell culture

Primary cultures of bovine aortic endothelial cells (BAEC) were maintained in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum (Hyclone, Logan, UT,
USA), antibiotics, and antimycotics (MediaTech, Herndon, VA, USA) at 37 °C in a
humidified atmosphere of 5% CO2–95% air. Cells were used between passages 3 and 10,
seeded at ~50% confluence, and utilized when fully confluent. COS-7 cells were cultured
and maintained in the same constituent medium but with a higher glucose concentration (4.5
g/L glucose).

Exposure of bovine aortic endothelial cells to H2O2

To generate H2O2, BAEC were exposed to glucose oxidase (GOx; Calbiochem, San Diego,
CA, USA) to a final concentration of 5 units/ml. The chemical reaction is as follows:
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The level of H2O2 exposure was estimated using dichlorofluorescin diacetate (DCF-DA)
fluorescence. Briefly, BAEC were preincubated with DCF-DA (20 μm) for 15 min and
washed with warm PBS twice, the medium was then changed, and the cells exposed or not
to GOx. Changes in DCF-DA fluorescence were then measured (0, 15, 30, 45, 60 min) using
a fluorescence plate reader (Fluoroskan Ascent FL; Thermo Electron Corp., Waltham, MA,
USA) at excitation 485 nm and emission 538 nm. A standard curve was generated by the
DCF-DA fluorescence obtained using known concentrations of H2O2 (Rite Aid Pharmacy,
Camp Hill, PA, USA). The fluorescence readings generated in BAEC exposed to GOx were
then converted to concentrations of H2O2 by plotting the fluorescence units to this standard
curve. We also used the Amplex red peroxide assay (Molecular Probes, Invitrogen, Eugene,
OR, USA) to corroborate the amount of bona fide H2O2 produced by GOx. Briefly, BAEC
were cultured in phenol red-free medium and exposed or not to GOx for 0, 15, 30, 45, or 60
min, and the culture medium or standards (dilutions of known concentrations of H2O2) were
incubated with Amplex red, and the fluorescence was quantified using excitation 540 nm
and emission 590 nm. The fluorescence units were then converted to concentrations of H2O2
using the standard curve.

Shear stress
BAEC were treated or not with GOx or 50 μM H2O2 for the indicated times. Laminar shear
stress was applied using a cone-plate viscometer that accepts six-well tissue culture plates,
as described previously [4,43,44]. This method achieves laminar flow rates that represent
physiological levels of laminar shear stress in the major human arteries, which is in the
range of 5–20 dyn/cm2 [20], with localized increases to 30–100 dyn/cm2.

Detection of NOx

NOx levels in the cell culture media were measured using an NO-sensitive electrode with a
2-mm-diameter tip connected to an Apollo 4000 free radical analyzer (ISO-NOP; WPI, Inc.,
Sarasota, FL, USA) as described [21]. Briefly, the electrode was calibrated by adding serial
dilutions of KNO2 to an assay buffer (0.1 M H2SO4+0.1 M KI) to generate a standard curve.
Molar concentrations of NOx were estimated using the standard curve.

Plasma membrane isolation
Plasma membrane was isolated from cells using the Mem-PER Eukaryotic Membrane
Protein Extraction Reagent Kit (Pierce, Rockford, IL, USA) according to the manufacturer's
protocol and as we have previously described [22]. Briefly, 5×106 cells were pelleted by
centrifugation and then lysed with Reagent A followed by incubation with (1:2) Reagents B
and C. The supernatant obtained by centrifugation at 10,000×g for 3 min was incubated at
37 °C for 20 min to separate the membrane protein fraction. The tubes were centrifuged at
10,000 g for 2 min and the hydrophobic phase (bottom layer) was carefully separated from
the hydrophilic phase (top layer). The hydrophobic phase contained the plasma membrane
fraction. The membrane proteins were subsequently purified using the SDS–PAGE Sample
Prep Kit (Pierce) to eliminate excessive detergent and the protein concentrations determined
using the BCA (Pierce) method to ensure equal loading in the subsequent analyses.

Immunoprecipitation and Western blotting
BAEC were solubilized with a lysis buffer containing 1% Triton X-100, 20 mM Tris, pH
7.4, 100 mM NaCl, 1 mM EDTA, 1% sodium deoxycholate, 0.1% SDS, and protease
inhibitor cocktail (Pierce). Insoluble proteins were precipitated by centrifugation at 13,000
rpm for 10 min at 4 °C, and the supernatants were then incubated overnight with an anti-
caveolin-1 antibody (2 μg; BD Transduction Laboratories, San Jose, CA, USA) at 4 °C
followed by incubation in protein G plus protein A–Sepharose (Calbiochem) for 2 h. The
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immune complexes were precipitated by centrifugation, washed three times with lysis
buffer, boiled in SDS sample buffer, and subjected to SDS–PAGE on 4–12%
polyacrylamide gels and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA,
USA). The membranes were blocked with 2% BSA in Tris-buffered saline containing 0.1%
Tween. Protein bands were visualized by exposing the membrane to Supersignal West
Femto Maximum Sensitivity Substrate (Pierce) and quantified using a Kodak Image Station
440. The monoclonal antibodies directed against phospho-Ser1177 eNOS, phospho-Thr495
eNOS, eNOS, caveolin-1, and β-actin were obtained from BD Transduction Laboratories.
The antibodies against phospho-Akt (Ser473) and Akt were from Cell Signaling (Boston,
MA, USA).

