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Abstract

The role of adventitia-derived reactive oxygen species (ROS) in vascular disease and impaired vascular relax-
ation is not clear. Based on robust adventitial ROS generation and effects on MAPK involvement in vascular
dysfunction, we hypothesized that adventitia-derived ROS hydrogen peroxide (H2O2) impairs vascular relax-
ation through activation of medial smooth muscle p38 MAPK. By using a novel in vivo model, the adventitial
surface of rat carotid arteries was bathed in situ for 90 min with vehicle, angiotensin II (AngII; 500 nM), AngII+
H2O2-scavenger catalase (3,000 U/ml), AngII+p38 MAPK inhibitor SB203580 (10 mM), or AngII+superoxide
dismutase (SOD; 150 U/ml). After these in vivo treatments, ex vivo tone measurements on isolated ves-
sels revealed that periadventitial application of AngII impaired both acetylcholine-induced (endothelium-
dependent) and sodium nitroprusside-induced (endothelium-independent) relaxations. In vivo coincubation
with catalase or SB203580 significantly improved, but SOD exacerbated AngII-induced impairment of in vitro
endothelium-dependent and -independent vascular relaxations. Western blots of vascular media, separated from
the adventitia, demonstrated increased medial p38 MAPK activation and decreased medial phosphatase SHP-2
activity in AngII-treated vessels. These effects were reversed by in vivo periadventitial addition of catalase. These
findings provide the first evidence that adventitia-derived H2O2 participates in vascular dysfunction through
p38 MAPK activation and SHP-2 inhibition. Antioxid. Redox Signal. 15, 1507–1515.

Introduction

Numerous reports demonstrate that cardiovascular
disorders (CVDs) are associated with altered endothelial

and vascular smooth muscle cell (VSMC) function and
structural remodeling, but the underlying mechanisms are
poorly understood. It is known that increased reactive oxygen
species (ROS) production contributes to the pathogenesis of
CVD through phenotypic changes of endothelial and VSMCs
and augmentation of arterial constriction (15, 28). Over the
last decade, much attention has been given to the role of
endothelium- and VSMC-derived ROS in vascular patho-
physiology (20), and yet the contribution of the adventitial
layer to vascular-tone dysfunction has largely been ignored.
To date, studies have reported that adventitial fibroblasts are
a major source of ROS in a variety of CVDs including, among
others, AngII-induced hypertension (6), diabetes mellitus (37),
atherosclerosis (5), and vascular injury (14).

Adventitial NADPH oxidase–derived ROS play a direct
role in adventitial remodeling after balloon injury (27) and
have been implicated in medial smooth muscle hypertrophy
(33). A study from our laboratory demonstrated that targeted
inhibition of adventitial NADPH oxidase, followed by atten-
uated ROS production, substantially reduced AngII-induced
medial hypertrophy and accumulation of 4-hydroxynonenal
in the media (16). These findings were consistent with the
paracrine role of adventitial ROS, most likely the stable and
tissue-permeant ROS H2O2, on medial growth. However,
none of these studies examined whether adventitia-derived
ROS can exert a paracrine effect on vascular tone.

Increasing evidence suggests that mitogen-activated pro-
tein kinase (MAPK) pathways are activated by inflammatory
cytokines and oxidative stress and involved in various CVDs,
such as hypertension and atherosclerosis (12, 35). Among the
MAPKs, a potential target of adventitial ROS-mediated
paracrine signaling is the redox-sensitive p38 MAPK. p38
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MAPK was shown to be activated in vascular cells by a variety
of stimulants, including H2O2 (31), and to play an important
role in endothelial dysfunction (13, 34). Importantly, protein
tyrosine phosphatases (PTPs) play a major role in limit-
ing MAPK activity by specific dephosphorylation of
phosphotyrosine-regulatory residues (26). One such PTP is
SHP-2, the inhibition of which was recently linked in vitro to
increased ROS generation in vascular smooth muscle cells
from hypertensive rats (30).

