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ABSTRACT

AIM: To test the hypothesis that production of superoxide in mesenteric resistance arteries is increased and con-
tributes to the development of hypertension induced by sensory denervation plus high salt intake.  METHODS:
Newborn Wistar rats were given capsaicin 50 mg/kg sc on the 1st and 2nd d of life.  After weaning, male rats were
grouped as follows and treated for 3 weeks with: capsaicin pretreatment plus normal sodium diet (0.5 %, CAP-NS),
CAP plus high sodium diet (4 %, CAP-HS), control plus NS (CON-NS), or CON-HS.  Both tail-cuff systolic blood
pressure and mean arterial pressure (MAP) were measured in each of the groups.  Western blot analysis was used
for measurement of manganese superoxide dismutase (MnSOD) and endothelial nitric oxide synthase (eNOS) in the
mesenteric resistance arteries.  Lucigenin chemiluminescence assay was used for superoxide production in the
mesenteric resistance arteries.  The Griess method was used for measurement of nitrite/nitrate levels in plasma.
RESULTS: Both tail-cuff pressure and MAP were higher in CAP-HS compared with CAP-NS, CON-HS, and CON-
NS rats (P<0.05).  Both MnSOD and eNOS in the mesenteric resistance arteries were increased in CAP-HS
compared with CAP-NS, CON-HS, and CON-NS (P<0.05).  However, nitrite/nitrate levels in plasma were not
different among 4 groups.  Acute iv administration of tempol, a membrane-permeable superoxide scavenger, de-
creased MAP in both CAP-HS and CON-HS when compared with their respective controls.  However, the de-
creases of MAP between these two groups were not different.  Chronic treatment with tempol failed to prevent the
development of hypertension in CAP-HS rats.  Superoxide production in the mesenteric resistance arteries was
increased in CAP-HS compared with CAP-NS, CON-HS, and CON-NS (P<0.05).  However, chronic treatment
with tempol did not prevent the increase of mesenteric superoxide production in CAP-HS rats.  CONCLUSIONS:
Regardless of increased vascular MnSOD levels, salt sensitive hypertension induced by sensory degeneration is
associated with increased vascular superoxide production.  Although tempol is incapable of preventing the develop-
ment of hypertension in sensory denervated rats fed a high salt diet, increased superoxide levels may contribute to
exacerbated vascular impairment which may take longer time to develop.  Given that superoxide may be produced
by sources other than mitochondrion, future studies using other inhibitors (eg, inhibitors of NADPH oxidase and
xanthine oxidase) may unveil the effectiveness of reducing superoxide on lowering blood pressure in this model.

INTRODUCTION

Vascular superoxide (O2
–) production has been im-

plicated to contribute to blood pressure elevation in many
forms of hypertension.  It has been demonstrated that
the production of O2

–
  are increased in the aortic rings in

spontaneously hypertensive rats (SHR), and that de-
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creased vasodilator response in this model can be re-
stored by giving a superoxide dismutase[1,2]. Moreover,
in many other experimental models of hypertension in-
cluding hypertension induced by angiotensin II (Ang
II), one-kidney-one-clip (1K1C), deoxycorticosterone
acetate (DOCA)-salt, obesity, and diabetes, vascular O2

–

production is increased[3-9].  Treatment with tempol, a
membrane-permeable superoxide scavenger, reduces O2

–

production and ameliorates hypertension in these mod-
els[2,10,11].

Superoxide may be involved in the pathogenesis
of hypertension via several pathways.  It may act as a
vasoconstrictor directly or may interact with nitric ox-
ide (NO) to reduce NO bioavailability and further in-
creases vasoconstriction[12,13].  Moreover, peroxynitrite
formed from interactions between O2

–
 and NO is a more

potent oxidant that causes nitrosylation of tyrosine resi-
dues in proteins and leads to DNA damage and alter-
ation of cellular function[12,13].  In addition to the source
of mitochondrion, superoxide may be produced by other
sources including uncoupling of eNOS, NADPH
oxidase, and xanthine oxidase, etc.

