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Superoxide Dismustase Mimetic Tempol Decreases Blood Pressure by
Increasing Renal Medullary Blood Flow in Hyperinsulinemic-Hypertensive Rats

Shizuka Onuma and Kazushige Nakanishi

nsulin resistance and compensatory hyperinsulinemia often coexist in hypertensive patients, which may play a role in the

evelopment of hypertension. Because medullary blood flow (MBF), which is strongly influenced by the nitric oxide (NO)

ystem, is thought to be an important component of blood pressure and sodium balance, we focused particularly on MBF in

ructose-induced hypertensive rats. Moreover, it has been reported that the increased reactive oxygen species (ROS) in the

idney may contribute to the development of hypertension. Our study was thus designed to test the hypotheses that MBF

s diminished in fructose-hypertensive rats (FFR) and that administration of tempol, a membrane-permeable mimetic of

uperoxide dismutase (SOD), decreases mean arterial pressure (MAP) by increasing MBF. Male Sprague-Dawley rats (180 to

00 g) were divided into 6 groups: control untreated (C, n � 5), control tempol-treated (in drinking water) (CT, n � 4), control

-arginine–treated (in drinking water) (CA, n � 6), fructose-fed untreated (F, n � 7), fructose-fed tempol-treated (FT, n � 7), and

ructose-fed L-arginine–treated rats (in drinking water) (FA, n � 6). MAP and 24-hour urine samples were measured weekly

ver a 4-week test period. Changes in MBF, cortical blood flow (CBF), and renal blood flow (RBF) were determined by

mplanted optical fiber-, laser- and pulse-Doppler flow measurement techniques 4 weeks after starting the diet. Fructose

eeding resulted in hyperinsulinemia, significantly elevated MAP, decreased MBF without changes in RBF or CBF, and

ecreased sodium excretion in the F group compared to the C group. Administration of tempol significantly decreased MAP

nd plasma insulin in contrast to increased MBF and sodium excretion in the FT group compared to those in the F group.

esults indicated that MBF played an important role in the development of hypertension in the F group. Impairment of renal

edullary NO systems may induce sustained elevation of blood pressure and retention of sodium in fructose-fed rats. The

ecrease in MAP with an increase of MBF in the FT group is consistent with the hypothesis that tempol increases the level

f NO available to influence mechanisms involved in the control of MBF.
2004 Elsevier Inc. All rights reserved.
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NSULIN RESISTANCE and compensatory hyperinsulin-
emia often coexist in hypertensive patients, and the

ccumulation of these factors increases the risk of cardio-
ascular diseases.1-3 Recently, insulin resistance and hyper-
nsulinemia have emerged as common causes of these dis-
ases in the clinical field, and hyperinsulinemia may play a
ole in the development of hypertension.4,5 Cowley pointed
ut that renal medullary circulation plays an important role
n sodium balance and the development of hypertension.6,7

akanishi et al previously demonstrated in a laser Doppler
tudy that chronic nitric oxide (NO) blockades induced a
ustained decrease in medullary blood flow (MBF) without a
hange in cortical blood flow (CBF), resulting in the reten-
ion of sodium and development of hypertension.8 NO ac-
ivity within the medulla is the primary characterized factor
n the maintenance of MBF and plays an important role in
he pressure-natriuresis response.9-13 Because MBF, which
s strongly influenced by the NO system, is thought to be an
mportant component of blood pressure and sodium balance,
e focused on MBF in fructose-hypertensive rats (FFR),
ypertension being secondary in the development of insulin
esistance.14 In addition, the increased reactive oxygen spe-
ies (ROS) in the kidney may contribute to the development
f hypertension.13,15-17 Specifically, ROS are elevated in
FR.18,19 It was also found that tempol (4-hydroxy-2,2,6,6,-

etramethyl piperidinoxyl), being a chemical superoxide dis-
utase (SOD) mimetic, enhances vasodilator mechanisms of
BF, possibly by interacting with the NO system.20 Taken

ogether, we suggest that tempol, by scavenging superoxide
n the renal medulla, increases MBF through a NO-mediated
echanism in FFR. This study was designed to test the

ypothesis that if MBF is decreased in FFR, then tempol will

ecrease MAP by increasing MBF and sodium excretion.

etabolism, Vol 53, No 10 (October), 2004: pp 1305-1308
MATERIALS AND METHODS

Experiments were performed on 8-week-old male Sprague-Dawley
ats (Charles River Inc, Yokohama, Japan) with body weights in the
ange of 180 to 200 g. The rats were housed in the Animal Resource
enter at Toho University School of Medicine, and they were divided

nto 6 groups: control untreated (C, n � 5), control tempol-treated (1
mol/L tempol mixed with drinking water) (CT, n � 4), control