In the present study, we tested the hypothesis that adven-
titia-derived H2O2 mediates impairment of vascular relaxa-
tion through paracrine activation and inactivation of medial
p38 MAPK and SHP-2, respectively.

Materials and Methods

Animals and perivascular treatment of carotid arteries
with angiotensin II in situ

Male Sprague–Dawley rats (250–300 g; Charles River, Ann
Arbor, MI) were anesthetized with pentobarbital (50 mg/kg,
IP; Ovation Pharmaceuticals, Deerfield, IL). Common carotid
arteries (CCAs) were exposed in situ, and periarterial incu-
bation ‘‘wells’’ were created by inserting a suture around the
omohyoid muscle and back through the submandibular
gland and skin. The sternothyroid muscle was cut, and the
tissue surrounding the carotid was gently spread while
carefully avoiding damage to the carotid and nearby vessels,
thereby creating an incubatory reservoir surrounding each
carotid artery. The procedure was continued until approxi-
mately 8–10 mm of the carotid was exposed.

One CCA from each rat was treated perivascularly with
vehicle (0.9% sodium chloride solution; n = 15), and the con-
tralateral CCA with AngII (500 nM; n = 7, Sigma-Aldrich, St.
Louis, MO) for 90 min, with a solution change each 15 min,
ascertaining no cross-flow or spillage of contents between
spaces surrounding each artery. In other experiments, carotid
arteries were treated with AngII + catalase (3,000 U/ml;
n = 6, Sigma-Aldrich); AngII + superoxide dismutase (SOD,
150 U/ml; n = 6, Sigma-Aldrich); or AngII + the p38 MAPK
inhibitor SB203580 (10 mM, n = 9; Santa Cruz Biotechnology,
Santa Cruz, CA) in the same manner. After the treatment
period, rats were killed by cutting the vena cava. The carotid
arteries were rapidly removed, rinsed, and placed in ice-cold
PSS buffer (in mM: NaCl 130, KCl 4.7, KH2PO4 1.2, MgSO4 1.2,
NaHCO3 14.9, glucose 5.5, CaCl2 1.6, and EDTA 0.026). All
protocols were approved by the Institutional Animal Care
and Use Committee of Henry Ford Hospital and are consis-
tent with the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health.

Vessel myography

Carotids were cleared of adherent adipose tissue, with care
not to damage the adventitia, and cut into rings approxima-
tely 3–4 mm in length. Rings were placed on myograph stir-
rups (Danish Myo Technology, Atlanta, GA) in 5 ml PSS
buffer maintained at 37�C, pH 7.4, gassed with 95% O2 and 5%
CO2, and brought to an optimal resting tension of 1,000 mg by
increasing tone by 100 mg every 10 sec. Rings were allowed to
stabilize for 1 h, replacing the PSS solution with a fresh one
every 20 min. Viability of the vessels was ascertained by a
contractile response to potassium chloride (100 mM KCl in

PSS solution, KPSS) for 30 min (until contractions reached
plateau). Rings were then washed 3 times with PSS and
allowed to stabilize to baseline. Phenylephrine (Phe; Sigma-
Aldrich) concentration–response curves (10 - 8 to 10 - 6 M) were
generated by measuring contraction plateaus at each concen-
tration. After they reached a stable plateau phase, a cumulative
concentration-dependent response for acetylcholine (ACh,
10- 8 to 10 - 6 M) was induced. Carotid arterial rings were wa-
shed 3 times with PSS and allowed to stabilize for 10 min, fol-
lowed by an additional wash and a 10-min stabilization period.
Endothelium-independent vasorelaxation was induced by so-
dium nitroprusside (SNP, 10 - 8 to 10- 6 M) in a similar manner.