Real-time RT-PCR analysis
Real-time RT-PCR was employed to evaluate changes in the levels of caveolin-1 mRNA in
response to H2O2. Primers were designed by Primer 3. The sequences were caveolin-1
forward, 5′-AGCCCAACAA CAAGGCTATG-3′, and reverse, 5′-
GATGCCATCGAAACTGTGTG-3′; β-actin forward, 5′-
CTCTTCCAGCCTTCCTTCCT-3′, and reverse, 5′-GGGCAGTGATCTCTTTCTGC-3′.
Real-time RT-PCR was carried out in two steps. First, total RNA was extracted from cells
using the RNeasy kit (Qiagen, Valencia, CA, USA), and 1 μg of total RNA was reverse-
transcribed using the QuantiTect Reverse Transcription Kit (Qiagen) in a total volume of 20
μl. Quantitative real-time PCR was conducted on an Mx4000 (Stratagene, La Jolla, CA,
USA), using 2 μl of RT product, 12.5 μl of QuantiTect SYBR Green PCR Master Mix
(Qiagen), and primers (400 nM) in a total volume of 25 μl. The following thermo-cycling
conditions were employed: 95 °C for 10 min, followed by 95 °C for 30 s, 55 °C for 60 s, and
72 °C 30 s for 45 cycles. The threshold cycles (Ct) of a serially diluted control sample were
plotted to generate a standard curve. The concentration of each sample was calculated by
interpolating its Ct on the standard curve and then normalized to β-actin (housekeeping
gene) mRNA levels.

Overexpression of caveolin-1
An adenoviral construct for wild-type caveolin-1 (AdWTCav) was prepared using a cDNA
insert obtained from the ATCC (Manassas, VA, USA). The virus was amplified in HEK-293
cells and titered. BAEC at ~90% confluence were transduced using an approximate
multiplicity of infection of 50:1. An adenovirus containing the green fluorescent protein
(AdGFP) was used to control for cellular effects due to adenoviral gene transduction. After
48 h to allow for protein expression the cells were harvested for the appropriate
experimental procedures.

siRNA-mediated decrease in caveolin-1 expression
BAEC grown to 70% confluence were transfected with 5 nM human Hs_Cav1_10 siRNA
(validated siRNA, Cat. No. SI00299642) or scrambled siRNA (Cat. No. 1022076) using
HiPerFect transfection reagents (Qiagen). Cells were harvested 48 h after transfection for the
appropriate experimental procedures. Western blotting was used to confirm depletion of
caveolin-1 protein levels.

Transient transfection of COS-7 cells
An eight-codon deletion in the caveolin-1 binding site was introduced into the bovine
eNOS-GFP construct that has been previously described [23,24]. The deleted sequence in
the open reading frame of the bovine eNOS sequence
was 1049GTTCTCCGCGGCCCCCTTCAGCGGCTG1075, which corresponds to the amino
acid sequence 350FSAAPFSG357 in the caveolin-1 binding site of eNOS. COS-7 cells (with
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minimal endogenous eNOS expression) were transiently transfected with either wild-type
bovine eNOS-GFP or the eNOS-GFP with the caveolin-1 binding site deletion using
Effectene transfection reagents (Qiagen). Forty-eight hours post-transfection the cells were
harvested for the appropriate experimental procedures.

Plasma membrane localization of eNOS using high-resolution fluorescence microscopy
To determine the fraction of eNOS localized to the plasma membrane, COS-7 cells were
transiently transfected with either wild-type bovine eNOS-GFP or the eNOS-GFP with the
caveolin-1 binding site deletion. After 24 h the cells were split and reseeded onto glass
coverslips for a further 24 h and then subjected to fluorescence microscopy using a
DeltaVision Personal DV fluorescence microscope (Applied Precision, Issaquah, WA,
USA). The plasma membrane localization of eNOS was determined by calculating green
fluorescence (for eNOS-GFP) using the Image Pro Plus 5 software. The magnification used
was 100×, and at least 10 fields were visualized per sample.

Statistical analysis
Statistical calculations were performed using the GraphPad Prism version 4.01 software.
The mean±SD was calculated for all samples and significance determined by either the
unpaired t test or ANOVA. For the ANOVA, Neumann–Keuls post hoc testing was also
performed. A value of P<0.05 was considered significant.