-arginine–treated (1 mmol/L L-arginine mixed with drinking water)
CA, n � 6), fructose-fed (containing 60% fructose, 5% fat, and 20%
rotein; Oriental Yeast Co, Osaka, Japan) untreated (F, n � 7), fruc-
ose-fed tempol-treated (FT, n � 7), and fructose-fed L-arginine–
reated (in drinking water) (FA, n � 6). At weekly intervals over a
-week test period, weight was recorded and MAP measured in all
onscious rats using the indirect tail-cuff method (BP-98A; Softron,
okyo, Japan) on a 37°C preheated cloth jacket for about 10 minutes.
he averages of 3 such recordings were taken as the individual mean
rterial blood pressure (MAP) and individual heart rate. At weeks 0, 2,
nd 4, 24-hour urine collections were taken for each rat using metabolic
ages for concentration of sodium. Rats were studied for 4 weeks.
lasma glucose and plasma insulin were measured at weeks 0 and 4.
At the end of week 4, all rats were anesthetized with inactin (100
g/kg intraperitoneally) and placed on a heated surgical table to
aintain a body temperature of 37°C. Cannulas were placed in the

emoral arteries for measurement of arterial blood pressure and collec-
ion of blood and in the jugular vein for infusion of solution. Surgical
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1306 ONUMA AND NAKANISHI
uid losses were replaced by continuous intravenous infusion of 2%
ovine serum albumin (Sigma) in a 0.9% sodium chloride solution at 1
L/h/100 g body weight through the experiment. The left kidney was

xposed through a midline incision, isolated, and placed in a holder.
An ultrasonic transit-time flow probe was placed around the left

enal artery for the measurement of renal blood flow (RBF). Signals
ere transmitted to a transit-time flow meter (PDV-20; Crystal Biotech,
orthborough, MA). This device measures absolute RBF in milliliters
er minute.
For the measurement of changes in CBF and MBF in rats, two

00-�m diameter optical fibers were implanted in the left kidney and
xteriorized for blood flow measurement by laser-Doppler flowmetry.
wo pieces of single-mode optical fiber were cut into 25-cm lengths,
nd one end of each fiber was gently heated and shaped into a 1-cm
adius bend to allow for stabilization of the fibers when implanted into
he dorsal pole of the left kidney. A small 1-cm diameter piece of latex
as anchored to the fiber with epoxy adhesive and was used to anchor

he implanted fiber to the surface of the kidney using a surgical
dhesive. The fibers were then sheathed with polyethylene tubing for
rotection. The fibers were implanted in the renal cortex and medulla
y inserting them directly into the kidney tissue through a small hole
ade in the renal capsule with a 26-gauge needle. The fiber tips were

nserted 2 mm beneath the surface of the renal cortex to measure the net
ux of red blood cells in the renal cortex and 5 mm deep to monitor
hanges in the outer medulla. After completion of the study, the
idneys were removed for morphologic examination and to determine
recisely the tip placement of the optical fibers. Animals with incor-
ectly placed fibers or extensive renal damage were excluded from the
tudy.

tatistical Analysis

Values are given as the means � SD. One-way repeated-measures
nalysis of variance (ANOVA) was performed for each group followed

Table 1. Baseline Chara

C CT

Mean arterial pressure (mm Hg) 98 � 5.1 98.5 �

Plasma glucose (mg/dL) 132 � 11 130.7 �

Plasma insulin (�g/mL) 6.4 � 1.7 6.5 �

Urinary sodium excretion (mEq/d) 0.93 � 0.17 1.1 �

Urinary volume (mL/d) 7.33 � 2.16 10.0 �

Urinary sodium concentration (mEq/L) 137 � 51.3 111.4 �

Body weight (g) 181.2 � 5.74 170 �

NOTE. Values are expressed as means � SD.
Abbreviations: C, control; CT, control tempol-treated; CA, control

ructose-fed, L-arginine–treated; FT, fructose-fed, tempol-treated.

Table 2. Characteristics of

C CT

Mean arterial pressure (mm Hg) 100.8 � 4.96 98.45 �

Plasma glucose (mg/dL) 136 � 9.9 138.7 �

Plasma insulin (�g/mL) 6.4 � 1.7 5.0 �

Urinary sodium excretion (mEq/d) 0.93 � 0.17 1.22 �

Urinary volume (mL/d) 6.67 � 1.86 8.4 �

Urinary sodium concentration (mEq/L) 175 � 54.3 148.5 �

Body weight (g) 331.0 � 8.16 311.2 �

NOTE. Values are expressed as means � SD.
*P�.01 v C group, †P�.05 v C group.