Western blot

Carotid arteries treated as detailed above were removed.
CCAs were cut longitudinally and denuded of the endothe-
lium by gentle rubbing with the blunt edge of a forceps. After
immobilizing the tissue, we gently peeled the smooth muscle
medial layer from the adventitia and placed it in cold cell-lysis
buffer containing phosphatase and protease inhibitors (Cell
Signaling Technology, Danvers, MA). The media was ho-
mogenized on ice for 1 min and sonicated on ice 3 times for
10 sec (Heat Systems sonicator; cycle time, 1 sec, % duty cycle
40). Samples were then centrifuged at 9,000 g for 30 sec, the
supernatant collected, and protein concentrations determined
with Bradford protein assay. Homogenates were loaded on
SDS-PAGE gels and subjected to Western blot with mono-
clonal antibody to phosphorylated p38 MAPK [Cell Signaling,
phospho-p38 MAPK (Thr180/Tyr182) (3D7) rabbit mAb
1:1,000], total p38 MAPK antibody (Cell Signaling; rabbit
anti-p38 MAPK 1:1,000), phosphorylated SHP-2 antibody
[Cell Signaling; rabbit anti-phospho-SHP-2 (Tyr542) 1:1,000], or
GAPDH antibody (Millipore, Billerica, MA; mouse anti-
GAPDH 1:1,000). Densitometric analysis was performed by
using Density version 1.2.1, and data are expressed as a ratio of
phospho- to total p38 MAPK and phospho-SHP-2 to GAPDH.

Statistical analysis

Vasodilator responses are expressed as a percentage of Phe-
induced preconstriction. All results are expressed as mean –
SEM. Comparison between relaxation curves was assessed
with two-way ANOVA. Comparisons between individual
concentrations across relaxation curves were assessed with
one-way ANOVA. Comparison between normalized optical-
density values for Western blots was assessed with the
Student t test. A value of p < 0.05 was considered to be sta-
tistically significant.

Results

Perivascular treatment with AngII did not alter
phenylephrine-induced constriction of common
carotid arteries

To assess whether acute perivascular AngII application
affected the development of carotid artery active tone, phen-
ylephrine (Phe)-concentration–response curves were deter-
mined. Phe (10 - 8–10 - 6 M) induced a concentration-
dependent constriction of vehicle- and AngII-treated common
carotid arteries. Periadventitial incubation of carotid arteries
with AngII did not affect either the sensitivity or the maximal
response to Phe-induced vasoconstriction. Maximal Phe-
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induced (10 - 6 M) contractions were not significantly differ-
ent: 91.7 – 4.6% and 95.6 – 3.5% for vehicle- and AngII-treated
arteries, respectively. In this regard, treatments with catalase
(3,000 U/ml) + AngII or the p38 inhibitor SB203580 (p38i,
10 mM) + AngII were not significantly different from AngII
treatment alone. Maximal Phe-induced (10 - 6 M) contractions
were 101.2 – 1.6% and 98.5 – 3.6% for AngII + catalase and
AngII + p38i-treated arteries, respectively.

Effect of periarterial application of AngII
on vascular relaxation

Endothelium-dependent relaxation was assessed by ex-
amining a cumulative concentration-dependent response to
acetylcholine (ACh, 10 - 8 to 10 - 6 M) (Fig. 1A). Periadventitial
treatment with AngII significantly decreased endothelium-
dependent ex vivo relaxation to Ach, as compared with vehi-
cle-treated vessels, as evidenced by a rightward shift in the
relaxation curve (ANOVA, p < 0.05). Point differences were
observed at concentrations of ACh up to 3 · 10 - 7 M, with the
most prominent differences in relaxation observed at 10 - 7 M
ACh (68.3 – 4.1% vs. 49.7 – 6.6% for vehicle- vs. AngII-
treated arteries, respectively; p < 0.05).

Endothelium-independent relaxation also was assessed un-
der the same conditions by evaluating for differences in so-
dium nitroprusside (SNP; 10 - 8–10 - 6 M) responses (Fig. 1B).
As with endothelium-dependent relaxations, endothelium-
independent relaxation was significantly impaired after AngII
treatment, as compared with vehicle ( p < 0.05). Point differ-
ences were observed at concentrations of SNP up to 10 - 6 M,
again with the most prominent differences in relaxation ob-
served at 10 - 7 M (87.9 – 4.3% vs. 73.5 – 6.7% for vehicle vs.
AngII-treated arteries, respectively; p < 0.05).