Results
Acute exposure of bovine aortic endothelial cells to H2O2 potentiates the shear-stress-
induced increase in NO generation

Rather than adding bolus doses of labile H2O2, we utilized a GOx-based system to be able to
maintain a more constant level of elevated H2O2. Our initial data indicate that H2O2 levels
increased immediately after the addition of GOx, reaching a plateau at 30 min (Figs. 1A and
B; 60.5 μM vs 61.7 μM, respectively, P<0.05 vs T=0). This level was kept constant for at
least a further 30 min (Figs. 1A and B). NOx levels were then determined in BAEC exposed
or not to GOx (30 min) followed by acute exposure to laminar shear stress (20 dyn/cm2, 15
min). Although H2O2 alone did not increase NOx levels, there was a potentiation in NOx
generation in the presence of shear stress (from 226 to 443 nM, P<0.05 vs shear alone), and
this effect could be completely abolished by pretreatment with PEG-catalase (100 units/ml)
for 30 min (Fig. 1C). In addition, we confirmed that the addition of a bolus dose of H2O2
(50 μM) did not significantly alter basal NOx production, whereas it significantly increased
NOx production when added with shear stress (from 188 to 341 nM, P<0.05 vs shear alone,
Fig. 1D). We further demonstrated that the administration of H2O2 (GOx 5 units/ml, Fig.
1E, or 50 μM bolus H2O2, Fig. 1F) after BAEC had been preexposed to shear stress (20 dyn/
cm2, 8 h) also potentiated NOx production. This priming event is not limited to shear-
mediated activation of eNOS, as a similar enhancement in NOx generation was observed in
cells exposed to GOx in combination with the calcium mobilizing agent A23187 (Fig. 2).
These data suggest that modestly increased levels of H2O2 lead to a priming of eNOS for
activation rather than directly activating the enzyme itself.

H2O2 increases eNOS localization to the plasma membrane
To elucidate the mechanism by which H2O2 primes eNOS for shear-mediated eNOS
activation, we first determined if there was a redistribution of eNOS in response to H2O2.
We found that H2O2 (GOx 5 units/ml or 50 μM bolus H2O2) significantly increased the
plasma membrane localization of eNOS (Figs. 3A and B) without altering total eNOS
protein levels (Figs. 3C and D). Furthermore, we found that H2O2 (in a pp60Src-dependent
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manner), but not acute shear stress alone, increased Ser1177 phosphorylation of eNOS (Fig.
3E). In addition, we found that there was a synergistic effect of both stimuli that could be
attenuated, at least in part, by Src kinase inhibition (Fig. 3E). We then demonstrated that
H2O2 alone or in combination with shear activated PI3 kinase–Akt signaling with no
synergistic effect (Fig. 3F). This increase in PI3 kinase–Akt signaling resulted in an increase
in eNOS phosphorylation at Ser1177 (Fig. 3F). However, the increase in Ser1177
phosphorylation was higher in the presence of GOx and shear stress compared to either
treatment alone (Fig. 3F). In addition, our data indicate that the inhibition of PI3 kinase did
not inhibit the phosphorylation of eNOS at Ser1177 under static conditions but did so in the
presence of shear stress (Fig. 3F). We also found that the increased plasma membrane
localization of eNOS correlated with a significant increase in total caveolin-1 protein levels
in the H2O2-exposed cells (Figs. 3G and H). The increase in caveolin-1 protein levels seems
to be caused by an increase in gene expression as H2O2 also increased caveolin-1 mRNA
levels (Fig. 3I).

Altering the cellular levels of caveolin-1 modulates the plasma membrane localization of
eNOS and NO signaling in response to H2O2 and shear stress

As caveolin-1 levels were induced in response to acute increases of H2O2 we next
determined if there was a relationship between total caveolin-1 levels and eNOS plasma
membrane localization. We found that the overexpression of caveolin-1 in BAEC using an
adenoviral expression construct (Fig. 4A) had no effect on total eNOS protein levels (Fig.
4B), but led to an increase in eNOS localized to the plasma membrane (Fig. 4C). To
examine the functional consequence of overexpressing caveolin-1 we determined the effect
on NOx levels in H2O2-exposed BAEC in the presence or absence of laminar shear stress.
Under static conditions, the overexpression of caveolin-1 decreased NOx production,
regardless of H2O2 exposure, in agreement with the existing literature [25–27]. Similarly,
under conditions of increased shear stress alone, overexpressing caveolin-1 alone did not
significantly alter NOx production compared to cells transduced with AdGFP (Fig. 4D).
However, in conjunction with H2O2, overexpressing caveolin-1 significantly increased NOx
generation compared to the AdGFP control (Fig. 4D). To further confirm the relationship
between caveolin-1 and eNOS plasma membrane localization we utilized an siRNA strategy
to decrease cellular caveolin-1 protein levels in BAEC. Utilizing this approach, caveolin-1
protein levels were decreased by ~85% (Fig. 5A), again without altering total eNOS protein
levels (Fig. 5B). However, decreasing caveolin-1 protein levels produced a significant
decrease in eNOS localized to the plasma membrane (Fig. 5C). Functionally decreasing
caveolin-1 protein levels had no effect on NOx production under static conditions
irrespective of H2O2 treatment (Fig. 5D), whereas under shear stress alone there was a
modest inhibition of NOx production (Fig. 5D). However, decreasing caveolin-1 protein
levels significantly inhibited the priming effect of H2O2 on NOx generation in response to
laminar shear stress (Fig. 5D). Together these data indicate that caveolin-1 levels modulate
the amount of eNOS localized to the plasma membrane and underlie the priming effect of
H2O2 on NO signaling in response to shear stress. We further explored the effect of
depleting caveolin-1 on the phosphorylation of eNOS at Ser1177 and Thr495 in the presence
or absence of H2O2 under both static and shear conditions. We found that depleting
caveolin-1 did not alter the phosphorylation of eNOS at Ser1177 under static conditions
(Fig. 5E); however, it significantly inhibited the synergistic phosphorylation of eNOS at
Ser1177 produced by H2O2 and shear (Fig. 5E). In contrast, depleting caveolin-1 decreased
the phosphorylation of eNOS at Thr495 under static conditions, but increased the
phosphorylation of eNOS at Thr495 in the presence of shear (Fig. 5E).
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Deletion of the caveolin-1 binding site in eNOS decreases plasma membrane localization
and NO signaling in response to calcium activation