‡P�.01 v F group, §P�.05 v F group.
y Duncan’s multiple-range test for significance. P values less than .05
ere considered to be significant.

RESULTS

Table 1 shows the baseline characteristics of the 6 groups,
hich did not differ among the groups. Table 2 shows charac-

eristics of the 6 groups after 4 weeks. The plasma insulin
oncentration was increased in the F group compared with C
roup (32.4 � 19.9 v 7.42 � 3.35 �U/mL, repectively, P �

05) The rats in the F group exhibited hyperinsulinemia,
hereas those in the C group did not (plasma insulin, 32.4 �
9.9 v 6.2 � 1.0 �U/mL, respectively, P � .05). Treatment
ith tempol in the FT group prevented the development of
yperinsulinemia (10.6 � 4.4 �U/mL, P � .05) compared with
he F group. The rats in the F group exhibited hypertension,
hereas those in the C group did not (MAP, 127.9 � 2.4 v
00.8 � 4.9 mm Hg, respectively, P � .01). The FT group
howed a significant decrease in MAP (103 � 3.3 mm Hg, P �
01) compared with the F group. The mean weekly sodium
ntake was not significant different among the 6 groups. The
ats in the F group showed a decrease in sodium excretion
ompared with the C group (0.45 � 0.06 v 1.10 � 0.21 mEq/d,
espectively, P � .01). The FT group showed a significant
ncrease in sodium excretion (0.73 � 0.08 mEq/d, P � .01)
ompared with the F group. Figures 1 through 3 show MBF,
BF, and CBF, respectively. In the F group there was a
ecrease in MBF (0.42 � 0.1v 0.66 � 0.1 V in controls, P �
05) without changes in RBF or CBF. Administration of tempol
ignificantly increased MBF (0.58 � 0.08 V, P � .05) in the FT
roup compared to values in the F group.

tics of the Six Groups

CA F FA FT

102.7 � 1.71 108.1 � 7.5 104 � 3.4 112.3 � 7.18
128.4 � 14.6 125.1 � 9.7 138 � 11 132.7 � 13.4

6.5 � 1.60 7.4 � 3.3 5.7 � 0.94 7.7 � 2.3
0.88 � 0.13 0.99 � 0.16 0.91 � 0.24 0.92 � 0.09
6.8 � 1.92 8.04 � 4.54 7.33 � 2.58 6.15 � 1.11
135 � 27.3 149.7 � 64.8 134.3 � 48.0 152.1 � 31.1
181 � 3.60 169 � 3.45 171.1 � 5.74 165 � 5.0

inine–treated; F, fructose-fed; FT, fructose-fed, tempol-treated; FA,

ix Groups After 4 Weeks

CA F FA FT

97.8 � 6.17 127.4 � 4.15* 105.1 � 3.1 103.7 � 3.35
136.3 � 9.9 136.8 � 14.5 128.3 � 14.3 140.5 � 14.0
6.16 � 0.96 32.4 � 19.9† 10.4 � 7.1§ 10.6 � 4.4§
1.1 � 0.22 0.45 � 0.06* 0.71 � 0.26‡ 0.73 � 0.08‡
7.6 � 1.51 8.21 � 3.5 7.67 � 1.63 6.52 � 1.18
114 � 12.1 63.5 � 24.6 95.8 � 39.6 115.2 � 25.7

294.8 � 7.19 298.5 � 20.9 321.6 � 8.16 301.4 � 26.7
cteris

2.68
14.3
2.08
0.08
1.23
15.2
4.08

L-arg
the S

8.42
12.2
0.81
0.04
1.16
22.9
8.53
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1307RENAL MEDULLARY BLOOD FLOW IN FRUCTOSE RATS
DISCUSSION