Effect of periarterial application of catalase on impaired
vascular relaxation

To investigate whether adventitia-derived H2O2 could be
responsible for the impairment of relaxation caused by AngII,
the H2O2 scavenger catalase (3,000 U/ml) was added to
the perivascular incubation wells (in situ) in the presence of
AngII. As shown in Fig. 2A, catalase caused a significant
improvement in relaxation of AngII-treated arteries, as evi-
denced by a leftward shift ( p < 0.05). Maximal differences in
relaxation response were observed at ACh concentration of
3 · 10 - 8 M (22.5 – 5.6% vs. 33.0 – 9.3% for AngII- vs.
AngII + catalase-treated arteries, respectively).

Likewise, SNP-induced endothelium-independent relaxa-
tions displayed a significant improvement when carotid ar-
teries were coincubated with AngII + catalase as compared
with AngII treatment alone. As illustrated in Fig. 2B, catalase
produced a complete reversal of the impairment caused by
AngII ( p < 0.05, comparing AngII and AngII + catalase
groups); point differences were also observed at SNP con-
centrations up to 10 - 7 M. The maximal difference between
the two groups was achieved at an SNP concentration of
3 · 10 - 8 M (51.6 – 7.3% vs. 73.7 – 4.8%, respectively; p < 0.05).

Effect of periarterial application of SOD on impaired
vascular relaxation

To examine whether superoxide anion (O2
-) was also in-

volved in AngII-induced impairment of vascular relaxation,

CCAs were treated in situ with SOD (150 U/ml). Coincuba-
tion of arteries with AngII and SOD did not improve AngII-
induced impairment of ACh-induced relaxation. Somewhat
unexpectedly, SOD application resulted in further impair-
ment of vascular relaxation. As shown in Fig. 3A, concen-
tration–response curves to ACh in AngII + SOD- versus
AngII-treated arteries were significantly worsened
( p < 0.05), as were differences between AngII + SOD versus
vehicle ( p < 0.05). Significant differences at individual con-
centrations between AngII + SOD versus vehicle were ob-
served at all ACh concentrations ( p < 0.05). Maximal
differences were observed at 10 - 7 M (39.4 – 5.1% and
68.3 – 4.1%, AngII + SOD- vs. vehicle-treated arteries, re-
spectively, p < 0.05).

FIG. 1. Periadventitial angiotensin II (AngII) treat-
ment induced impairment of endothelium-dependent and
endothelium-independent carotid artery relaxation. The
perivascular layer of rat carotid arteries was incubated in situ
for 90 min with vehicle (0.9% sodium chloride solution;
n = 15) or AngII (500 nM; n = 7). Isolated carotid arteries were
preconstricted with phenylephrine (Phe, 10- 6 M). (A) Con-
centration–response curves for acetylcholine (Ach)-induced
endothelium-dependent relaxation of isolated carotid arteries.
(B) Concentration–response curves for sodium nitroprusside
(SNP)-induced endothelium-independent relaxation of iso-
lated carotid arteries. Data represent mean – SEM. *p < 0.05
indicates significant differences in relaxation between vehicle
and AngII groups. #p < 0.05 indicates significant differences at
individual concentrations between vehicle and AngII.
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Likewise, coincubation with SOD worsened AngII-
induced impairment of endothelium-independent relaxation
(AngII + SOD vs. AngII or vehicle; p < 0.05; Fig. 3B). Differ-
ences at individual concentrations of SNP between AngII +
SOD versus vehicle were significant ( p < 0.05). Maximal dif-
ferences were observed at SNP concentration of 3 · 10 - 8 M
(40.4 – 4.6% vs. 69.6 – 5.3%, AngII + SOD- vs. vehicle-treated
arteries, respectively; p < 0.05).

Effect of p38 MAPK inhibitor on impairment
of vascular relaxation

To investigate whether p38 MAPK inhibition could ame-
liorate the impairment of vascular relaxation, vessels were
incubated in situ with the p38 inhibitor SB203580 (p38i, 10mM).

