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and reactive oxygen species, is known to participate

in cell physiology in both a positive and negative
manner. Moreover, alterations in their concentrations are
implicated in a number of human diseases. Two of the talks
in this mini symposium discussed research on nitroxides
and the third talk addressed the clinical application of con-
trolling free radical concentrations. Dr. David Wink elo-
quently discussed the chemistry of nitric oxide (NO) in the
attempt to understand the mechanisms of NO reactivity dur-
ing pathophysiological events. Such understanding may
open the door to therapeutic applications. He specifically
reviewed the indirect effects that are mediated by reactive
nitrogen oxide species and talked about nitrosative and oxi-
dative stress. Dr. James Mitchell presented data (in vitro as
well as in vivo), and chemical explanations showing how
non-toxic levels of nitroxides can actually act as protectors

I:ree radical generation, including reactive nitrogen

against oxidative damage. Dr. Mitchell’s research also in-
volves testing the feasibility of using nitroxides and other
paramagnetic probes for in vivo electron paramagnetic reso-
nance imaging. The latter allows the study of probe uptake,
oxygen content in tissues, and tissue redox reactivity. Dr.
Christopher Wilcox discussed the clinical potential of con-
trolling free radical reactions. He used the spontaneously
hypertensive rat (SHR) as a model of oxidative stress. The
data showed oxidative stress may adversely affect normal
epithelial-vascular signaling between the macula densa and
afferent arteriole of the kidneys in SHR, thereby inducing
pre-glomerular vasoconstriction and salt sensitivity and hy-
pertension. Long-term data using a superoxide dismutase
agonist support the possibility of developing this category
of compounds as a novel therapeutic approach to lower
renal vascular resistance and blood pressure, as well as re-
storing normal blood vessel physiology.
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tension have shown that oxidative stress can impair

the normal physiologic transmission through vasodi-
lator pathways linking the endothelium to the adjacent vas-
cular smooth muscle cells. Reactive oxygen species (ROS)
found in the wall of the aorta and major conduit vessels in
animals with genetic or renovascular hypertension consti-
tute an endothelium-derived constrictor factor that dimin-
ishes the half-life of the endothelium-derived nitric oxide
(NO) and can irreversibly inactivate prostacyclin synthase.
Furthermore, oxygen radicals can directly oxidize free or

S tudies in the blood vessel of animal models of hyper-

esterified arachidonate to form isoprostanes that can engage
vasoconstrictor and prothrombotic mechanisms via the TP
receptor. These vasoconstrictive, prothrombotic and athero-
sclerotic pathways linked to ROS are well established in
large vessels, where they may contribute to the atheroscle-
rosis. However, their importance in the regulation of pe-
ripheral vascular resistance and specifically in the resistance
of the preglomerular afferent arterioles in the kidney re-
mains elusive. This has been the focus for our studies.
The afferent arterioles of the kidney contain more than
95% of the rennin secreted by the kidney. They are also the

FREE RADICAL MECHANISMS OF CELLULAR INJURY 619



major resistance vessels that govern the hydraulic pressures
in the downstream glomerular and peritubular capillaries
that are the sites for the filtration and reabsorption of fluid.
An increase in preglomerular vascular resistance is a char-
acteristic feature of hypertension. It contributes to salt sen-
sitivity and to a diminished efficacy in eliminating a sait
load. The afferent arteriole of the kidney has unique regu-
latory mechanisms based on its close association with the
specialized epithelial cells of the macula densa segment.
This segment forms the junction between the thick ascend-
ing limb of the loop of Henle and the early distal convoluted
tubule. Reabsorption of solute by macula densa cells leads
to the elaboration of a vasoconstrictor stimulus that is de-
pendent on adenosine (A). This acts on A receptors to con-
tract the afferent arteriole. There is a dense expression of the
type 1, or neuronal nitric oxide synthase (NOS) isoform in
macula densa cells. Functional studies with inhibitors of
NOS have shown that this pathway serves as a vasodilator
pathway from the macula densa to the afferent arteriole. It
is activated by solute transport and blocks vasoconstriction
of the preglomerular vessel. Immunocytochemical studies
have shown that nitrotyrosine is densely expressed over the
extraglomerular mesangial cells and interstitial cells be-
tween the macula densa and the afferent arteriole. This has
prompted the hypothesis that reactive oxygen species at this
site form a “superoxide curtain” that isolates NO generated
in the macula densa from targets in the afferent arteriole.
This could provide for physiologic regulation of the afferent
arteriol® It may be a pathogenic force in hypertension.
Studies of the kidney of the spontaneously hypertensive
rat (SHR), compared to its normotensive control, show in-
creased immunoreactive expression of nitrotyrosine and in-
creased excretion of isoprostanes implying oxidative stress.
The abundance of mRNA or protein for nNOS in macula
densa cells of the SHR is increased, yet the function of the
L-arginine-NO pathway between the macula densa and af-
ferent arteriole is lost as indicated by studies with NOS
inhibitors. To investigate the potential role of increased
ROS generation in the interstitium as a means of abrogating

NO signaling between macula densa and afferent arteriole,
the stable, membrane-permeable nitroxide, tempol, was uti-
lized. Tempol is superoxide dismutase mimetic. Microper-
fusion of tempol into the efferent arteriole supplying the
peritubular capillaries surrounding the test nephron en-
hances NO signaling between the macula densa and the
afferent arteriole, as shown by increased sensitivity of the
afferent arteriole to a NO donor microperfused into the
macula densa. Moreover, during tempol administration, the
normal functioning of the macula densa-afferent arteriolar
L-arginine NO pathway is restored in the SHR. Finally,
studies of tempol administration over a two-week period
show that it moderates oxidative stress in the SHR, as in-
dexed by a reduction in the rate of excretion of isoprostanes,
and moderates the increases in blood pressure and renovas-
cular resistance.

These studies provide support for the hypothesis that
the SHR is a model of oxidative stress. They show further
that oxidative stress may be a pathophysiologic mechanism
that can disrupt normal epithelial-vascular signaling be-
tween macula densa and afferent arteriole in the kidney of
hypertensive models thereby promoting preglomerular va-
soconstriction and salt sensitivity. Finally, the longer term
studies with a membrane-permeable superoxide dismutase
mimetic suggest novel therapeutic strategies based on ab-
rogation of oxidative stress that may not only lower reno-
vascular resistance and blood pressure, but also restore nor-
mal physiologic regulation of the circulation and blood ves-
sels through the L-arginine NO pathway.
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variety of human diseases, as well as evoking fun-
damental genetic responses. The final common
pathway in the mechanism of action of ionizing radiation,

Oxidative stress is implicated in the pathogenesis of a

many chemotherapeutic agents, and immunologic regula-
tion is through oxidizing radical species. Stable nitroxide
free radicals have been employed to probe various biophysi-
cal and biochemical processes involving oxidative stress.
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