Recently, our laboratory developed a novel salt-
sensitive hypertensive model that was sensory nerve-
dependent.  We found that neonatal treatment with cap-
saicin caused a rat to respond to salt load with a signifi-
cant rise in blood pressure[14-22].  In addition, plasma
renin activity and plasma aldosterone levels are insuffi-
ciently suppressed and plasma endothelin-1 (ET-1) con-
centrations are markedly increased in sensory dener-
vated rats fed a high salt diet when compared with rats
fed a high salt diet[19-22].  Although it is known that Ang
II, aldosterone, and ET-1 are potent stimulators for O2

–

production[3,4,6,23,24], production of O2
–
 and its role in in-

creased salt sensitivity of arterial pressure in sensory
denervated rats are unknown.  Therefore, this study
was designed to test the hypothesis that production of
O2

–
 in mesenteric resistance arteries was increased and

contributed to the development of hypertension induced
by sensory denervation plus high salt intake.

MATERIALS  AND  METHODS

Treatment groups  Pregnant Wistar female rats
(Charles River Laboratories Inc, Wilmington, Mass)
were housed in the animal unit for at least 1 week be-
fore parturition.  On the first and second days of life,
neonatal rats received capsaicin 50 mg/kg sc as de-
scribed[14].  Control rats were treated with equal volumes

of vehicle solution (5 % ethanol, 5 % Tween-80 in
saline).  After 3 weeks, male rats were pair-fed differ-
ent sodium diets and subjected to following treatments
for 3 weeks: capsaicin pretreatment plus normal so-
dium diet (0.5 %, CAP-NS), capsaicin pretreatment plus
high sodium diet (4 %, CAP-HS), capsaicin pretreat-
ment plus high sodium diet plus tempol (1 mmol·kg-1·d-1

by oral gavage) (CAP-HS-T), control plus normal so-
dium diet (CON-NS), control plus high sodium diet
(CON-HS), and control plus high sodium diet plus tempol
(CON-HS-T).  Additional four groups were used for
acute iv administration of tempol, ie, CAP-HS-T1 and
CON-HS-T1 (tempol, 72 µmol/kg by iv), and CAP-HS-
T2 and CON-HS-T2 (tempol, 216 µmol/kg by iv).  The
rat food was purchased from Harlan Teklad Diets.  These
doses of tempol have been shown to be effective in
decreasing O2

– levels and blood pressure in SHR and
Ang II-induced hypertension[1,2,10].  The rats were anes-
thetized with ketamine and xylazine (80 and 4 mg/kg ip,
respectively).  The right jugular vein was cannulated
for administration of tempol.  The right carotid artery
was cannulated for monitoring mean arterial pressure
(MAP) with a Statham 231D pressure transducer
coupled to a Gould 2400s recorder (Gould Instrument
Systems, Valley View, Ohio, USA).  Three hours after
surgery, baseline MAP and its response to tempol were
measured with the rats fully awake and unrestrained.
Baseline MAP was calculated as the average of the re-
cording over 30-min period and MAP after tempol treat-
ment represented peak decreases.  By the end of the
experiments, rats were decapitated and blood (3 mL)
was collected on ice in 0.01 % EDTA tubes.  Mesen-
teric resistance arteries were dissected and used either
for measurement of O2

–
  levels immediately or for deter-

mination of manganese superoxide dismutase (MnSOD)
and endothelial nitric oxide synthase (eNOS) levels in
snap-froze samples.

Systolic blood pressure  Tail-cuff systolic blood
pressures were routinely obtained in all rats by use of a
Narco Bio-Systems Electro-Sphygmomanometer.  The
pressures were measured in conscious rats every 7 d
for 20 d, beginning 1 d before dietary treatment.  The
blood pressure value for each rat was calculated as the
average of 3 separate measurements at each 15-min
session and represents steady state.