Perivascular co-incubation of AngII + SB203580 signifi-
cantly improved AngII-induced impairment of endothelium-
dependent vasodilatation compared with AngII treatment
alone ( p < 0.05; Fig. 4A); the difference appeared most pro-
nounced at ACh 3 · 10 - 7 M (69.1 – 6.1% vs. 81.3 – 2.8%,
AngII- vs. AngII + p38i-treated arteries, respectively).

Similarly, SNP-induced endothelium-independent relaxa-
tion was also improved significantly after periadventitial in-
cubation with AngII + p38i, as compared with AngII alone
( p < 0.05; Fig. 4B). SNP-induced (3 · 10 - 8 M) relaxation was
51.6 – 7.3% and 66.7 – 4.9% for AngII- vs. AngII + p38i–
treated arteries, respectively.

FIG. 2. Perivascular incubation of catalase improved
AngII-induced impairment of vascular relaxation. The
perivascular layer of rat carotid arteries was incubated in situ
for 90 min with vehicle (n = 15), AngII (500 nM; n = 7)
or AngII + catalase (3,000 U/ml; n = 6). Isolated carotid
arteries were preconstricted with phenylephrine (10 - 6 M).
(A) Concentration–response curves for ACh-induced
endothelium-dependent relaxation of isolated carotid ar-
teries. (B) Concentration–response curves for SNP-induced
endothelium-independent relaxation of isolated carotid ar-
teries. Data represent mean – SEM. *p < 0.05 indicates sig-
nificant differences in relaxation between AngII and
AngII + catalase groups. #p < 0.05 indicates significant dif-
ferences at individual concentrations between AngII and
AngII + catalase.

FIG. 3. Superoxide dismutase (SOD) did not improve
AngII-induced endothelium-dependent and endothelium-
independent relaxation. The perivascular layer of rat carotid
arteries was incubated in situ for 90 min with vehicle (n = 15),
AngII (500 nM; n = 7) or AngII + SOD (150 U/ml; n = 6).
Isolated carotid arteries were preconstricted with phenyl-
ephrine (10 - 6 M). (A) Concentration–response curves for
ACh-induced endothelium-dependent relaxation of isolated
carotid arteries. (B) Concentration–response curves for SNP-
induced endothelium-independent relaxation in isolated
carotid arteries. Data represent mean – SEM. *p < 0.05 indi-
cates a significant difference in relaxation between
AngII and AngII + SOD groups. **p < 0.05 indicates a sig-
nificant difference in relaxation between vehicle and
AngII + SOD groups. #p < 0.05 indicates significant differ-
ences at individual concentrations between vehicle and
AngII + SOD.
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Effect of adventitial H2O2 on medial smooth muscle
cell p38 MAPK and SHP-2

To further examine the role of p38 MAPK in adventitial
H2O2-dependent impairment of vascular relaxation, the
medial smooth muscle layer was dissected from vessels as
described, and homogenates were evaluated for p38 MAPK
activation. As shown in Fig. 5, Western blots showed in-
creased activation of medial smooth muscle p38 MAPK, as
demonstrated by a higher ratio of phospho- to total p38
MAPK, after perivascular treatment of vessels with AngII, as
compared with vehicle controls. Periadventitial treatment
with catalase (AngII + catalase) completely abolished AngII-
induced activation of medial p38 MAPK.

To examine whether an important phosphatase regulating
p38 MAPK (SHP-2) could modulate this response, SHP-2
phosphorylation (activation) was compared among the
groups. Figure 6 shows that periarterial AngII markedly in-

hibited medial SHP-2 activity, as demonstrated by decreased
phosphorylation of Tyr542. Coincubation with catalase com-
pletely reversed this inhibition.