To further confirm the importance of caveolin-1 in targeting eNOS to the plasma membrane,
we examined the effect on plasma membrane localization of eNOS when the caveolin-1
binding site within eNOS was deleted. To accomplish this we introduced an eight-codon
deletion into a bovine eNOS-GFP expression construct. We then transiently transfected
COS-7 cells with either wild-type eNOS-GFP or the caveolin-1 binding-site mutant eNOS-
GFP. Both constructs were equally expressed (Fig. 6A). However, there was a significant
decrease in binding to caveolin-1 of the mutant eNOS protein (Fig. 6B). This correlated with
a significant decrease in the amount of eNOS localized to the plasma membrane (Figs. 6C
and D) and attenuated NOx generation in response to A23187 stimulation (Fig. 6E).

Discussion
In this study, we evaluated the acute effects of oxidative stress (induced by H2O2 exposure)
on NO signaling in the presence of the physiologically relevant stimulus laminar shear
stress. We administered either sustained H2O2 (by giving glucose oxidase 5 units/ml) or a
bolus addition of H2O2 (50 μM) before or simultaneous with 15 min of fluid shear stress.
This meant that we were only modestly increasing H2O2 levels in the cell to more closely
mimic a mild increase in oxidative stress that could occur biologically during, for example,
periods of increased exercise [28,29]. We found that H2O2 did not increase NOx production
under basal conditions. However, it significantly enhanced the NOx production in response
to shear, suggesting that, rather than being a direct activator, H2O2 primes eNOS for
activation. Further, we observed that H2O2 significantly increased eNOS membrane
localization without altering overall eNOS expression. Because eNOS is reported to be more
active on the plasma membrane [15,30], we speculated that H2O2-induced eNOS membrane
localization is the underlying mechanism for the priming effect of eNOS activation. H2O2 is
an important ROS in vivo, which can be constantly generated by the dismutation of
superoxide spontaneously or catalyzed by superoxide dismutase [31]. H2O2 can also be
synthesized by native enzymes such as xanthine oxidase and glucose oxidase [32]. Previous
studies evaluating the regulation of eNOS by H2O2 have shown that H2O2 can activate
eNOS in a variety of ways. H2O2 has been shown to up-regulate eNOS mRNA and protein
levels upon several to 24 h of treatment [6,7]. H2O2 also increased the levels of phospho-
Ser1177 as early as a few minutes after treatment [4,5]. Consistent with these previous
findings, we did not observe significant changes in total eNOS protein levels in our acute
setting of H2O2 treatment (less than 1 h). We did observe a significant, pp60Src-dependent,
increase in phospho-Ser1177 levels in GOx-exposed cells. Further, the Ser1177
phosphorylation was synergistically increased in combination with shear stress.
Interestingly, shear alone did not increase eNOS phospho-Ser1177 levels. Therefore
increases in phospho-Ser1177 levels could not solely account for increases in NOx
production, as H2O2 treatment alone did not increase NOx production. Keaney's group has
previously shown that the direct addition of H2O2 to EC leads to the activation of eNOS
through phosphorylation of eNOS at Ser1177 via a PI3-kinase-dependent pathway [5]. We
found that the phosphorylation of Ser1177 by H2O2 under static conditions was dependent
on a pathway other than PI3 kinase–Akt signaling, whereas the synergistic activation of
Ser1177 by H2O2 and shear stress was PI3 kinase dependent. It has previously been shown
that the MAP kinase–ERK pathway also plays an important role in H2O2-mediated early
phosphorylation of Ser1177 under static conditions and this might account for our data [4].
Alternatively, it is possible that H2O2 is inhibiting oxidant-sensitive protein phosphatases,
leading to enhanced phosphorylation of eNOS. We found that shear for 15 min activated Akt
as measured by an increase in phosphorylation at Ser473 but did not significantly increase
phospho-Ser1177 eNOS levels. As we saw a trend toward increase in Ser1177 levels, it is
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likely that the Akt-mediated phosphorylation of eNOS at Ser1177 is simply lagging behind
the activation of PI3 kinase–Akt and this signaling is enhanced by preexposing the cells to
H2O2. Interestingly, the synergistic increase in Ser1177 phosphorylation by shear and H2O2
could be abolished by depleting caveolin-1. Depleting caveolin-1 also modifies the
phosphorylation of eNOS at Thr495. As we have shown that depleting caveolin-1 can
modify eNOS subcellular localization, this may have an impact on the interactions of eNOS
with various kinases or phosphatases that modulate the phosphorylation of eNOS.