  Measurement of O2
– 

 production
by lucigenin chemiluminescence assay has been de-
scribed previously[6,25].  Briefly, the first- to third-order
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mesenteric resistance arteries were cut into 5 mm seg-
ments and incubated in chilled Krebs-HEPES buffer on
ice.  The buffer consisted of (in mmol/L) NaCl 119,
HEPES 20, KCl 4.6, CaCl2 1.2, Na2HPO4 0.15, KH2PO4

0.4, MgSO4 1.0, NaHCO3 25.0, glucose 5.5, at pH7.4.
The segments were then maintained at 37 ºC for 30 min
in Krebs-HEPES buffer with diphenyleneiodonium (DPI,
0.1 mmol/L), rinsed and gently transferred to test tubes
containing 1 mL Krebs-HEPES buffer and lucigenin (5
µmol/L), and allowed to equilibrate in the dark for 10
min at 37 ºC.  Lucigenin chemiluminescence was re-
corded every 30 s for 5min with a luminometer and
blood vessels were blotted to soak up excess liquid and
weighed.  Superoxide generation was quantified against
a standard curve of superoxide generation by xanthine/
xanthine oxidase.  Tissue superoxide formation was ex-
pressed as counts·min-1·mg-1 wet tissue.

 Nitric oxide has a very short half-life
and is oxidized to form NO2 and NO3 in vivo.  Mea-
surement of NOx (NO2+NO3) concentrations in plasma
has been used as an indicator for NO formation in vivo.
Concentration of nitrate/nitrite in plasma was determined
by the method of Griess reaction after enzymatic con-
version of nitrate to nitrite[26].  Briefly, 200 µL of plasma
was incubated with 100 mmol/L HEPES 100 µL, 125
mmol/L NADPH 100 µL, and 4 mg/L nitrate reductase
20 µL.  Excessive NADPH, proteins, and interfering
pigments were precipitated by adding 0.4 mol/L zinc
sulfate and 0.4 mol/L Na2CO3.  After centrifugation at
12 000×g for 20 min at 4 ºC, 100 µL supernatant was
incubated with Griess reagent (1 % sulphanilamide, 0.1 %
N-1-naphthyl-ethylenediamine in 5 % phosphoric acid)
for 10 min at room temperature in the dark.  All reac-
tions were carried out in duplicate.  Absorbance was
measured at 560 nm.  Sodium nitrite diluted in the dis-
tilled water in the range of 0-100 mmol/L was used for
calibration.  Amounts of NOx were expressed as µmol/L
of plasma sample.

Measurement of MnSOD and eNOS levels by
Western blot analysis  Mesenteric resistance arteries
were dissected and homogenized in buffer containing
10 mmol/L Tris-HCl (pH 7.6), 0.5 mmol/L MgCl2 with
protease inhibitors (10 mg/L leupeptin, 10 mg/L aprotinin,
1 mmol/L phenylmethylsulfonyl fluoride and 1.8 g/L
iodoacetamide).  Homogenates were treated as previ-
ously described[19-21].  The protein concentration was
determined with a protein assay kit (Bio-Rad).  Equal
amounts of protein from each animal (10 mg) were elec-

trophoresed on SDS polyacrylamide gel (12 % for
MnSOD and 7.5 % for eNOS) and then transferred to a
polyvinylidene fluoride membrane.  Membranes were
blocked in 5 % milk and reacted either with polyclonal
antibody against MnSOD at 1:1000 dilution (Trans-
duction Laboratories) or with polyclonal antibody against
eNOS at 1:1000 dilution (Transduction Laboratories),
followed by incubation with HRP-labeled secondary
antibody (Amersham Life Science) at 1:4000 dilution.
Bands were detected by the use of ECL chemilumines-
cence (Amersham Life Science).  The intensity of the
reaction was normalized by total protein content de-
tected by Coomassie blue staining and expressed as a
ratio of MnSOD or eNOS density to total protein
content.