Discussion

The findings of this study demonstrate for the first time that
perivascular AngII-induced adventitial release of H2O2 leads
to vascular dysfunction through activation of p38 MAPK and
inhibition of SHP-2 in the media. Our results demonstrated
that ACh-induced endothelium-dependent as well as SNP-
induced endothelium-independent relaxations were impaired
after periadventitial AngII treatment. Perivascular incubation
of carotid arteries with catalase or the p38 MAPK inhibitor
SB203580 significantly improved AngII-induced impairment
of vascular relaxation, whereas adventitial SOD delivery
worsened AngII-induced vascular dysfunction. Furthermore,
adventitial exposure to AngII increased phosphorylation of
p38 MAPK and decreased phosphorylation of the protein
tyrosine phosphatase SHP-2 in the media, indicating activa-
tion and inhibition of these important signaling agents,

FIG. 5. Perivascular AngII treatment induced medial p38
MAPK phosphorylation that was inhibited by co-treatment
with catalase. The perivascular layer of rat carotid arteries
was incubated in situ for 90 min with vehicle (n = 4), AngII
(500 nM; n = 4), or AngII + catalase (3,000 U/ml; n = 4).
Medial homogenates were subjected to Western blot with
phospho- or total p38 MAPK antibody. Bar graphs repre-
sent averaged optical-density data expressed as a ratio of
phospho- to total p38 MAPK. *p < 0.05 indicates a signifi-
cant difference between vehicle and AngII groups. #p < 0.05
indicates a significant difference between AngII and
AngII + catalase.

FIG. 4. The p38 MAPK inhibitor SB203580 improved
AngII-induced impairment of endothelium-dependent and
-independent relaxation. The perivascular layer of rat ca-
rotid arteries was incubated in situ for 90 min with vehicle
(n = 15), AngII (500 nM; n = 7), or AngII + SB203580 (p38i,
10 mM; n = 9). Isolated carotid arteries were preconstricted
with phenylephrine (10 - 6 M). (A) Concentration–response
curves for ACh-induced endothelium-dependent relaxation
in isolated carotid arteries. (B) Concentration–response
curves for SNP-induced endothelium-independent relaxa-
tion in isolated carotid arteries. Data represent mean – SEM.
*p < 0.05 indicates significant differences in relaxation be-
tween AngII and AngII + p38i groups.
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respectively. Importantly, these effects were reversed by co-
application with catalase to the adventitia. Taken together,
these data are consistent with a significant paracrine signaling
role of adventitia-derived H2O2 in vascular-tone dysfunction,
suggesting for the first time that (a) H2O2 derived from the
adventitia impairs vascular relaxation; and (b) impairment is
mediated through remote activation of medial p38 MAPK
pathway. Furthermore, our results suggest that (c) inactiva-
tion of medial SHP-2 is involved in this process.

Previous reports from our laboratory show that AngII-
induced ROS production in the adventitia exceeds that of
other segments of the vessel wall (7, 16, 32). In the present
study, AngII solution was applied in situ to the outside of the
carotid arteries with the intent of increasing ROS production,
predominantly from the adventitia versus other segments of
the vessel. Previous findings have demonstrated that SOD
applied to the adventitial layer was incapable of crossing the
external elastic lamina and penetrating from the adventitia to
the media (23). Although we did not verify whether applied
catalase was restricted to the adventitia in the current study,
the anatomic structure of the intact vessel wall and experi-
mental conditions favored catalase exerting its scavenging
effect mainly in the adventitia. That is, because catalase is a
larger protein than SOD and was applied to the outside of the
intact carotid artery, it is expected that the former did not
cross the external elastic lamina. Finally, it is plausible that the
effect of adventitially applied catalase may have, in part, been
mediated through H2O2 diffusion from the outer media to the
adventitia, where its concentration would be lower because of

the localized presence of catalase. However, all matters con-
sidered, we expect that the effect of periadventitially applied
catalase was mediated predominantly via decreasing adven-
titial ROS where H2O2 levels are expected to have been
highest as a result of a targeted delivery of AngII.