We found that H2O2 increased eNOS localized on the plasma membrane without altering
total eNOS protein levels, suggesting a redistribution of eNOS in the subcellular organelles.
Combining with previous findings, we suggest there are three stages of eNOS activation by
H2O2: immediately (a few minutes), H2O2 activates eNOS by modifying its enzyme activity
through PI3 kinase–Akt-mediated phosphorylation of Ser1177; early (30–60 min), H2O2
activates eNOS by modifying its subcellular localization; and late (several hours), H2O2
activates eNOS by increasing its mRNA and protein levels. These sequential events in the
cell machinery may complement one another and ensure timely and efficient activation of
eNOS to compensate for ROS-induced vascular dysfunction.

In this study we have demonstrated that H2O2-induced increases in caveolin-1 levels plays a
positive role in eNOS activation by targeting eNOS to the plasma membrane. Caveolin-1 is
the major structural protein of the plasmalemmal invagination, the caveolus, an important
mobile platform for sequestering signaling molecules [33–35]. Previous studies have shown
that caveolin-1 is actively involved in transporting a host of proteins to the plasma
membrane. For example, dysferlin [36], the angiotensin receptor [37], the insulin receptor
[38], and the stretch-activated channel short transient receptor potential channel-1 [39,40] all
depend on caveolin-1 for efficient membrane delivery. Caveolin-1 also serves as a scaffold
protein involved in the recruitment/association of specific signaling complexes into caveolae
[34,41,42]. Caveolin-1 also interacts with a variety of signaling molecules through the
caveolin scaffolding domain (CSD) [43,44]. Existing literature indicates that caveolin-1
exerts a dual mode of posttranslational regulation on eNOS activity [45–47]. On one hand, it
enables the enrichment of eNOS in caveolae and compartmentalizes the enzyme for optimal
activation (compartmentation effect) [13,48], whereas on the other hand, direct interaction
between caveolin-1 and eNOS holds the enzyme in its inactivated state (clamp effect) [25–
27]. Thus, alterations in caveolin-1 abundance or subcellular location may lead endothelial
cells to favor one mode of regulation over the other and thereby alter the subtle equilibrium
that governs NO generation. Our data support this conclusion because we found that modest
elevations in H2O2 induce a “physiological level” increase in caveolin-1 that produces a
“compartmentation” effect on eNOS by increasing the enzyme localized to the plasma
membrane and leading to enhanced NO production in response to shear stress. However,
when we overexpress caveolin-1 beyond a physiological level using an adenoviral construct
the clamp effect becomes predominant, at least under static conditions. In response to shear
stress we found that the clamp effect of caveolin-1 could be overcome, indicating that NO
production in cells with modified caveolin-1 levels in response to shear will be the net effect
of both compartmentation and clamp effects. Our findings are consistent with previous
studies that demonstrate that transfection of Cav–/– endothelial cells with limited amounts of
caveolin-1-encoding plasmids redirects the VEGFR-2 into caveolar membranes and restores
the VEGF-induced eNOS activation. However, beyond a physiologic level of caveolin-1
expression, inhibitory effects on eNOS activity are observed [45,49]. In addition to showing
that caveolin-1 levels modulate the amount of eNOS localized on the plasma membrane; we
further demonstrated that disruption of caveolin-1–eNOS binding redirected eNOS away
from the plasma membrane. This extends previous studies that have concluded that
caveolin-1–eNOS interactions are only capable of inhibiting eNOS [25–27,50]. Our data
convincingly show that the caveolin-1–eNOS interaction is required for targeting eNOS to
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the plasma membrane and can play a positive role in eNOS activation, suggesting that the
compartmentation and clamp effects of caveolin-1 on eNOS are interrelated and cannot be
arbitrarily separated.

Because caveolin-1 is necessary for the biogenesis of caveolae and the latter are actively
involved in dynamic vesicular trafficking [51], caveolin-1 may be involved, at least in part,
in delivering eNOS to the plasma membrane. Support for this conclusion comes from
studies indicating that AT1R can bind caveolin-1 via the CSD and this is necessary for
AT1R trafficking to the caveolae [39,52], whereas disrupting the caveolus by depleting its
cholesterol content also decreases eNOS on the plasma membrane [53,54]. Caveolin-1
seems to cycle from the cytosol to the endoplasmic reticulum (ER) to the Golgi complex to
the plasma membrane to the cytosol [55,56]. Thus, it undergoes a recycling process similar
to that of eNOS. Thus, we speculate that after eNOS enters the ER through its
myristoylation site [15,16] it becomes bound to caveolin-1 and then this complex is
trafficked to the caveolus on the plasma membrane. This is supported by in vivo studies that
demonstrated a decrease in plasma membrane localization of both eNOS and caveolin-1 in
the diabetic kidney, correlating with decreased NO bioavailability [57]. However, it is
possible that the differential effects of caveolin-1 (compartmentation vs clamp effect) on
eNOS are actually mediated through different pools of caveolin-1. Future studies using
specific labeling of caveolin-1, eNOS, and caveolae and live-cell imaging could help to
address this possibility.