Statistical analysis  Values are expressed as
mean±SEM.  The data were analyzed by one-way
ANOVA followed by the Tukey-Kramer multiple com-
parison test.  Differences were considered statistically
significant at P<0.05.

RESULTS

Systolic blood pressure (A) and MAP (B) were
significantly increased in CAP-HS rats when compared
with CON-NS, CON-HS, and CAP-NS rats by the end
of the 3-week dietary treatment.  There was no statisti-
cally significant difference in systolic blood pressure or
MAP between CON-NS, CON-HS, and CAP-NS rats,
a data in agreement with our previous findings[14-16]

(Fig 1).
MnSOD contents in mesenteric resistance arter-

ies were significantly higher in CAP-HS rats compared
with CON-NS, CON-HS, and CAP-NS rats, and there
was no significant difference in MnSOD contents be-
tween the later three groups (Fig 2).  Likewise, the con-
tent of eNOS, a major nitric oxide synthase in endothe-
lial cells, was significantly increased in mesenteric re-
sistance arteries of CAP-HS rats when compared with
CON-NS, CON-HS, and CAP-NS rats (Fig 3).  How-
ever, the concentration of nitrite/nitrate (NOx) in plasma,
a reliable index for NO production in vivo, was not
altered in CAP-HS (15.8±2.2 mol/L) rats when com-
pared with CON-NS (14.5±0.8 mol/L), CON-HS (11.8±
0.8 mol/L), and CAP-NS (15.4±1.0 mol/L) rats.

To assess the role of elevated O2
– 

  production in the
development of hypertension in this model, tempol, a
stable membrane-permeable O2

–  scavenger, was given
acutely by iv injection and MAP responses to tempol
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were assessed.  Baseline MAP was significantly elevated
in CAP-HS rats (149±3 mmHg) compared with CON-
HS rats (102±4 mmHg, P<0.05).  Tempol at the low
dose (72 mmol/kg) did not cause significant changes in
MAP in either CAP-HS (145±4 mmHg) or CON-HS (97±4
mmHg) rats.  Tempol at the high dose (216 mmol/kg) de-
creased MAP in both CAP-HS (131±4 mmHg, P<0.05)
and CON-HS (88±3 mmHg, P<0.05) rats.  However,
these decreases in MAP were not significantly different
between CAP-HS (∆MAP, -18±2 mmHg) and CON-
HS (∆MAP, -14±2 mmHg) rats.  Finally, chronic treat-
ment with tempol by oral gavage for 3 weeks did not
prevent the development of hypertension in CAP-HS
rats (Fig 4).

O2
– 

 production in mesenteric resistance arteries was
significantly increased in CAP-HS rats when compared
with CON-NS, CON-HS, and CAP-NS rats, whereas
there was no significant difference in mesenteric O2

–

production between the later three groups.  Moreover,

chronic treatment with tempol did not alter mesenteric
O2

– 
 levels in either CAP-HS or CON-HS rats, a finding

that was consistent with effect of tempol on MAP (Fig 5).

DISCUSSION

The goal of the present study was to determine
whether O2

– 
 production in mesenteric resistance arteries

was increased in sensory denervated rats fed a high salt

Fig 1.  Systolic blood pressure (A) and mean arterial blood
pressure (MAP, B) in capsaicin-pretreated rats fed a nor-
mal sodium diet (0.5 %, CAP-NS), capsaicin-pretreated rats
fed a high sodium diet (4 %, CAP-HS), control rats fed a
normal sodium diet (CON-NS), and control rats fed a high
sodium diet (CON-HS).  n=5-6.  Mean±SEM.  bP<0.05 vs
CAP-HS.

Fig 3.  eNOS content in mesenteric resistance arteries of
rats in capsaicin-pretreated rats fed a normal sodium diet
(0.5 %, CAP-NS), capsaicin-pretreated rats fed a high so-
dium diet (4 %, CAP-HS), control rats fed a normal sodium
diet (CON-NS), and control rats fed a high sodium diet
(CON-HS).  n= 4-5.  Mean±SEM.  bP<0.05 vs CON-NS, CON-
HS, CAP-NS.