It is also important to note that short-term periadventitial
application of AngII in the current experimental model in-
duced a relatively modest impairment of vascular function
(Fig. 1A and B), consistent with the effect of AngII being acute
and mediated primarily by the adventitia. Our expectations
are that in the current model, the contribution of other seg-
ments of the vessel wall to the impairment of vascular relax-
ation was likely minimal. In studies in which the entire blood
vessel was exposed to AngII, impairments in relaxation were
considerably more profound (22). It must be emphasized,
therefore, that the current studies were designed to focus on
the potential role of adventitial ROS on vascular relaxation.
Nonetheless, the relative contribution of the different layers of
the carotid artery was not tested in this study, and thus, it is
impossible to affirm such conclusions here.

Our results suggest that the key ROS responsible for the
development of vascular dysfunction on exposure of the ad-
ventitia to AngII is H2O2 and not O2

-. This novel contention is
supported by our findings that (a) catalase, which scavenges
H2O2, inhibited the effect of AngII (Fig. 2); and (b) treatment
with SOD, which converts O2

- to H2O2, enhanced AngII-
induced impairment of vascular relaxation (Fig. 3). These
findings are consistent with the fact that H2O2 is relatively
stable and freely diffusible within and between cells, render-
ing it the most likely ROS to mediate paracrine signaling
across the vessel wall. Another study by Gao et al. (10) sup-
ports a paracrine effect of perivascular H2O2 derived from
adipose tissue; however, in that study, H2O2 was purported to
suppress constriction. The differences related to vascular tone
between those studies and our findings are not clear, yet could
be related to species and tissue differences. Our previous
study in mice showed that in the mouse abdominal aorta,
periarterial O2

- was involved in impairment of vascular re-
laxation (23). Furthermore, a previous report by Didion et al.
(8) showed that AngII applied periarterially to rabbit cerebral
vessels worsened endothelium-dependent but not -indepen-
dent relaxations. In contrast, our findings demonstrate that
periarterial application of AngII to rat carotid artery impairs
both endothelium-dependent and -independent relaxation of
the carotid artery and to a similar degree. Taken together, we
expect that these differences arise from the distinct effects of
H2O2 versus O2

- on vascular tone. Whereas O2
- is known to

favor scavenging of endothelium-derived nitric oxide (NO),
H2O2 might be expected to perturb signaling pathways
downstream of NO.

With regard to the vasoactivity of H2O2, multiple seminal
studies demonstrated its ability to cause relaxation of blood
vessels through activation of guanylate cyclase (18, 19).
Conversely, we and others have shown that under some
conditions, blood vessels can constrict in response to H2O2 (1,
2). Those studies corroborate a number of other articles fa-
voring a constrictor effect of H2O2. For example, H2O2 was
shown to lead to activation of voltage-dependent Ca2 +

channels and increased intracellular Ca2 + , leading to vaso-
constriction (9, 29, 36). More pertinent to the current findings,
other studies demonstrated that H2O2-induced vasocon-

FIG. 6. Perivascular AngII treatment induced medial SHP-2
dephosphorylation that was reversed by co-treatment with
catalase. The perivascular layer of rat carotid arteries was in-
cubated in situ for 90 min with vehicle (n = 4), AngII (500 nM;
n = 4), or AngII + catalase (3,000 U/ml; n = 4). Medial ho-
mogenates were subjected to Western blot with phospho-SHP-2
(SHP-2-[Tyr542]) or GAPDH antibody. Bar graphs represent
averaged optical-density data expressed as a ratio of phospho-
SHP2 to GAPDH. *p < 0.05 indicates a significant difference
between vehicle and AngII groups. #p < 0.05 indicates a sig-
nificant difference between AngII and AngII + catalase.
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striction via activation of protein kinase C, p38 MAPK, and
ERK1/2 and increased production of cyclooxygenase prod-
ucts, mechanisms that led to downstream modulation of
myosin light-chain kinase (3, 17). Inquiries into these mecha-
nisms upstream and downstream of p38 MAPK are currently
the topic of intensive investigation in the laboratory and are
outside the scope of the current study. For a thorough review
of the potential mediators in this pathway, please refer to
Ardanaz et al. (3).