We demonstrated that the levels of eNOS on the plasma membrane correlate with the
amount of NO generated in response to shear stress. Shear stress is one of the most potent
and physiologically important regulators of eNOS activity [18]. Our data indicate that the
subcellular localization of eNOS is a novel mechanism regulating the response of eNOS to
shear stress. This potentially brings a new perspective to our understanding of shear-induced
NO production in vivo. Our data indicate that caveolin-1 plays a positive role in shear-
induced eNOS activation by targeting eNOS to the plasma membrane. Caveolae and
caveolin-1 have long been recognized as mechanosensors of shear forces [58,59]. Chronic
exposure to shear stress has been shown to increase plasma membrane levels of caveolin-1
due to the redistribution of caveolin-1 from the Golgi complex to the plasma membrane
leading to increased surface density of caveolae [60,61]. These changes are accompanied by
increased mechanosensitivity and activation of specific signaling pathways including eNOS
[60,61]. Conversely, the coupling of the flow stimulus to activate eNOS is lost in the
absence of caveolin-1 and caveolae [58,59]. These previous studies all proposed that
caveolin-1 and caveolae-mediated sensing of shear stress is “caveolae” dependent. We have
illuminated that the enrichment of eNOS in the plasma membrane sensitizes the enzyme to
shear stress, and we propose that this caveolin-1-mediated process may not necessarily be
caveolae dependent, or at least not directly caveolae dependent, but rather caveolin-1
dependent because of the requirement for caveolin-1 to help traffic eNOS to the plasma
membrane.