Fig 2.  MnSOD contents in the mesenteric resistance arter-
ies of rats in capsaicin pretreated rats fed a normal sodium
diet (0.5 %, CAP-NS), capsaicin pretreated rats fed a high
sodium diet (4 %, CAP-HS), control rats fed a normal so-
dium diet (CON-NS), and control rats fed a high sodium
diet (CON-HS).  n=4-5.  Mean±SEM.  bP<0.05 vs CAP-HS.
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diet, and if so, whether increased O2
–  production con-

tributed to increased salt sensitivity of arterial pressure
in this model.  We found that 1) MnSOD contents in
mesenteric resistance arteries were markedly increased
in sensory denervated rats fed a high salt diet compared
with control rats fed a high salt diet; 2) although NO
production, indicated by plasma nitrite/nitrate levels, was
not altered by sensory denervation and/or high salt intake,
eNOS contents in mesenteric resistance arteries were
increased in sensory denervated rats fed a high salt diet
compared with control rats fed a high salt diet; 3) de-
spite the fact that acute infusion of tempol decreased
blood pressure in both sensory denervated and control
rats fed a high salt diet, the decreases in blood pressure
were not different between the two groups and chronic
treatment with tempol did not prevent or attenuate the
development of hypertension in sensory denervated rats
fed a high salt diet, and 4) mesenteric O2

– 
 production

was markedly increased in sensory denervated rats fed

a high salt diet compared with control rats fed a high
salt diet.  However, the increase in O2

– 
 production in the

former was not sensitive to chronic tempol treatment.
Taken together, these data indicate for the first time that,
regardless of increased vascular MnSOD levels, salt
sensitive hypertension induced by sensory denervation
was associated with an elevation in vascular O2

–

production.  A superoxide scavenger, tempol, failed to
lower elevated O2

– 
 production and did not prevent the

development of hypertension in this model.  Several
possibilities may exist and deserve further discussion.

We have previously shown that neonatal treatment
with capsaicin caused permanent sensory nerve de-
generation and rendered a rat salt sensitive in terms of
blood pressure regulation[14-16].  Increased blood pres-
sure in this model is accompanied by insufficiently sup-
pressed plasma renin activity and plasma aldosterone
levels in response to high salt intake[19-21].  Moreover,
plasma ET-1 concentrations are markedly increased in
sensory denervated rats fed a high salt diet when com-
pared with control rats fed a high salt diet[22].  Ang II,
aldosterone, and/or ET-1, either alone or in combination,
may contribute to increased mesenteric O2

– 
 production

in this model given the fact that these hormonal factors
have been demonstrated to be very potent stimulators
for O2

– 
 production in the vascular tissue[3,4,6,23,24].  Inter-

estingly, a concomitant increase in mesenteric MnSOD

Fig 4.  Systolic blood pressure (A) and mean arterial pres-
sure (MAP, B) in capsaicin pretreated rats fed a high so-
dium diet (4 %, CAP-HS) and control rats fed a high sodium
diet (CON-HS) with or without chronic tempol treatment
for 3 weeks.  T: tempol given by oral gavage at 1 mmol·kg-1·d-1.
n=5-6.  Mean±SEM.  bP<0.05 vs CON-HS. eP<0.05 vs CON-
HS-T.

Fig 5.  Superoxide anion production in mesenteric resis-
tance arteries of rats in capsaicin-pretreated rats fed a nor-
mal sodium diet (0.5 %, CAP-NS), capsaicin-pretreated rats
fed a high sodium diet (4 %, CAP-HS), capsaicin-pretreated
rats fed a high sodium diet plus tempol (CAP-HS-T), con-
trol rats fed a normal sodium diet (CON-NS), control rats
fed a high sodium diet (CON-HS), and control rats fed a
high sodium diet plus tempol (CON-HS-T).  n=6.
Mean±SEM.  bP<0.05 vs CON-NS.
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levels is found in sensory denervated rats fed a high salt
diet.  The increase in MnSOD contents may constitute
a compensatory mechanism to prevent further increases
in mesenteric O2

– 
 production in this model.