An interesting finding in the present study was that MBF and
odium excretion were significantly decreased without changes
n RBF or CBF in the development of hypertension in FFR.
lthough to demonstrate pressure-natriuresis hypertension re-
uires study of salt excretion at 2 levels of pressure, which was
ot performed in the present study, the hypertension in FFR
ould, at least in part, show impaired pressure-natriuresis hy-
ertension with the decreased MBF. The administration of
-arginine also blunted the reduced MBF and the development
f hypertension in FFR. It seems reasonable to suppose that an
mpaired NO system could contribute to reduced MBF and
odium excretion, which would result in the development of
ypertension in FFR, although the antihypertensive effect of
-arginine and tempol could be the correction of the hyperin-
ulinemic state. A novel finding in the present study is that the
empol treatment in FFR significantly increased the MBF,
hich resulted in increased sodium excretion and decreased
AP. Although the actual mechanism of the effect of tempol
as not determined in the present study, our observations

uggest that SOD can prevent the development of hypertension
n this model of hypertension with increased MBF. Recently, it
as reported that ROS may participate in the control of vas-

Fig 1. Bar graph showing MBF in the control and fructose-fed rats

reated with L-arginine and tempol for 4 weeks. Rats in the F group

howed a decrease in MBF compared to the C group. Treatment of F

ats with tempol significantly increased MBF. Values are means �

D. *P < .05 v C group. †P < .05 v F group.

Fig 2. Bar graph showing CBF in the control and fructose-fed rats

reated with L-arginine and tempol for 4 weeks. Tempol and L-argi-
tine did not cause any change in CBF. Values are means � SD.
ular tone, and the interaction of superoxide and NO has been
onsidered to be an important mechanism in the regulation of
rterial blood pressure.13,15-17,21 Shinozaki et al reported that
he endothelial tetrahydrobiopterin (BH4) level was signifi-
antly reduced, and produced an imbalance of NO and super-
xide in FFR. The mechanism by which BH4 decreases super-
xide release from endothelial nitric oxide (eNOS) and the
ffect of uncoupling in oxidized BH4 metabolites may play
ovel roles in the development of hypertension in a state of
nsulin resistance.22 Since superoxide scavenges NO to form
erioxynitrite (ONOO�), a short-lived and less potent vasore-
axant than NO, tempol could reduce superoxide and increase
O bioavailability. Insulin resistance can be a pathogenic fac-

or for increased vascular resistance. Although we made no
bservation of the effects of BH4 or ONOO� in the present
tudy, it seems reasonable to suppose that the imbalance of NO
nd superoxide may reduce MBF, which causes sodium reten-
ion and the development of hypertension. This observation is
n agreement with a recent report that the renal outer medulla is

major region for superoxide production and hence tempol
ncreased MBF and water/sodium excretion.21 The medullary
irculation may be strongly influenced by ROS. Taken to-
ether, we can say with fair certainty that increased oxidant
tress such as the state of insulin resistance in the renal medulla
ay lead to a reduction of the MBF and sodium excretion and

he development of hypertension. The increase in MBF induced
y tempol may be at least in part the antihypertensive effect of
nsulin resistance. The effect of tempol could be stronger than
han that of L-arginine in FFR.

More recently, Chen reported that SOD mimetic increased
he formation of H2O2, which constricted the renal medullary
essels.23 The interaction of H2O2 may be important in regu-
ating MBF and sodium/water excretion under exaggerated
xidative stress. Makino et al also reported that the long-term
enal medullary interstitial infusion of tempol alone failed to
revent the production and development of sustained hyperten-
ion induced by SOD inhibition.24 Since tempol was adminis-
ered orally, rather than directly into the renal medulla, and
ould not produce a relatively high concentration of H2O2 in

Fig 3. Bar graph showing RBF in the control and fructose-fed rats

reated with L-arginine and tempol for 4 weeks. Tempol and L-argi-

ine did not cause any change in RBF. Values are means � SD.
he renal medulla in the present study (although we have no
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1308 ONUMA AND NAKANISHI
efinite information on H2O2 levels), tempol induced chronic
ncreases in the MBF in FFR.

In summary, the present study demonstrated that FFR, char-
cterized by insulin resistance and hypertension, exhibit im-
aired pressure-natriuresis and hypertension. MBF plays an
mportant role in the development of hypertension in FFR.

urthermore, tempol treatment is able to prevent the develop- p

REFEREN

13. Ming-Guo F, Dukacz SAW, et al: Selective effect of tempol on

r
A

r

r
F

o
s

n
t

o
J

d
2

m
H

s

m
l
D

v
i
R

l

ent of hypertension with increased MBF. The increases in
BF induced by tempol may be due at least in part to the

ntihypertensive effect of insulin resistance.