In conclusion we have shown that H2O2 primes eNOS for shear-induced activation via
caveolin-1-mediated eNOS plasma membrane localization. To our knowledge, this is the
first report that has shed light on the regulatory effects of H2O2 on eNOS by focusing on
eNOS subcellular localization and eNOS–caveolin-1 interactions. Further, we have shown
that caveolin-1 plays a positive role in H2O2-mediated eNOS activation under shear stress.
Because vascular endothelial cells are in direct contact with blood flow and are constantly
exposed to shear stress [17–19], our data have direct physiologic importance in linking mild
increases in oxidative stress with enhanced NO signaling. Further, our studies complement
the current knowledge on oxidative stress-mediated endothelial dysfunction by identifying
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protein traf-ficking as a new regulatory mechanism by which eNOS can be positively
regulated in response to oxidative stress.
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Fig. 1.
Sustained increases in H2O2 enhance shear-stress-mediated NO signaling in bovine aortic
endothelial cells. BAEC were exposed or not to glucose oxidase (GOx, 5 units/ml) for up to
60 min. Cellular H2O2 levels were determined using (A) DCF-DA or (B) Amplex red
fluorescence. The fluorescence readings were converted to molar concentrations of H2O2 by
plotting the fluorescence units to a standard curve generated by DCF-DA or Amplex red
staining in serially diluted known amounts of H2O2. H2O2 levels reached a plateau within 30
min and these levels were sustained through at least 60 min. Values are means±SEM; n=6;
*P<0.05 vs 0 min, †P<0.05 vs previous time point. (C) BAEC were also exposed or not to
H2O2 (GOx 5 units/ml, 30 min) in the presence or absence of PEG-catalase (100 units/ml,
pretreatment for 30 min) and then acutely exposed to laminar shear stress (20 dyn/cm2, 15
min), and NOx levels were determined. H2O2 alone did not increase basal NOx levels.
However, H2O2 significantly potentiated shear-induced NOx production. The enhanced NOx
generation was completely abolished by pretreatment with catalase. Values are means
±SEM; n=6; *P<0.05 vs CTL; †P<0.05 vs GOx; ‡P<0.05 vs shear alone; §P<0.05 vs shear+
GOx. (D) BAEC were also exposed or not to a bolus addition of H2O2 (50 μM) and then
acutely exposed to laminar shear stress (20 dyn/cm2, 15 min) and NOx levels were
determined. The addition of H2O2 alone did not significantly increase basal NOx levels.
However, as with GOx, the bolus addition of H2O2 significantly potentiated shear-induced
NOx production. Values are means±SEM; n=6; *P<0.05 vs CTL; †P<0.05 vs shear. (E and
F) BAEC were also presheared (8 h, 20 dyn/cm2), the medium was changed, and the cells
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were then exposed to either GOx (5 units/ml, E) or H2O2 (50 μM, F) simultaneous with
shear stress for a further 15 min. Both GOx and the direct addition of H2O2 significantly
increased NOx production compared to shear alone. Values are means±SEM; n=6; *P<0.05
vs preshear–8 h alone.
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Fig. 2.
Sustained increases in H2O2 enhance NO generation in response to calcium stimulation in
bovine aortic endothelial cells. BAEC were exposed or not to GOx (5 units/ml) for 30 min.
Then the cells were treated with either vehicle (DMSO) or A23187 (2 μM) for 15 s, and
NOx levels were determined. Values are means±SEM; n=6. *P<0.05 vs no A23187;
†P<0.05 vs A23187 alone.
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Fig. 3.
Acute exposure of bovine aortic endothelial cells to H2O2 increases eNOS localized to the
plasma membrane. Confluent BAEC were exposed to H2O2 using (A) GOx (5 units/ml) or
(B) H2O2 (50 μM) for 30 min and then plasma membrane fractions were prepared and
membrane proteins were separated by SDS–PAGE and subjected to Western blot analysis
using a specific antibody raised against eNOS. Reprobing with the membrane protein
marker Na,K-ATPase was used to normalize for plasma membrane protein loading.
Representative images are shown. H2O2 exposure significantly increased the levels of eNOS
localized to the plasma membrane. In addition, total cell lysates were prepared after (C)
GOx (5 units/ml) or (D) 50 μM H2O2 exposure, separated by SDS–PAGE, and probed with
antibodies specific for eNOS. Membranes were reprobed with β-actin to normalize for
loading. Representative images are shown. Acute H2O2 exposure did not alter total eNOS
protein levels. (E) BAEC were pretreated with vehicle (DMSO) or Src kinase inhibitor, PP2
(30 μM), for 30 min, followed by incubation with GOx (5 units/ml) for 30 min, or not, and
then sheared or not for 15 min. Whole-cell lysates were separated by SDS–PAGE and
probed with antibodies against Ser1177 eNOS or total eNOS. Representative images are
shown. Acute H2O2 exposure significantly increased eNOS Ser1177 phosphorylation.
Further, the H2O2-mediated increase in Ser1177 phosphorylation was inhibited by the Src
kinase inhibitor PP2. Values are means±SEM, n=3, *P<0.05 vs control; †P<0.05 vs GOx
alone; ‡P<0.005 vs shear alone; §P<0.05 vs shear+GOx. (F) BAEC were pretreated with
vehicle (DMSO) or the PI3 kinase inhibitor LY294002 (25 μM) for 30 min, followed by
incubation or not with GOx (5 units/ml, 30 min), and then sheared or not for 15 min. Cell-
lysate proteins were separated by SDS–PAGE and probed with antibodies against phospho-
Akt (Ser473), Akt, phospho-Ser1177 eNOS, and total eNOS. Membranes were reprobed
with β-actin to normalize for loading. Representative images are shown. The inhibition of
PI3 kinase did not inhibit the phosphorylation of Ser1177 eNOS under static conditions, but
significantly inhibited the phosphorylation of Ser1177 eNOS when the cells were exposed to
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shear. Values are means±SEM, n=3, *P<0.05 vs vehicle; †P<0.05 vs GOx alone; ‡P<0.005
vs shear alone; §P<0.05 vs shear+GOx. Cell-lysate proteins from cells exposed or not to (G)
GOx (5 units/ml, 30 min) or (H) bolus H2O2 (50 μM H2O2, 30 min) were separated by
SDS–PAGE and subjected to Western blot analysis using a specific antibody against
caveolin-1. H2O2 significantly increased caveolin-1 protein levels. (I) Total RNA was also
isolated from cells exposed or not to GOx (5 units/ml, 30 min) or bolus H2O2 (50 μM H2O2,
30 min) and the levels of caveolin-1 mRNA were quantified by SYBR green real-time RT-
PCR analyses. H2O2 significantly increased caveolin-1 mRNA levels. Data are means
±SEM, n=6, *P<0.05 vs untreated.
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Fig. 4.
Increasing caveolin-1 protein levels stimulates eNOS plasma membrane localization and NO
signaling in bovine aortic endothelial cells. BAEC were transduced with adenoviral