It is important to point out that the effect of H2O2, per se,
was not examined in the current study. That is, we did not
apply H2O2 to a vessel with either passive or active tone but
rather observed its ability to influence relaxation responses to
ACh and SNP. Moreover, this was tested indirectly by ex-
amining the effect of its scavenger catalase. This may be
considered a limitation of the study; however, these studies
are unique from the perspective of investigating the influence
of ambient, endogenous H2O2 in the adventitia on relaxation
responses. Clearly, application of catalase ameliorated AngII-
induced impairment of relaxation. The data suggest that H2O2

derived from the adventitia initiates a series of events that
predispose the media to impaired relaxation. The findings
also suggest that H2O2 is released from the vascular adventitia
and can diffuse into the media unless catalase is introduced.
Another possibility is that adventitial H2O2 is responsible for
the release of a secondary factor that inhibits relaxation in a
paracrine manner.

Finally, our findings suggest that two important mediators
of this response are p38 MAPK and SHP2 phosphatase. The
role of medial p38 MAPK in AngII-induced impairment of
vascular function was demonstrated in two ways. By using
the p38 MAPK inhibitor SB203580, we were able to reverse
AngII-induced impairment of endothelium-dependent and
-independent relaxations. Second, we found that medial p38
MAPK was activated (increased phosphorylation) by AngII
applied to the adventitia, and this effect was abolished by
the addition of catalase. This observation is consistent with
AngII-induced release of H2O2 from the vascular adventitia
permeating the vascular media and activating p38 MAPK and
promoting impaired relaxation.

Further supporting a role for MAPK pathways in this re-
sponse, our results show inhibition of the PTP SHP-2 in the
media by perivascular AngII and its reversal by catalase. PTPs
regulate signaling pathways by dephosphorylating tyrosine
residues, thereby inactivating protein kinases, including p38
MAPK (25). PTPs contain redox-regulated thiol-containing
cysteine residues, which when oxidized render the phospha-
tase inactive (11, 24). A critical redox-regulated tyrosine resi-
due in SHP-2 is Tyr542, whose dephosphorylation leads to its
inactivation. Thus, we were also interested in the possibility
that adventitial H2O2 induced dephosphorylation/inactiva-
tion of SHP-2 at Tyr542. Our data demonstrate that medial
SHP-2 inactivation occurs in response to periadventitial ap-
plication of AngII, and this was reversed by catalase, impli-
cating adventitia-derived H2O2 in this process. Our results
suggest that inactivation of medial SHP-2 could play a per-
missive role in adventitial H2O2-mediated vascular dysfunc-
tion, allowing greater accumulation of phosphorylated p38
MAPK. Further studies are necessary to test a more direct role
of SHP-2 in this response, by the use of either inhibitors or
loss-of-function techniques.

Interestingly, evidence suggests that NADPH oxidase is ac-
tivated by p38 MAPK in fMLP-stimulated neutrophils (4) and
endothelial cells subjected to hyperoxia (21). Thus, it is tempt-
ing to speculate that a similar mechanism exists in adventitial
fibroblasts, and that activation of adventitial p38 MAPK leads
to further increases in adventitial H2O2 production and even
greater medial p38 MAPK activation.

Taken together, the results of our current study demon-
strate for the first time that perivascular application of AngII
impairs vascular relaxation in a mechanism that involves re-
lease of adventitial H2O2, activation of medial p38 MAPK, and
reduction of medial SHP-2 activation. The results suggest that
adventitia-derived H2O2 plays an important paracrine role in
the development of vascular-tone dysfunction by influencing
key kinase and phosphatase activities. Adventitial ROS are
expected to participate in a far more complex interaction
with the media and endothelium in promoting vascular
dysfunction.
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Ach¼ acetylcholine
AngII¼ angiotensin II
CVD¼ cardiovascular disorder
H2O2¼hydrogen peroxide

KCl¼potassium chloride
MAPK¼mitogen-activated protein kinase

NO¼nitric oxide
O2

-¼ superoxide
Phe¼phenylephrine
PTP¼protein tyrosine phosphatase
ROS¼ reactive oxygen species
SNP¼ sodium nitroprusside
SOD¼ superoxide dismutase

VSMC¼vascular smooth muscle cell
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