ACKNOWLEDGMENT

We are grateful for the help given by Dr Toshiki Inokuchi in

reparing the manuscript.
CES
1. Ducimentiere P, Eschwege E, Papoz L, et al: Relationship of
lasma insulin levels to the incidence of myocardial infarction and
oronary heart disease in a middle-aged population. Diabetologia 19:
05-210, 1980
2. Zavaroni P, Bonora E, Pagliara M, et al: Risk factors for coronary

rtery disease in healthy persons with hyperinsulinemia and normal
lucose tolerance. N Engl J Med 320:702-706, 1989
3. Robert WS: Insulin and atheroma. Diabetes Care 13:631-654,

990
4. Hall JE, Brands MW, Shek EW: Central role of the kidney and

bnormal fluid volume control in hypertension. J Hum Hypertens
0:633-639, 1996
5. Hall JE: Mechanisms of abnormal renal sodium handling in

besity hypertension. Am J Hypertens 10:49S-55S, 1997 (suppl)
6. Cowley AW, Jr, Mori T, Mattson D, et al: Role of renal NO

roduction in the regulation of medullary blood flow. Am J Physiol
egul Integr Comp Physiol 284:R1355-1396, 2003
7. Cowley AW Jr, Mattson DL, Lu S, et al: The renal medulla and

ypertension. Hypertension 25:663-673, 1995
8. Nakanishi K, Mattson DL, Cowley AW Jr: Role of renal medul-

ary blood flow in the development of L-NAME hypertension in rats.
m J Physiol 268:R317-R323, 1995
9. Parekh N, Zou AP, Jungling I, et al: Sex differences in control of

enal outer medullary circulation in rats. Am J Physiol 264:F629-F636,
993
10. Roman RJ, Lianos E: Influence of prostaglandins on papillary

lood flow and pressure-natriuretic response. Hypertension 15:29-35,
990
11. Cowley AW Jr: Long-term control of arterial blood pressure.

hysiol Rev 72:231-300, 1992
12. Fujiwara K, Hayashi K, Matsuda H, et al: Altered pressure-

atriuresis in obese Zucker rats. Hypertension 33:1470-1475, 1999
enal medullary hemodynamics in spontaneously hypertensive rats.
m J Physiol Regul Integr Comp Physiol 281:R1420-R1425, 2001
14. I-Sgun H, Hellen H, Brian B, et al: Fructose-induced insulin

esistance and hypertension in rats. Hypertension 12:512-516, 1987
15. Welch WJ, Tojo A, Wilcox CS: Roles of NO and oxygen

adicals in tubuloglomerular feedback in SHR. Am J Physiol 278:F769-
776, 2000
16. Lerman LO, Nath KA, Rodriguez-Porcel M, et al: Increase

xidative stress in experimental renovascular hypertension. Hyperten-
ion 37:541-546, 2001

17. Ichihara A, Hayashi M, Hirota N, et al: Superoxide inhibits
euronal nitric oxide synthase influences on afferent arterioles in spon-
aneously hypertensive rats. Hypertension 37:630-634, 2001

18. Nandhini AT, Balakrishnan SD, Anuradha CV, et al: Response
f liver antioxidant system to taurine in rats fed high fructose diet. Ind
Exp Biol 40:1016-1019, 2002
19. Cavarape A, Feletto F, Mercuri F, et al: High-fructose diet

ecreases catalase mRNA levels in rat tissues. J Endocrinol Invest
4:838-845, 2001
20. Wang L, Higashiura K, Togashi N, et al: Effect of the Chinese
edicine Jiang-Tang–Ke-Li on insulin resistance in fructose-fed rats.
ypertens Res 24:303-309, 2001
21. Zou AP, Li N, Cowley AW Jr: Production and actions of

uperoxide in the renal medulla. Hypertension 37:547-553, 2001
22. Shinozaki K, Kashiwagi A, Nishio Y, et al: Abnormal biopterin
etabolism is a major cause of impaired endotherium-dependent re-

axation through nitric oxide/O2-imbalance in insulin-resistant rat aorta.
iabetes 48:2437-2445, 1999
23. Chen YF, Cowley AW, Zou AP: Increased H2O2 counteracts the

asodilator and natriuretic effects of superoxide dismutation by tempol
n the renal medulla. Am J Physiol Regul Integr Comp Physiol 285:
827-833, 2003
24. Makino A, Skelton MM, Zou AP, et al: Increased renal medul-
ary H2O2 leads to hypertension. Hypertension 42:25-30, 2003


	Superoxide Dismustase Mimetic Tempol Decreases Blood Pressure by Increasing Renal Medullary Blood Flow in Hyperinsulinemic-Hypertensive Rats
	MATERIALS AND METHODS
	Statistical Analysis

	 RESULTS
	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