constructs for GFP (AdGFP) or wild-type caveolin-1 (AdWTCav) at an m.o.i. of 50:1. Cells
were harvested after 48 h and total lysates were separated by SDS–PAGE and probed with
antibodies specific for either (A) caveolin-1 or (B) eNOS. Membranes were reprobed with β-
actin to normalize for loading. Representative images are shown. Caveolin-1 was increased
by ~14-fold in AdWTCav-transduced cells (A), whereas total eNOS protein levels were
unchanged (B). (C) In addition, plasma membrane proteins prepared from AdGFP- and
AdWTCav-transduced BAEC were separated by SDS–PAGE and subjected to Western blot
analysis using a specific antibody raised against eNOS. Reprobing with the membrane
protein marker Na,K-ATPase was used to normalize for plasma membrane protein loading.
A representative image is shown. Caveolin-1 overexpression significantly increased the
levels of eNOS localized to the plasma membrane. (D) AdGFP- or AdWTCav-transduced
BAEC were also exposed or not to H2O2 (GOx 5 units/ml, 30 min) and then acutely exposed
to laminar shear stress (20 dyn/cm2, 15 min) and NOx levels determined. Caveolin-1
overexpression significantly decreased NOx levels under static conditions but NOx levels
were significantly enhanced in sheared cells in the presence of H2O2. Values are means
±SEM; n=3–6; *P<0.05 vs AdGFP, no shear; †P<0.05 vs ADGFP+shear; ‡p<0.05 vs WT-
CAV1 + shear.
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Fig. 5.
Decreasing caveolin-1 protein levels attenuates eNOS plasma membrane localization and
NO signaling in bovine aortic endothelial cells. BAEC were transiently transfected with
either a caveolin-1 siRNA or a scrambled siRNA (as a control). Cells were harvested after
48 h and total lysates were separated by SDS–PAGE and probed with antibodies specific for
either (A) caveolin-1 or (B) eNOS. Membranes were reprobed with β-actin to normalize for
loading. Representative images are shown. Caveolin-1 was decreased by ~85% in caveolin-1
siRNA-transfected cells (A), whereas total eNOS protein levels were unchanged (B). (C) In
addition, plasma membrane proteins prepared from caveolin-1 siRNA- or scrambled siRNA-
transfected BAEC were separated by SDS–PAGE and subjected to Western blot analysis
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using a specific antibody raised against eNOS. Reprobing with the membrane protein
marker, Na,K-ATPase, was used to normalize for plasma membrane protein loading. A
representative image is shown. Decreasing caveolin-1 protein levels significantly decreased
the levels of eNOS localized to the plasma membrane. (D) Caveolin-1 siRNA- or scrambled
siRNA-transfected BAEC were also exposed or not to H2O2 (GOx 5 units/ml, 30 min) and
then acutely exposed or not to laminar shear stress (20 dyn/cm2, 15 min) and then NOx
levels were determined. Decreasing caveolin-1 protein levels significantly decreased NOx
levels in response to shear stress in both the presence and the absence of H2O2. Values are
means±SEM; n=3–6; *P<0.05 vs scra-siRNA, no shear; †P<0.05 vs scra-siRNA+shear;
‡P<0.05 vs scra-siRNA+GOx+shear. (D) In addition, the effect of decreasing caveolin-1
protein levels on phospho-Ser1177 eNOS and phospho-Thr495 eNOS was determined.
Decreasing caveolin-1 protein levels did not alter phospho-Ser1177 levels under static
conditions but significantly inhibited the increase in phospho-Ser1177 levels in the presence
of H2O2 and shear stress. In contrast, decreasing caveolin-1 protein levels significantly
decreased phospho-Thr495 levels under static conditions while significantly increasing
phospho-Thr495 levels under shear in both the absence and the presence of H2O2. Values
are means±SEM; n=3; *P<0.05 vs scra-siRNA, no shear; †P<0.05 vs scra-siRNA+shear;
‡P<0.05 vs scra-siRNA+GOx+shear; §P<0.05, Cav-1 siRNA+GOx vs Cav-1 siRNA.
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Fig. 6.
Deletion of the caveolin-1 binding site reduced the plasma membrane localization of eNOS
and diminished NO generation in response to calcium stimulation. (A) COS-7 cells were
transiently transfected with wild-type eNOS-GFP or the eNOS-GFP mutant with the
caveolin-1 binding site deletion. After 48 h the cells were harvested and total lysates were
separated by SDS–PAGE and probed with an antibody specific for eNOS. Membranes were
reprobed with β-actin to normalize for loading. A representative image is shown. There is
equal expression of both the wild-type and the mutant eNOS-GFP proteins. (B)
Immunoprecipitation of caveolin-1 followed by Western blot analysis for eNOS using total
cell extracts demonstrates that there is a decrease in eNOS–caveolin-1 interactions for the
eNOS-GFP mutant with the caveolin-1 binding site deletion. Reprobing the membranes
indicates that caveolin-1 levels are unchanged. A representative image is shown. (C) In
addition, plasma membrane proteins prepared from COS-7 cells transiently transfected with
wild-type eNOS-GFP or the eNOS-GFP mutant with the caveolin-1 binding site deletion
were separated by SDS–PAGE and subjected to Western blot analysis using a specific
antibody raised against eNOS. Reprobing with the membrane protein marker Na,K-ATPase
was used to normalize for plasma membrane protein loading. A representative image is
shown. The deletion of the caveolin-1 binding site significantly attenuated the levels of
eNOS localized to the plasma membrane. Values are means±SEM, n=3, *P<0.05 vs wild-
type eNOS-GFP. (D) Representative fluorescence images of COS-7 cells transfected with
either wild-type eNOS-GFP or the mutant eNOS-GFP with a caveolin-1 binding site
deletion. Left: Wild-type eNOS-GFP displayed distinct localization on the plasma
membrane. Right: Caveolin-1 binding-site-deleted eNOS-GFP showed significant decrease
on the plasma membrane and exhibited an overall opaque pattern throughout the cytoplasm,
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indicating the enzyme was randomly dispersed in the cytoplasm. Original magnification
100×. Each image is representative of 10 fields from three independent experiments. (E)
COS-7 cells were transiently transfected with wild-type eNOS-GFP or the eNOS-GFP
mutant with the caveolin-1 binding site deletion. After 48 h the cells were exposed to GOx
(5 units/ml) or not for 30 min. Cells were then treated with either vehicle (DMSO) or
A23187 (2 μM) and the NOx in the culture medium was determined. The A23187-mediated
increase in NOx production was significantly attenuated in the cells expressing the eNOS-
GFP mutant with the caveolin-1 binding site deletion in both the presence and the absence of
GOx treatment. Wild-type eNOS-GFP also exhibited an enhanced response to A23187
stimulation after GOx treatment. Values are means±SEM; n=6–9. *P<0.05 vs no A23187;
†P< 0.05 vs A23187 alone; ‡P<0.05 vs eNOS-GFP+A23187; §P<0.05 vs eNOS-GFP
+A23187+GOx.
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