Superoxide may be involved in the pathogenesis
of hypertension via several pathways.  It may act as a
vasoconstrictor directly or may interact with NO to
reduce NO bioavailability and further increases vaso-
constriction[12-13].  Although mesenteric O2

– 
 production

is markedly increased in sensory denervated rats fed a
high salt diet, NO production as assessed by measure-
ment of nitrite/nitrate levels in plasma is not altered in
this model.  Several possibilities exist: 1) eNOS becomes
uncoupled under high blood pressure to produce su-
peroxide and counteracts the increased MnSOD activity;
2) because mesenteric eNOS levels are increased in sen-
sory denervated rats fed a high salt diet, increased NO
production induced by elevated eNOS contents may be
masked by increased O2

– 
 production that leads to sup-

pressed levels of NO; 3) elevated mesenteric eNOS lev-
els are incapable of generating more NO due to the lack
of sufficient substrates in sensory denervated rats fed a
high salt diet; and 4) plasma nitrite/nitrate levels do not
reflect NO levels in mesenteric resistance arteries.

Despite an increase in MnSOD, superoxide levels
are still high, suggesting that there are sources other
than mitochondrion that produce superoxide.  It has
been shown that tempol, a superoxide scavenger, is
capable of decreasing blood pressure in several models
of hypertension associated with elevated vascular O2

–

production[2,10,11].  Despite the fact that mesenteric O2
–

production is increased and may contribute to elevated
blood pressure in sensory denervated rats fed a high
salt diet, chronic treatment with tempol does not pre-
vent the development of hypertension in this model.  This
may result from several possibilities: 1) increased me-
senteric O2

– 
 production does not play a major role in the

development of hypertension in sensory denervated rats
fed a high salt diet; future examination of O2

– 
 production

in the other vascular bed or tissues, eg, kidney, may
shed some light on this issue; 2) tempol is ineffective in
lowering mesenteric O2

– 
 production due to the over-

whelmingly strong stimulation of O2
– 

 production by Ang
II, aldosterone, and ET-1 in this model.  Given that in-
tracellular concentrations of tempol is unknown, it makes
more difficult to assess the effectiveness of this drug;
3) increased mesenteric O2

– 
 production in this model is

not due to a lack of a scavenger; and 4) other reactive
oxygen species, such as hydrogen peroxide and hy-

droxyl radical, are increased resulting from tempol treat-
ment and contribute to the development and mainte-
nance of hypertension in this model[12,13].  Indeed,
sources for generating superoxide, eg, NADPH oxidase,
xanthine oxidase, and uncoupled eNOS may be more
important and may mask the tempol’s effect.  The as-
certaining of these possibilities waits for future in vivo
and in vitro investigation of multiple oxidative stress
pathways.

In conclusion, salt sensitive hypertension induced
by sensory degeneration is associated with increased
mesenteric O2

– 
 production and compensatory elevations

in vascular MnSOD and eNOS levels.  Although tempol
does not prevent the development of hypertension in
sensory denervated rats fed a high salt diet, increased
superoxide levels may contribute to exacerbated vas-
cular impairment which may take longer time to develop.
Despite an increase in MnSOD, superoxide levels are
still high, suggesting that there are sources other than
mitochondrion that produces superoxide.  Future stud-
ies using other inhibitors (eg inhibitors of NADPH oxi-
dase and xanthine oxidase) on lowering blood pressure
in this model, may shed some light on the pathogenesis
of increased salt sensitivity of arterial pressure, and may
provide information necessary for the development of
novel anti-hypertensive drugs.
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